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Abstract—Cognitive radio lies among the promising solutions
for overcoming the spectrum scarcity problem in the forthcoming
fifth generation (5G) cellular networks, whereas mobile stations are
expected to support multi-mode operations to maintain connectivity
to various radio access points. However, for multimedia services
particularly, because of the time varying channel capacity, the
random arrivals of legacy users, and the on-negligible delay caused
by spectrum handoff, it is challenging to achieve seamless streaming
leading to minimum QoE degradation. The objective of this paper
is to manage spectrum handoff delays, by allocating channels based
on the user QoE expectations, minimizing the latency, providing
seamless multimedia service and improving QoE. First, to minimize
the handoff delays, we use channel usage statistical information
to compute channel quality. Based on this, the cognitive base
station maintains a ranking index of the available channels to
facilitate the cognitive mobile stations. Second, to enhance channel
utilization, we develop a priority-based channel allocation scheme
to assign channels to the mobile stations based on their QoE
requirements. Third, to minimize handoff delays, we employ the
hidden Markov model to predict the state of the future time slot.
However, due to sensing errors, the scheme proactively performs
spectrum sensing and reactively acts handoffs. Forth, we propose
a handoff management technique to overcome the interruptions
caused by the handoff. In such a way that, when a handoff is
predicted, we use scalable video coding to extract the base layer
and transmit it during a certain interval time before handoff
occurrence to be shown during handoff delays, hence providing
seamless service. Our simulation results highlight the performance
gain of the proposed framework in terms of channel utilization and
received video quality.

Index Terms—5G cellular networks, cognitive radio networks,
handoff, multimedia communication, quality of experience.

I. INTRODUCTION

MObile traffic is experiencing its breakneck proliferation
and explosive growth by development of diverse appli-

cations, e.g. multimedia services, placing a tremendous strain
on wireless communications capacity. Vodafone revealed that its
customers used 400 petabytes of data on their mobile phones
during August to October 2015, which is on average twice
as much 4G data as they did on 3G [1]. The popularity of
multimedia applications is the main cause of this growth whereas
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CISCO predicted that 69.1% of mobile traffic would be occu-
pied by video down/uploading [2]. According to the mentioned
statistics, the next mobile generation, 5G, will face multifold
challenges, e.g. unevenly distribution and diverse increasing
of mobile traffic. Therefore, various stringent requirements are
solicited, such as near zero delay, scalability to support massive
number of devices, high reliability, spectrum and bandwidth flex-
ibility, network and device energy efficiency, etc [3]. Spectrum
allocation is considered as one of the most crucial problems
among the mentioned requirements. It is due to the inefficient
traditional spectrum allocation, in which fixed licensed spectrum
bands within ultra-high frequency bands that are allocated to
the cellular networks, do not have the capability to satisfy
users’ expectation of high-speed wireless access for 5G cellular
networks. To solve this problem and achieve higher spectrum
flexibility in cellular networks, different types of technologies
are under consideration such as; carrier aggregation in LTE-U
and licensed assisted access (LAA) [4], LTE-WiFi aggregation
(LWA) [5], MuLTEFire [6], operation on millimeter wave bands
[7], and cognitive radio (CR) [8]. According to CR features such
as opportunistic and shared spectrum access, in this paper we
consider CR to be utilized in our framework.

A. Cognitive Radio for 5G Cellular Networks

Due to its unique characteristics such as flexibility, adaptabil-
ity, and interoperability, CR is a promising candidate technology
to address spectrum scarcity issues for 5G cellular networks.
Therefore, 5G standardization leaders, such as 5GPPP in [9],
ITU in [10], and IEEE in [11], considered CR as a candidate
technology for enhancement of spectral efficiency in 5G.

Indeed, there are many essential similarities between 5G and
CR: (1) Inter-working with different systems and/or networks.
(2) Adaptation based on the access network features (5G case),
respective on the primary system network characteristics (CR
case). Remark that the 5G integrated access networks and
CR primary systems networks have the same meaning. (3)
New and flexible protocols. (4) Very advanced PHY and MAC
technologies. (5) A very advanced terminal, endowed with
the possibility to scan the environment, with intelligence and
decision capabilities. (6) Resource management (and end-to-
end integrated resource management that should include all the
network involved in the data transmission process.)

Thus, whereas CR was proposed to enhance the spectrum
efficiency and 5G is going to imply the interconnection of
the wireless networks all around the world, integration of
these two technologies (Cognitive 5G Cellular Networks)
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is a promising solution to tackle or partly address the next
generation mobile communication issues. To enable 5G devices
to have cognitive capability, the mobile devices only need
to be equipped with Software Defined Radio (SDR) to be
reconfigured with the other network protocols, e.g. 802.16,
802.11, 802.22, etc. Thus, with the help of CR technology 5G
devices can discover spectrum opportunities with one or two
transceivers and there will be no need to have additional devices.

B. Problem Statement

In cognitive 5G cellular networks, Cognitive-enabled Users
(CUs) are allowed to occupy the unused licensed/unlicensed
channels that are not used temporally or spatially by Licensed
Users (LUs) and other CUs. The licensed bands are the fixed
spectrum bands that are bought by the operators and on the
other hand, the unlicensed bands are the bands that have been
left free for unlicensed users, e.g. 2.4 GHz ISM, 5 GHz U-NII
, and 60 GHz mmWave.

One of the main problems in cognitive 5G cellular networks
that need to be considered is dynamic channel allocation, which
may seriously degrade service quality and increase transmission
failure and delay, particularly in multimedia services. Among
different multimedia services, some are considered as more
important and critical than the others based on their QoE require-
ments, delay-sensitive VoIP service as an instance . Therefore,
it is necessary that better quality channel should be provided to
the traffic classes with higher priority.

Upon successful utilization of a channel by a CU that is
not dedicated to CUs, the CU must immediately vacate the
primary spectrum bands whenever any LU reclaims the channel
(known as spectrum mobility). Moreover, spectrum mobility may
happen when a CU moves to another cell or when the quality of
the current channel becomes poor. Spectrum mobility presents
the spectrum handoff function. During spectrum handoff, the
current communication process should be transferred to another
available channel.

For channel mobility, it takes significant time called as
spectrum handoff delay, which is the time spent to search
for another available channel and radio frequency front-end
reconfiguration process by CUs. Thus, another severe issue to
be considered in cognitive 5G cellular networks is the spectrum
handoff delay, which particularly in multimedia services gives
rise to interruption of service that dramatically reduces QoE.

C. Our Contributions

To overcome with the above-mentioned issues, in this paper,
we study a DB-assisted and index-based channel allocation
and handoff management framework, based on channel usage
statistics, HMM, and scalable video coding (SVC). The main
contributions of the paper are described briefly as follows:

1) To predict the arrival time of LUs as well as to select
the best available channel, we propose a DB-assisted and
index-based scheme to collect channel usage informa-
tion and rank the available channels in accordance with
their quality. The CBS maintains a ranking index of the
available channels based on their parameters such as;
detection accuracy, false alarm probability, LU idle time,

and LU arrivals. The channels are ranked into different
classes based on their QoS parameters. The use of ranking
index decreases interference with the LUs significantly,
maximizes the CU spectrum occupancy, minimizes the
number of interruptions, and handoff delay.

2) Whereas, all the traffic sources may not have the same
QoE requirements, we develop a priority-based channel
assignment paradigm. The scheme classifies CUs’ traffics
based on their QoE requirements and reserves an appro-
priate class of the available channels for each traffic class.

3) We formulate channel state estimation in the temporal
domain in HMM framework. The transition pattern of the
LUs is modeled by a Markov chain. We use CUs’ experi-
ences and channel history to predict the next time slot state
e.g. handoff occurrence. To take care of spectrum sensing
errors as well as prediction errors, our system performs
handoff prediction proactively but channel switching is
performed reactively upon LU detection.

4) We propose a handoff interruption management to provide
seamless multimedia service. If the mechanism of channel
state estimation predicts that a handoff will occur in future
slots, we use SVC to encode the video sequence into
two layers: base layer (BL) and enhancement layer (EL).
Due to the lightweight of BL and its higher priority, the
server sends only the BL code in a certain interval before
handoff occurrence. Then, if arrival of a LU is detected
by the CU, while the CU is searching for a substitute
available channel in the index (during the handoff delay),
the receiver presents the pre-fetched BL code to hide
handoff interruption from the user perspective.

5) Our framework can be distinguished from the other related
proposed scenarios by its unique merits that can be stated
in four aspects.

a) According to the fact that multimedia services
are bandwidth-hungry, and delay- and distortion-
sensitive, so they need high quality as well as stable
and reliable channels in order to achieve the target
QoE. However, identifying such kind of channels
needs a longer sensing time that shortens the trans-
mission time and increases delay and distortion. Our
proposed framework with its unique features such
as QoE-drivenness and channel quality-awareness,
interestingly outperforms comparing to the other
proposed scenarios.

b) By employing HMM and reactively handoff perform-
ing, the scheme significantly reduces handoff delay,
limits interference to LUs, and improves spectral
efficiency.

c) While the other related works ignore QoE, this
framework effectively provides seamless multimedia
service and improves QoE, by extracting, transmit-
ting, and presenting BL during the handoff delay
using SVC.

d) And finally, the unique feature of the proposed frame-
work is to consider all the three important require-
ments that an efficient CR-based scheme requires,
i.e., channel utilization, QoS provisioning, and QoE-
drivenness.

6) We conduct a comprehensive simulation study to evaluate
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the effectiveness of our proposed framework in several
aspects such as the number of interruptions, average
handoff delay, average number of collisions, the quality
of the reconstructed video, and end-user perception. In
the cases of the number of interruptions, average handoff
delay, and average number of collisions, we compare
the proposed work with reactive and proactive random
channel selection, greedy non-priority channel allocation,
and fair proportional channel allocation. The proposed
scheme reduces the number of interruptions up to 25%,
and for handoff delay and collisions, it outperforms much
better than the other four methods. Finally, we have
observed how effective the proposed framework improves
the quality of the reconstructed video in terms PSNR and
MOS.

The rest of this paper is organized as follows. In Section
II, we review and discuss the related work. The system model
is presented in Section III. Our proposed QoE-driven channel
allocation and handoff management framework is described and
formulated in Section IV. Section V, validates the derived results
and analyzes the performance behaviors. Finally, in Section VI,
we draw conclusions.

II. LITERATURE REVIEW

In recent years, plenty of research work has been conducted
to manage the issue of spectrum handoff. The authors in [12]
investigated the tradeoff between the spectrum handoff delay
and channel busy duration time. For initial and target channel
selection, a probabilistic approach was introduced in [13]. The
authors provided analytical results for the switching-enabled
policy according to the connection-based spectrum handoff.
The authors in [14] studied spectrum handoff in three aspects:
non-spectrum handoff method, the pre-determined channel list
handoff, and the spectrum handoff based on radio sensing
scheme. Then, they evaluated them in terms of link maintenance
probability and the effective data rate of SUs’ transmission.

Furthermore, there are some proposed schemes in the liter-
ature, which consider two modes: reactive or proactive. In the
reactive mode, the spectrum switching by SUs is performed after
detection of the PU arrival, while in the proactive mode SUs
forecast the channel status based on PU activity and vacate the
channel before reappearance of PUs.

In case of reactive, a Markov transition model integrating
with the preemptive resume priority (PRP) M/G/1 queuing
network was introduced in [15] in order to calculate handoff
delay caused by sensing, handshaking, channel switching, and
the waiting time. The authors in [16] compared the pros and
cons of proactive-sensing and reactive-sensing spectrum handoff
techniques. Furthermore, the authors proposed a greedy algo-
rithm that determines suboptimal target available channels. The
proposed algorithm can automatically switch between the two
techniques. Although because of on-demand spectrum sensing,
reactive schemes may get an accurate spectrum hole, they are
involved with longer handoff latency.

On the other hand, in proactive case, a spectrum manage-
ment scheme called voluntary spectrum handoff (VSH) [17] is
introduced for CRNs to minimize SU disruption periods during
spectrum handoff. The transition probability selection (TPS) and
reliability based selection (RBS) algorithms are employed to

estimate the spectrum life time, to determine voluntary spectrum
handoff time. Proactive methods are involved with much smaller
latency comparing to reactive methods. However, they are suf-
fering from two common detection errors; i.e.; false alarm and
miss detection. By predicting a handoff and as the SU leaving the
channel in the predicted time, there will be no PU arriving then,
it will result in waste the precious spectrum resources (false
alarm). On the other hand, if the scheme does not detect the
PU accurately, then it will result in interference to PUs (miss
detection).

Most of the proposed schemes considered reactive handoff
or proactive handoff to minimize handoff delay while ignoring
QoE and channel quality. This may make them unsuitable for
multimedia applications where service interruptions significantly
degrade the QoE. To the best of our knowledge, there is no
previous research work concentrating on providing seamless
streaming and improving QoE during handoff delays for multi-
media services.

III. SYSTEM MODEL

We adopted a time-slotted cognitive-based cellular system
having X primary channels with identical bandwidth. Each
primary channel has N time slots and each slot is composed of
two parts, i.e., sensing (link setup) and data transmission [37].
At the beginning of a time slot, the CU performs the sensing
function via energy-detection technique to discover the status of
the channel and sends the collected data to the CBS. The traffic
pattern of LUs on the licensed channels is designed as a two state
Markov model, the ON and OFF renewal process alternating
between busy and idle periods. In the queue theory, LU arrival
process follows a Poisson arrival model and exponential service
distribution.

Let’s suppose that CU arrival also follows a Poisson arrival
mode. The Poisson arrival process is employed to inspect the
channel usage efficiency of the CUs links according LU arrival
rate and the number of channels. The traffic modeled by a
Poisson process with the arrival rate of λ is adopted to a Markov
chain model by calculating the success probability Psuccess by
the chain state estimation.

Although 5G devices owe a licensed spectrum band, with
the help of CR they will be able to capture more bandwidth
to have a higher data rate in order to improve the end-user
QoE, particularly for multimedia services. Hence, in cognitive
5G cellular networks, mobile units equipped with CR technology
are considered as CUs, whenever they need to access other
spectrum bands, whether it is licensed or unlicensed. Compared
to normal 5G mobile stations, CUs will be able to adjust their
QoE expectations, according to the network fluctuations, e.g.
dynamic channel state. According to the coverage range of the
various CBSs in 5G networks and also based on the spectrum
type that they access, our proposed framework is applicable in
the following modes:

• It can help to extend the coverage to rural and indoor
areas to provide broadband Internet service by WAN. The
broadband Internet can be provided through a CBS that
is connected to WWW. To implement this scenario there
is a need to deploy one or more fixed CBSs and many
available radio channels. The CBS is assumed to adjust its
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transmission power at or below the threshold that has been
defined by the local regulator.

• Another scenario is to use CR as the backhaul, whereas
both CBS and relay have CR functionality. So that both of
them are able to select the same available channel for the
backhaul link dynamically.

• The next scenario that can be considered is to apply CR to
small cells. According to the fact that small cells require low
transmission power and more spectra and higher bandwidth,
CR can give them the capability to access more available
channels. An advantage for this scenario is the mitigation of
co-channel interference among neighboring small cells and
reducing the interference between a small- and a macro-cell.
This would result in achieving higher network throughput
as well. This scenario can be considered for both indoors
and outdoors.

• CR can help 5G to access more spectrum for the capacity
enhancement. In this scenario, basically the operators use
the licensed bands as the main component carrier, which
facilitate a stable link to the mobile devices. In cases where
a higher data rate is needed, a CBS discover spectrum is
provided as a supplement.

• Moreover, although we considered a CR-based framework,
even by eliminating the CR, our proposed handoff manage-
ment technique is applicable to LTE-U, LAA, LWA, and
MuLTEFire as well.

A CU is supposed to utilize two transceivers with SDR capabil-
ities. One of the transceivers is allocated for transmission and
the other one is for channel sensing with two functionalities:
monitoring the channel usage and collecting channel information
to estimate future channel state [38]. The channel status, busy
or idle, is detected at the beginning of each slot by the CU with
energy detection (ED) spectrum sensing techniques [18]. If the
status of the channel in the slot is idle, the CU starts to transmit
till the end of the slot.

A CU that occupied a primary channel must leave it upon
arrival of incumbents immediately, as recommended in IEEE
802.22-WRAN (Wireless Regional Area Networks) [19]. In the
standard it is assumed that the CU needs to vacate the occupied
primary channels within two seconds from the arrival of LUs.
The CU requires to search and move to a new available channel
in three cases; when the legacy users reclaim the channel, when
the quality of underused channel become poor, and when CUs
move spatially and the CU transmission coverage may overlap
with an LU that currently uses the same channel.

The process of switching to another available channel poses a
non-negligible delay. Such kind of time delays are called as the
handoff delay that is cumulative of the time taken for: channel
discovering, spectrum sharing, switching to the new available
channel, and link establishment.

Since the CU has to temporarily break the transmission
process during spectrum handoff to search and switch to another
available channel, and whereas, handoff may occur several
times during a transmission session, particularly in the case of
multimedia transmission, the delay caused by handoff processes
interrupts the transmission for several times that prevents pro-
viding seamless transmission and significantly degrades QoE.
In order to manage handoff delays in multimedia services,
our scheme focuses on three aspects: (1) obtaining channel
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Fig. 1: Spectrum Handoff Process.

statistical information and mitigating interference to the LUs,
(2) selecting the optimal candidate channels during the handoff
process and minimizing handoff delay, and (3) pre-fetching the
light weight BL code to present during the handoff process to
provide seamless service and improve QoE.

Fig. 1, illustrates the operation of a CU in primary channels.
We assumed there are X primary channels having synchronized
slotted structure. At the beginning, CH#2 is allocated to the CU
by the CBS, because it is assumed as the best available and
most reliable channel in the ranking list in comparison to the
other available channels and it is matched with the traffic QoE
requirements, e.g. CH#1. The CU calculates sensing accuracy
and idle duration and forward to the CBS to store into the DB. In
addition the CU monitors the other channels and maintains the
ranking index to choose the backup channel in case of handoff.

At time t0, a spectrum handoff is predicted to occur at t2. The
handoff delay is predicted to be one slot. The CBS checks the
ranking index and allocates CH#3 as the substitute channel to
resume CU’s transmission over it because it is assumed to be
the first channel in the corresponding class in the index. Then,
equal to the predicted handoff delay, only the extracted BL code
is transmitted in advance to the receiver during the second slot to
be viewed during the third slot. At time t2, an LU is detected by
the CU. The sender pauses its transmission, while the receiver
starts to show the pre-fetched BL code during the third time
slot. As the best matched available channel in the ranking index,
CH#3 is facilitated to the CU. The CU moves its transmission
to CH#3 and resumes it at t3 without interference to the LU
which starts its transmission over CH#2 at t2.

IV. THE PROPOSED QOE-DRIVEN CHANNEL ALLOCATION
AND HANDOFF MANAGEMENT FRAMEWORK

Our objective is to allocate the best available channel and to
manage the unavoidable spectrum handoff by minimizing the
handoff latency and handle the handoff process in such a way
to provide seamless multimedia service as well as improving
QoE. In doing that, our system consists the three phases, each
composed of some functionalities, as illustrated in Fig. 2:
• Phase I: Channel evaluation and allocation

– Data collection via ED spectrum sensing technique,
– Channel quality estimation based on sensing accuracy

and channel idle duration,
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Fig. 2: QoE-Driven Channel Allocation and Handoff Manage-
ment Scheme.

– Channel allocation according to the CU’s QoE require-
ments and the available channels’ quality,

• Phase II: Channel state estimation
– Parameter estimation using the Baum-Welch algorithm

(BWA) under the HMM parameters,
– Channel decoding for channel state estimation

• Phase III: Handoff interruption management
– Extraction of the BL code using SVC and sending it

during a certain interval before handoff occurrence.
The system functionalities related to each phase are explained

and formulated in the next subsections.

A. Phase I: Channel evaluation and allocation

In this subsection, we explain and formulate different func-
tionalities of the first phase including data collection, channel
quality estimation, and channel allocation. Algorithm 1, illus-
trates a concise procedure for channel evaluation procedure. The
functionalities related to this phase are described and formulated
in the following subsections.

1) Data Collection: Dynamic spectrum access consists of
spectrum sensing, networking, and regulator policy. Spectrum
sensing for a fixed spectrum channel can be performed in
two domains: Spatial Domain, in which the CR-enabled device
estimates the location of the primary transmitter and based on
that adjusts the transmission power to prevent interference to the
transmitted signals, and Temporal Domain, in which the CUs try
to discover the time intervals that the primary transmitter is idle.

In this paper, we follow the temporal spectrum sensing and
data collection is performed through channel sensing at the start
of each slot. During sensing time, the CU first senses the LU
activity on the target band and decides to transmit if and only
if there is no active LU. We use the ED technique for channel
sensing due to its efficiency and fast non-coherent features that
essentially calculates a running average of the signal power over
a window of a given spectrum length.

In our technique, CU compares its received signal with a sens-
ing threshold. The sensing threshold is based on the noise floor
that is to specify the transmission state of the primary transmitter.
This technique does not need any prior information regarding
LU’s signal and its performance is poor in the environments with

Algorithm 1: Channel Evaluation
Input: Set of Accessible Channels
Output: Ranking Index of the Available Channels

1 for i = 1 to i ≤ x do
2 sense channel i at during the sensing part of the first

slot
3 if (

∑N
n−1(R j

s[n])2) > Θ then
4 monitor Ej[T1]
5 forward the collected data to the CBS
6 update the index
7 Break

8 else if (
∑N

n−1(R j
s[n])2) < Θ then

9 calculate ωi = Pi
d
(1 − Pi

f a
)

10 estimate Ei[T0]
11 calculate Qi

CH
= (1 + logρ ωi)Ei[T0]

12 forward the collected data to the CBS
13 CBS assigns the discovered channel to the

corresponding class
14 CBS updates the index

low SNR. However, the sensing function is not always precise
because of limitation in the observation quantity and noise.

Algorithm 1 (Channel Evaluation)

DURING the sensing part of each slot, the CU senses
the target channel to collect the channel’s infor-

mation. If the channel is busy (Line 3), the CU just
monitor busy period and forward its collected data to the
CBS to update the index (lines 4-6). Otherwise, if the
channel is sensed as free (line 8), the sensing accuracy
is calculated according to the false-alarm and detection
probabilities (lines 9). Then, the duration of idle periods
is estimated (line 10). Based on the sensing accuracy
and idle duration, the quality of the channel is computed
(line 11). The collected data are forwarded to the CBS
(line 12). The CBS assigns the discovered channel to
its corresponding class (line 12), and update the index
with the new changes (line 14). If we consider N as
the number of accessible channels, then the the compu-
tational complexity that a CU processes n channels is
O(N). For the next M time slots, the total computation
complexity for which the CU processes N channels is
O(N M).

Normally, two types of errors happen in sensing of LU
activities, which are known as false-alarm and miss-detection
errors. Miss-detection phenomenon occurs when the user fails
to sense the presence of the LU, which results to interference to
the LUs. And on the hand, the probability of false-alarm occurs
when the sensing function declares falsely that there is an active
LU, which results in waste of spectrum resources [20]. Assuming
Rayleigh fading channels [21], miss-detection probability Pmd

and false-alarm probability Pf a, are respectively as follows using
complete and incomplete gamma and generalized Marcum Q-
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Functions:
H1 : Presence of Signal if

( ∑N
n−1

(
Rs[n]

)2
)
> Θ,

H0 : Absence of Signal if
( ∑N

n−1

(
Rs[n]

)2
)
< Θ,

(1)

Pf a = P
{( N∑

n−1

(
Rs[n]

)2
)
> Θ | H0

}
=

Γ(m, Θ
2 )

Γ(m)
, (2)

Pmd = 1 −Q

((
Θ
δ2 − 1 − γ

)√
UN

1 + 2γ

)
, (3)

Pd = e−
Θ
2
m−2∑
k=0

1
k!

(Θ
2

)2
+

(1 + γ̄
γ̄

)m−1
(4)

×
(
e

Θ
2(1+γ) − e−

Θ
2
m−2∑
k=0

1
k!

(
Θγ̄

2(1 + γ̄)

)k )
,

where Rs is the received signal, Θ is the E-D threshold, δ2 is
AWGN noise variance, U is the number of CUs, γ is SNR,

and
∑N

n−1

(
Rs[n]

)2
is the output of the integrator, and the upper

incomplete gamma function [22] is defined as the integral from
Γ(a, x) =

∫∞
x

ta−1e−tdt. The primary signals are modeled as a
two-state Markov chain: H0 and H1. From (2) it can be seen
that the probability of false-alarm and SNR are independent.
Thus, when H1 is satisfied, it means that an LU is active on the
channel. The relation between miss-detection and false-alarm
probabilities [23] are stated as:

Pf a = Q
(√

Nγ + Q−1(1 − Pmd)
√

1 + 2γ
)
. (5)

Based on IEEE 802.22 standard [19], the probabilities of
miss-detection and false-alarm are assumed to be lower than
0.1: 0.01 ≤ Pf a ≤ 0.1 and 0.9 ≤ Pd ≤ 0.99.

2) Channel Quality Estimation: Data collected via spectrum
sensing function are stored in a DB at the CBS side. With the
help of the collected data, the quality of the available channels is
computed based on sensing accuracy and channel idle duration.
Using (2) and (4), the accuracy of spectrum sensing is calculated
based on false-alarm probability and detection probability:

ω = Pd

(
1 − Pf a

)
, (6)

where 0.81 ≤ ω ≤ 0.99. In addition, the discussed spectrum
sensing function enables the CU to identify LU traffic patterns.
The CU may obtain various traffic patterns over different chan-
nels over the time. The objective of traffic pattern identification is
to predict traffic rate fluctuations based on the evaluation history
and the CU experiences.

In this paper, we consider deterministic mode of traffic pat-
terns, and hence we model the channel usage as an ON-OFF
source alternating model, where ON means busy period and OFF
means idle period. The model is confirmed as a suitable model
because it approximates the channel usage pattern at public
safety bands [24]. The ON and OFF periods are independent
identically distributed (i.i.d.). The alternating renewal process
can be designed in form of a two-state birth-death process.

f (T1) =

{
νe−νT1, T1 ≥ 0,
0, T1 < 0,

(7)

f (T0) =

{
υe−υT0, T0 ≥ 0,
0, T0 < 0,

(8)

where ν and υ are the rate parameter of the exponential distri-
bution [25] for busy and idle periods with the average 1

ν and
1
υ , respectively. If we assume T0 and T1 as the duration of OFF
and ON states, and E[T0] and E[T1] as the vectors related to
the mean quantities of the OFF and ON states, the PDF of busy
and idle periods will be fT1 (x) and fT0 (y), respectively, the time
duration till the transition of the next state is

fT1 (x)
fT0 (y) , and hence,

the secondary opportunity for the CU can be stated as:

CUopp =
E[T0]

E[T0] + E[T1]
=

1/υ
1/υ + 1/ν

. (9)

The maximum-likelihood estimation method is used to obtain
these mean values. To do that, the model uses the CU expe-
riences and the collected information stored in the DB. The
mean duration of ON and OFF periods are updated according
to the sensing results gradually. The probabilities that an LU
on a specific channel remains idle while the CU transmission
process is going on and the LU does not arrive while the CU
is in sensing mode are calculated based on the scale, ζC , and
shape, ζH , parameters as follows:

PT
t =

(
ζC

ζC + ΓT

)ζH
, (10)

PS
t =

(
ζC

ζC + ΓT

)ζC
. (11)

Finally, based on sensing accuracy and mean value of OFF
state, the channel quality is estimated as [26]:

QCH =
(
1 + logρ ω

)
E[T0], (12)

where ρ > 1 is to taking the preference of the CU into account
that is derived using partial derivative of the sensing accuracy
and mean duration of idle state:

∂2QCH

∂ω∂ρ
= − ω

E[T0]ρ

(
1

ln ρ

)2
< 0, (13)

∂2QCH

∂E[T0]∂ρ
= − lnω

(
1

ln ρ

)2
> 0, (14)

where ρ ∈ [1.1, 10.0]. As in (12) the quality of the channels
is computed based on sensing accuracy and idle duration. To
satisfy some specific QoS parameters, the CU may tend to
capture the channels with higher idle duration rather than higher
sensing accuracy. So selection of a bigger ρ means that the
idle time duration is prior of the sensing accuracy, and vice versa.

3) Channel Allocation: In a CR-based network, the CUs are
facilitated with high bandwidth through heterogeneous wireless
architecture and dynamic channel access mechanisms. How-
ever, such kind of networks face the challenges because of
the fluctuating nature of the available channels and various
requirements of different applications. Therefore, some special
kind of spectrum management schemes are required to address
these challenges. In this section, we explain our solution to tackle
dynamic channel access issue in cognitive 5G cellular networks,
which is abstracted in Algorithm 2.
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Generally, the CBS needs to allocate a new channel to a CU
in three cases: when a LU reclaims the channel, when the quality
of the channel becomes poor, and when the CU moves spatially
out of a cell.

Algorithm 2 (Channel Allocation)

THE set of available channels and the set of traf-
fic sources are considered as the input for this

algorithm. The output of the algorithm is appropriate
channel allocation to the CUs’ calls according to the
requirements. If there is a call from any CU (line 2), the
scheme checks whether there is any available channel or
not, if yes (line 3), the call will be accepted, otherwise
it will be rejected (line 26). The priority of CUs’ traffic
source is determined based on a pre-defined pattern (line
5). To improve QoE, channel allocation is based on class
priority. So, there is a mapping between channel classes
and traffic class. The incoming traffic is mapped to its
corresponding class. If the corresponding class is not
empty, the CBS selects the best available channel and
informs the CU about the channel during link setup
(lines 7-9). Then, in order to sense the LU reactively,
the CU senses the channel at the start of the first slot,
if no active LU detected, the CU begins its transmission
over it (lines 10-16). Otherwise, the CU considers the
channel as a busy channel for this time slot (lines 17-
22), and informs the CBS about the channel state. The
CBS decreases the channel ID, and goes to line 7. If we
assume N as the number of channel classes in the index
and M as the number of channels in each class, then the
computational complexity is O(N M)

If an LU reclaims the channel the CU must avoid any harmful
interference with the LU. This process, through interference
nullification, is done by the listen-before-talk (LBT) policy in
which the CU must sense the channel before transmitting any
data packet. Hence, it is assumed that the LU arrival is detectable
by the CU within an acceptable time duration and collision
percentage is negligible.

In any of the mentioned three cases that CUs need to switch to
another channel, the CBS looks at the ranking index and selects
the best available and the most reliable channel according to
the channel quality and the CU’s QoE requirement. The CBS
informs the CU about the selected channel during the link setup.
Then, the CU switches to the allocated channel and resumes
its transmission process. With more available channels in the
ranking index, the CU may transmit the packets at a higher
data transmission rate. The CBS periodically updates the DB of
channel usage statistics. Any new discovered idle channel will be
added to the index. The process of channel sensing is performed
independently on the channels in a mixture of proactive and on-
demand modes. Therefore, the CBS is supposed to schedule the
concurrent sensing on the channels to avoid duplicate sensing
and duplicate data collection on a specific channel.

In the remaining part of this section, we explain the classifi-
cation of the traffic sources based on their requirements.

In the case of multimedia transmission in cognitive 5G cel-
lular networks, it is expected that there will be a lot of dif-
ferent types of bandwidth-hungry and distortion-sensitive traffic

Algorithm 2: Channel Allocation Procedure
Input: Ranking Channel Index and Traffic Classes
Output: Channel allocation to the CU

1 Generate LU arrival by λ
2 if channel requested by any CU then
3 if the index is nonempty then
4 Accept th CU’s request
5 determine the CU’s QoS traffic class
6 for i = N to i = 1 do
7 if the class in nonempty then
8 for j = M to j = 1 do
9 select channel y in the class

10 sense the channel at the sensing part of
the first slot

11 if (
∑N

n−1(R j
s[n])2) > Θ then

12 f lagj = 1; λ + +
13 monitor Ej[T1]
14 update the index
15 j = j − 1
16 Break

17 else if (
∑N

n−1(R j
s[n])2) < Θ then

18 f lagj = 0
19 allocate the channel to the CU
20 estimate Ej[T0]
21 calculate Q j

CH
= (1 + logρ ωj)Ej[T0]

22 update the index

23 j=j-1

24 i=i-1

25 else
26 Reject the CU’s request

sources such as IPTV, video conferencing, video, voice, and
image. Each of the traffic sources may require different network
QoS parameters. For instance, voice and CBR (constant bit rate)
are sensitive to the delay while the others such as data, image,
and VBR (variable bit rate) are not. Therefore, for such kind of
delay-sensitive multimedia traffic, our framework allocates the
channel with smaller handoff probability. Both delay and the
quality of the received content at the receiver side are considered
as the most important QoE metrics.

Whereas, the users in a CR-based network are not supposed to
use the allocated channel permanently, dynamic channel access
may seriously degrade service quality and increase transmission
failure and delay. Therefore, to tackle this problem, in the
proposed scheme we allocate the available channels to the CUs
based on their requirements and the quality of the channels. In
such a way that the channels with higher sensing accuracy and
idle duration are provided to the more delay and failure sensitive
traffic sources in order to enhance the QoE.

Traffic mapping to the appropriate channels is done at the
CBS for downlink and at the CU for uplink directions. The
channels allocated to a CU enable it to transmit over uplink and
receive over the downlink [36]. The general scenario is shown
in Fig. 3. At the channel scheduler module, the CBS provides an
appropriate channel for the traffic coming from a media origin
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Fig. 3: Traffic and Channel Mapping

server and heading to a CU. And on the other hand, the CU
opts a suitable channel based on the traffic requirements. As
mentioned already the ranking index is exchanged between the
CBS and CU during link setup.

Upon arrival of a channel request from a CU from a specific
traffic class, the channel scheduler module checks the type of
channel that is required. Then, based on the channel quality that
is required by the CU, the scheduler checks the ranking index.
If the index is empty, the call will be rejected. Otherwise, it
checks the corresponding class in the ranking index. If the cor-
responding class in non-empty, the call is accepted. Otherwise, it
checks the next class with lower quality. A buffer is established
for every admitted request.

The scheduler schedules the accepted calls over the allocated
channel. To protect the LUs, in the case of capturing licensed
bands, upon detection of an LU, the scheduler stops the trans-
mission immediately and allocates another suitable channel from
the index if available. If there is no channel in the index the
CBS puts the suspended CU into a queue to wait for the next
opportunity.

To compare the efficiency of the proposed channel allocation
scheme, we study a greedy non-priority channel allocation and
a fair proportional scheme as follows.

a) Greedy Non-priority Channel Allocation; In this scheme,
the CBS does not classify the incoming traffic based on their
QoE requirements and just serves them as First-In, First-Out
(FIFO). Upon arrival of a channel request from a CU, the CBS
checks whether there is any free channel in the index. If so, the
CBS allocate the first available channel to the CU. However, to
protect the LUs, the CU senses the channel during the sensing
part of the first slot, if there is no active LU on it, the CU
starts its transmission. Such kind of channel allocation schemes
decreases the channel utilization efficiency.

b) Fair Proportional Channel Allocation; In this scheme, the
CBS reserves an equal number of bands and allocates them to
different priority classes according to the total number of traffic
classes. The channel quality and QoE expectations are not taken
into account, which results in wastage of spectrum resources.

B. Phase II: Channel state estimation

We use HMM to model the signal characteristics statistically
regarded as Markov chains that is observable through the mem-
oryless channels. To form an HMM, we need to incorporate
an process that can be observed along with an underlying
Markov chain. The observable process is to collect information
regarding the underlying Markov chain that is said to be hidden.

For a underlying Markov chain, the observed process will be
independent conditionally. The hidden process is in two modes:
discrete or continuous finite-state homogeneous Markov chain.
Then, the result of the process that can be observed may have
finite-alphabet or general-alphabet. So, it is characterized by a
PDF or a PMF appropriately.

The channel state, busy or idle, is hidden due to not being
directly observable. Therefore, the results of channel sensing
done by the CU are considered as the observation of the channel
state. Hence, since the variations of the hidden states are based
on LU activities, therefore it is a hidden Markov process while
the collected observation information under a certain hidden state
is a normal random process.

In this paper, we consider a hidden Markov chain with
Guassian densities that is represented by a doubly stochastic
process {(Ht,Ot )} where t = 0, 1, .... The hidden state set is
Ht = {h1(t), h2(t), ..., hN (t)} with state space hi ∈ {0, 1},∀i ∈
{1, ..., N} indicating the channel is idle and busy, respectively.
{Ht } is a discrete-time finite-state homogeneous Markov chain
that satisfies P(Ht+1 = x | Ht = y) = P(H1 = y |
H0 = x)∀t = 1, 2, .... The observation state set for M slots
is Ot = {o1(t), o2(t), ..., oM (t)} with state space oj ∈ {0, 1}
,∀ j ∈ {1, ..., M} indicating idle and busy, respectively. The
observation set is the local decisions of the CU regarding M-
slot LUs’ activities sensing on a specific channel. (Ht,Ot ) is the
stationary finite state system based on the followings:

• (Ht,Ot ) are jointly stationary, 0 < t ≤ N ,
• P(Ot+1 = oj+1, Ht+1 = hi+1 | O j

1 = y
j
1, Hi

1 = hi1) = P(Ot+1 =
oj+1, Ht+1 = hi+1 | Ht = hi),

where Ht and Ot are the state and the output of the stationary
finite state system, respectively. The random variable Ht is
conditionally independent given Ot :

p(oK0 | h
k
0 ) =

K∏
k=0

p(ot | ht ), (15)

where K is a non-negative integer.
At the beginning, the CU can provide the observation set. The

observation set is provided to determine the history of the results
of channel sensing. We assumed that the channel state are fixed
during a time slot (not changed). It means that the status of
one slot can be either idle (flag=0) or busy (flag=1). The flag is
used to specify the number of OFF and ON slots of a band to
conclude the number of LU arrivals.

If we consider S(t) = {s1(t), s2(t), ..., sN (t)} as the set of
channel states, the status of CHn at time t is sn(t) based on
some corresponding state transitions probabilities, where the
state space is S : {0, 1}. Then, on(t) is the corresponding result
of spectrum sensing function. We describe our model as a HMM
[27] by its parameters Λ = (A, B, π), where;

• A = [ai j]N×N ∀1 ≤ i, j ≤ N is the state transition
matrix that defines transitioning probability from one state
to another or to the same state.

• B = [bj(k)]N×M is the output symbol probability matrix
that computes the probability of providing various output
symbols while being in a specific state.

• π = {P(s1 = hi)} is the initial state probability vector.
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The parameters i.e., the probabilities of state transition, observa-
tion symbol emission, and initial state distributions are calculated
as the followings, respectively:

ai j = P
(
hn(t) = sj | hn(t − 1) = si

)
,

N∑
j=1

ai j = 1, (16)

bj(k) = P
(
ot = śj | sn(t) = sj

)
,

N∑
k=1

bj(k) = 1, (17)

πj = P
(
sn(t) = sj

)
,

N∑
j=1

πj = 1, (18)

where 0 ≤ ai j, bj(k) ≤ 1; i, j ∈ N, k ∈ M, πj ≥ 0, π =
{π1, π2, ..., πN }, and Ś = {ś1, ś2, ..., śN } denotes N observation
symbols. To estimate the status of the next slot, we need to
specify the model parameter of each channel according to the
observation set. Therefore, HMM predictor is employed to pre-
dict the state of oM+1 based on the experienced M observations.

To do that, HMM is supposed to produce the observation
sequence having maximum likelihood probability. Therefore,
the parameters are adapted by maximizing the probability of
P(O |Λ). Whereas, we supposed to have a DB to store CU
experiences, we exploit the collected information to facilitate
HMM. The data collected by the CU are used to compute the
probabilities of occupancy of the channels using the maximum
likelihood approach. To do that, we first calculate the joint
distribution P(o; s), of the sensing data and estimated occupancy.
Then, the joint distributions for all possible channels busy se-
quences are calculated, and finally the distribution that results the
maximum probability and related channel busy state sequence is
obtained according to the estimation of real channel busy status.

P
(
(o1(t), o2(t), ..., oM (t))(s1(t), s2(t), ..., sN (t))

)
= (19)[

P
(
O1 = o1(t)

)
P
(
S1 = s1(t)

)]
×

[
P
(
O2 = o2(t)

)
P
(
S2 = s2(t)

)]
× ... ×

[
P
(
OM = oM (t)

)
P
(
SN = sN (t)

)]
.

First, to calculate the parameters and train the HMM model
for the future channel state prediction, the observation sequence
is used as the training sequence. The observation set regarding
the channel state needs to be specified in order to obtain the
history of spectrum sensing results. To do this, we used BWA
[28] that is derived form of the Expectation-Maximization (EM)
algorithm [29] to estimate the HMM parameters. Using BWA,
the HMM model parameters, Λ = (A, B, π) are defined in the
following format:

π = (π0, π1), (20)

A =

[
a00 a01
a10 a11

]
, (21)

B =

[
b00 b01
b10 b11

]
. (22)

Based on a model Λ and an observation set O, the observation
evaluation problem P(O |Λ) is resolved by employing forward-
backward procedure using forward and backward variables:

αt (i) = P(Ot, sn(t) = i | Λ), (23)
βt (i) = P({ot+1, ot+2, ..., oT }|sm = i,Λ). (24)

The recursive relation for both of them is calculated as:

αt+1(i) = bj(t + 1)
N∑
i=1

αt (i)ai j, ∀ j ∈ N; 1 ≤ t ≤ T − 1, (25)

βt (i) =
N∑
i=1

βt+1( j)ai jb(ot+1), ∀ j ∈ N; 1 ≤ t ≤ T − 1, (26)

where α1(i) = πjbj(o1), 1 ≤ j ≤ N , and βT (i) = 1, 1 ≤ i ≤ N ,
Then, the model parameters are estimated as:

ai j =
∑T−1

t=1 αt (i)ai jbj(ot+1)βt+1( j)∑T−1
t=1

∑N
j=1 αt (i)ai jbj(ot+1)βt+1( j)

, (27)

bj(k) =
∑T

t=1,ot=k
∑N

j=1 αt (i)ai jbj(ot+1)βt+1( j)∑T−1
t=1

∑N
j=1 αt (i)ai jbj(ot+1)βt+1( j)

, (28)

πj =
N∑
j=1

αt (i)ai jbj(ot+1)βt+1( j)
P(O | Λ)

. (29)

Using (25) and (26), P(O |Λ)can be obtained as:

P(Ot | Λ) =
N∑
i=1

αt (i)βt (i). (30)

Then, we calculate the joint probability of sensing results
followed by either busy or idle slot, oM+1.

P(Ot, 1 | Λ) =
N∑
i=1

(
N∑
j=1

αM ( j)ai j

)
· bi(oM+1 = 1), (31)

P(Ot, 0 | Λ) =
N∑
i=1

(
N∑
j=1

αM ( j)ai j

)
· bi(oM+1 = 0). (32)

By having the estimated parameters and decoded channel
state, we predict spectrum handoff occurrence for the coming
time slot (M + 1) according to:{

P(Ot, 1 | Λ) ≥ P(Ot, 0 | Λ) =⇒ handoff,
P(Ot, 1 | Λ) < P(Ot, 0 | Λ) =⇒ no handoff.

(33)

To estimate the status of two conductive slots, suppose that the
transition rate of idle to busy is r01 = P(Xt+1 = 1 | Xt = 0) and
the transition rate of busy to idle is r10 = P(Xt+1 = 0 | Xt = 1).
Then the probability of idle and busy based on transition rate
are as follows, respectively;

P(0) =
r10

r01 + r10
, (34)

P(1) =
r01

r01 + r10
, (35)

And, using the Chapman-Kolmogorov equation [23], the
probability of two consecutive states based on transition rate
is calculated by:

P
(
si+1 = 0 | si = 0

)
=

r10
r01 + r10

+
r01

r01 + r10
e−(r10+r01)tslot , (36)

P
(
si+1 = 0 | si = 1

)
=

r10
r01 + r10

− r10
r01 + r10

e−(r10+r01)tslot , (37)

where tslot is time slot duration. Equation (36) calculates the idle
probability of two consecutive idle slots whereas (37) computes
the probability that slot n is idle and the next slot n + 1 is
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busy. Then using (10), (11), and (23)-(28) the probability of
availability of at least one channel for CU is formulated as:

Pavail = 1− (38)
M∏
m=1

[
1 −

(
N∑
i=1

( N∑
j=1

αM ( j)ai j
)
· bj(oM+1 = 0

)
· P

(
PT
t ≥ ϕ

)]
where ϕ is collision threshold. And the failure probability, the
probability that the CU tries to capture a channel and fails to
transmit;

Pf ail = (39)
M∏
m=1

[
1 −

(
N∑
i=1

( N∑
j=1

αM ( j)ai j
)
· bj(oM+1 = 0

)
· P

(
PT
t ≥ ϕ

)]
.

Using (38) and (39) the probability of successful transmission
of CU is equal thereby to:

Psucces = (40)(
1 −

M∏
m=1

[
1 −

(
N∑
i=1

( N∑
j=1

αM ( j)ai j
)
· bj(oM+1 = 0

)
· P

(
PT
t ≥ ϕ

)]) ( M∏
m=1

[
1 −

(
N∑
i=1

( N∑
j=1

αM ( j)ai j
)

· bj(oM+1 = 0

)
· P

(
PT
t ≥ ϕ

)])
.

And finally, by having the initial arrival time of the LU that
is sensed by the CU and stored in the database, the maximum
number of spectrum opportunities [30] captured by the CU is
determined as follows:

CUOFF =

[
− 1

tslot

(
tinit +

log ϕ
λ

)]
, (41)

where λ is LU arrival rate and tinit is initial arrival time of the
LU.

C. Phase III: Handoff interruption management

In the previous subsection, we discussed handoff prediction
scenario in details and we stated that to manage handoff inter-
ruptions when a handoff is predicted, the server extracts and
sends only the lightweight BL code. In this section, we present
our proposed handoff management scheme. And subsequently,
we discuss the evaluation metrics for the received video quality
assessment.

As we stated already, in cognitive 5G networks, the CUs needs
to switch to another available channels when an LU reclaims the
channel, and/or when the quality of the current channel become
poor, and/or even when the CU moves to another cell. The
spectrum mobility results to handoff delay, which makes service
interruption in multimedia services. In order to overcome with
such kind of challanges, in this section, we present our handoff
interruption management scheme.

We use SVC to encode the video sequence in a scalable mode.
To do that, we use temporal-SNR scalability mode to encode the
video sequence into one BL (L0) and one EL (L1) with the same
spatial resolution, but with different frame rate and quality. The
quality is determined by quantization parameter (QP), the higher
QP the lower PSNR and bitrate [32]. We set higher QP and lower

Algorithm 3: Handoff Interruption Management Procedure
Input: λ, the encoded video
Output: transmitted video

1 Generate LU arrival by λ ;
2 do
3 if P(O, 0 | Λ) ≤ P(O, 1 | Λ) then
4 .\encoded.264 .\L0.264 − sl 0 ;
5 transmit the extracted BL in advance ;
6 sense LU arrival ;
7 if (

∑N
n−1(Ri

s[n])2) > Θ then
8 Vacate CHi;
9 HO + + ;

10 f lagi = 1 ;
11 λ + + ;
12 monitor Ei[T1] ;
13 update the index ;
14 i + + ;
15 Break ;
16 else
17 continue transmitting

18 else
19 continue transmitting

20 while there is a video seqment to transmit;

frame rate to the BL to generate lightweight BL. The reason is to
overcome with the interruptions caused by spectrum handoff and
thereby provide seamless multimedia service. The EL bitstream
is to enhance the quality of the received content. However,
decoding of the EL depends on the successful decoding of BL.
Moreover, the EL must be transmitted, received, and decoded
entirely, otherwise it does not imporve the content quality at all.

Algorithm 3 (Handoff Interruption Management
Procedure)

IF a handoff is predicted by the channel state estimation
procedure discussed in the previous section(line 3),

the server extracts BL code (L0.264) from the encoded
content (encoded.264) and transmits it during a certain
arrival before the handoff starts (line 4-6). The CU
continues the current transmission till detection of a LU.
If an LU arrival is detected (line 7), the CU vacates
the channel. The number of handoffs and LU arrival is
incremented by 1, the flag is changed to 1, the index
is updated with the new changes, and the CU senses
the channel to obtain channel ON duration (lines 8-
15). Meanwhile, the client shows the pre-fetched BL
code during spectrum mobility (from the time that the
CU vacates the channel till the time the CU captured
a new channel). Otherwise, if no handoff is predicted,
or even a handoff is predicted but a real LU arrival is
not detected, the CU continues the transmission over the
current under-use channel.). The number of repeating
time of this algorithm is based on the volume of the
video file that is going to be transmitted. Therefore, we
just need to compute the complexity of inner operations,
those are constant and the complexity is O(1).
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In our scheme, when a handoff is predicted, equal to mean
duration of handoff delay, only the lightweight BL code is
sent in advance. Then, at the time of LU arrival, while the
CU is looking at the ranking index and trying to select the
best available channel, the receiver views only the pre-fetched
BL code. The handoff interruption management procedure is
abstracted in Algorithm 3.

In the proposed network, the CBS is assumed to allocate
the channels to the CUs based on both the quality of the
channels and the requirements of the traffic sources. In order
to overcome with the issue of signaling overhead, in addition
to the bitrate required by the traffic source, an approximate
amount of bitrate is considered for the extra BL bitrate, which
may be required to be sent additionally in advance in order to
manage the handoff delay. One of the salient advantages of the
proposed framework is that the CBS is aware of both channel
quality and CUs’ requirements. Thereby, our system enhances
both channel utilization and service quality. For the cases that the
CBS predicts that maybe the current channel does not have the
capacity to carry the extra BL code and there is the probability
of overhead, for the current slot also transmits only BL code due
to the higher priority of BL code. It means, in case of overhead,
only BL code will be transmitted for both the current slot and
the channel switching (handoff delay) slots. So, there will not
be service interruption at the receiver side.

Although, comparing to the other related proposed schemes,
the distinctive superiority of the proposed framework can be seen
in this algorithm. Whereas, in multimedia services the degree of
delight (seamless service) or annoyance (interrupted service) of
the end users is the main efficiency determinative factor, which
is ignored by the other proposed spectrum handoff schemes,
our framework interestingly is able to improve the end user
satisfaction by providing seamless multimedia services.

In the remaining part of this section we explain the evaluation
metrics for the reconstructed video quality.

To evaluate the efficiency of video transmission schemes,
traditionally the delivered video quality was measured in terms
of PSNR or distortion as a metric scale of QoS. For a video
sequence, PSNR or distortion is defined as the average of the
corresponding assessments over all of the frames. However,
visual masking phenomenon is not considered in PSNR evluation
mode. Therefore, we consider PSNR as an objective evluation
metric and MOS as a subjective evaluation mode. We describe
and formulate both PSNR and MOS as follows:

1) PSNR: Modeling of PSNR or distortion is done in different
ways such as: modeling of distortion as a continuous function of
the content rate [31] and discreet values based on the number of
received layers [33], and modeling PSNR as a linear/piece-wise
linear non-decreasing utility function [34]. We model PSNR as
a linear function of the bit rate:

ψorg = θ · (rtot − rL0) + ψL0 = θrL1 + ψL0, (42)

where rtot is the total bitrate that is the sum of BL bitrate (rL0)
and EL bitrate (rL1), and the R − D model parameter (θ) is
chosen according to the spatial-temporal characteristics of the
video and codec. If we consider rL0 as ratio of packet loss in
BL, then PSNR of the reconstructed video at the receive side
will be:

ψrec = θ(rL0 − rL0rL1) + ψL0. (43)

TABLE I: Simulation Parameters

Parameter Value
ϕ 0.2
x 5
δ2 -87dB
Pd [0.9,0.99]
Pf a [0.01,0.1]
rL0 1Mbps
tslot 100ms

A

[
0.2 0.8
0.3 0.7

]
TABLE II: Channel Ranking Parameters

CH#1 CH#2 CH#3 CH#4 CH#5
Pf a 0.091 0.092 0.089 0.091 0.091
Pd 0.921 0.942 0.971 0.991 0.901
ν 0.114 0.378 0.367 0.075 0.170
υ 0.674 0.515 0.515 0.575 0.749
λ 0.632 0.532 0.436 0.321 0.632

2) MOS: In CR-based networks the condition of the channels
varies over time. Therefore, CUs may experience packet loss
because of the low quality of the captured channels or channel
switching as we discussed in the previous sections. Thus, based
on frame rate rf , transmission rate rt , packet error rate re,
modulation η, and coding scheme σ, the MOS is calculated as:

Υ =
a1 + a2rf + a3(ln rt )
1 + a4re + a5(re)2 , (44)

where re = 1
1+eη (SINR−σ) , and the coefficients a1−a5 are derived

as in [35]. Generally packet delivery fails due to spectrum
handoff and poor channel quality.

V. PERFORMANCE EVALUATION

In this section, the effectiveness of our proposed framework
is evaluated through a simulation study. According to our ob-
jectives, i.e., (1) handoff delay minimization, (2) seamless trans-
mission, and (3) QoE improvement, we assess the effectiveness
of our framework in terms of (1) handoff latency, (2) average
number of interruptions, and (3) the quality of reconstructed
video at the receiver side, in terms of PSNR in dB and MOS.

A. Simulation Setup

Evaluation parameters used to assess the performance of
our framework are listed in Table I. Moreover, sensing period,
switching delay, and transmission duration supposed to be 10ms,
10ms, and 90ms, respectively. CU arrival is assumed to follow
a Poisson arrival mode. We set 10 and 20 HMM states and
assumed that the states of channels follow an exponential distri-
bution. The CU estimates the parameters through the discussed
techniques in the previous sections and then based on the
estimated metrics the quality of the channels is predicted. The
parameters are: spectrum sensing accuracy, mean duration of ON
and OFF states, and LU arrival rate.

B. Simulation Results and Discussions

We categorize the results are in three parts according to our
objectives. In each subsection, we compare our result with the
other related schems as well.
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Fig. 4: Channel Ranking based on the Channel Quality Estima-
tion.
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Fig. 5: Number of Handoff vs. LU Arrival Rate.

1) Channel Evaluation: In our framework, we considered
channel ranking index to facilitate the best and most available
channels to the CU based on its requirements to decrease the
handoff delay and the number of interruptions. For the ranking,
we consider various random parameters that are listed in Table
II for five primary channels as instances. However, we conduct
simulation on an example scenario with 20 primary channels.
The obtained results can be readily generalized to any number
of primary channels. Based on the parameters, the CU estimates
the channel quality and ranks in a descending order.

Fig. 4, shows the result of channel ranking. From the figure it
is clear to see that the channel rank changes with ρ in such a way
that channel sensing accuracy is the main metric with smaller ρ,
and with a bigger ρ the channel idle duration is in priority. For
example, because CH#4 has the highest sensing accuracy when
ρ is low, it is the best available channel. While on increasing ρ,
CH#5 demonstrates to have higher idle duration time, the rank
of this channel increases as well. This kind of ranking procedure
fits well for multimedia services due to the intelligent channel
allocation that greatly satisfies the user requirements. Moreover,
it reduces the number of spectrum handoff as well, since one
of the reason for handoff was poor channel quality. Such kind
of channel allocation prevent to allocate poor quality channel to
high bandwidth demand applications.

Fig. 5, compares the number of interruptions of our pro-
posed method with random channel selection in two proactive
and reactive modes, greedy non-priority, and fair proportional
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Fig. 6: Average Handoff Delay.

channel allocation algorithms. The proposed method decreases
the number of interruptions compared with random selection-
proactive method, because in the random selection-proactive
method, the CU needs to leave the channel before LU arrival
where the arrival of LU is predicted based on channel statistical
information. However, due to common channel sensing errors
(e.g. false-alarm) in which, the CU predicts a wrong arrival
of LUs, the CU vacates the band where there is no claim
from any LU. This results into wasting of precious spectrum
resources. However, although our method predicts proactively,
it performs handoff action reactively, which resolves the issue
of false-alarm. In Addition, our proposed framework performs
better than the random selection-reactive mode, because it selects
already evaluated and stable channels, while random selection
blindly selects the available channels. It results into selecting
even poor quality channels, and hence the CU needs to perform
handoff again when the quality of the selected channel becomes
unacceptable.

Moreover, comparing with greedy non-priority channel allo-
cation, although this scheme allocate already evaluated channels
to the CU, the channel allocation is done in a FIFO mode. Thus,
because of non-consideration of the traffic requirements of the
traffic, it is possible that after some time the channel capacity
does not satisfy the requirements and the CU needs to change
the channel. Hence, increasing the number of interruptions.
And finaly compared with fair proportional channel allocation
scheme, because of static channel reservation in this scheme for
each priority class, the quality of channels and CU requirements
are not taken into account. However, our scheme performs
intelligently. Where with the help of the ranking index and
the DB, the best available and the most stable channels are
facilitated to the CU based on its requirements and the number of
interruptions decreases significantly. As a result that is shown in
Fig. 5, the proposed framework, comparing the average number
of interruptions for the other schemes, reduces the number of
interruptions up to 25%.

Fig. 6, compares the spectrum handoff delay of our framework
with the random selection scenario in reactive and proactive
methods, greedy non-priority, and fair proportional schemes. As
discussed for the last simulation result, the other schemes are
involved in a higher number of interruptions and thereby longer
handoff delay. Our scheme has the lowest latency due to the
assistance of the ranking index. The reason is that the CU does
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Fig. 7: Average Number of Collisions.

not need to search and compare the quality of available channel
at the time of LU arrival. The channel searching and quality
evaluation are already done and in the shortest time possible,
hence the CBS allocates the best available channel to the CU in
minimum duration of time and the CU switches to it in order to
continue its transmission.

The average number of collisions for the proposed scheme
compared with the other schemes is presented in Fig. 7. Collision
may occur in two cases; (1) when the CU cannot detect the
arrival of LUs and does not leave the channel upon arrival of
LUs (miss-detection), and (2) when a channel is detected as free,
but it is occupied by an LU (false alarm).

As shown in the figure, the error probability for random
selection-proactive is more than random selection-reactive, be-
cause in addition to the two cases, proactive method is involved
with the prediction error, as well. It means that if the prediction
output is not accurate, the CU does not even try to sense
the arrival of the LU. The reactive method is involved with
the two cases, but the involvement is less than the proactive
method. However, our proposed scheme works better, because
it employs two techniques for LU detection, namely prediction
and detection. And for the channel selection, it selects only
the evaluated channels in the ranking index. In greedy and fair
proportional schemes since the handoff occurrence is higher than
the proposed scheme, the chance of collision is higher as well.

2) Evaluation of Video Quality: Finally, the effectiveness of
our proposed framework in terms of quality of the reconstructed
video is evaluated.

We used Soccer standard SVC test video sequences in
704×576 pixels resolution (600 frames). JSVM 9.19.7 reference
software was used to encode the video sequences with a GOP
length of 30 frames at 30 frames per second and the rate of
200Kbps. The video sequence is encoded into one BL and one
EL. We consider a delay deadline for each traffic class based
on their requirements. For instance, 0.25, 0.5 second, no delay
deadline for conversational video class, streaming video class,
and interactive class, respectively. Whereas, the conversational
video class, video conferencing for example, has the lowest delay
deadline, it has the highest priority. An instance for interactive
traffic class is non-real-time data application with no delay
restriction.

The end user would decode the received ELs if a significant
amount of parity packet of the layer were received otherwise it

is discarded. Using JSVM reference software, the received data
are decoded and PSNR is measured for the reconstructed video
to be compared with the original video PSNR. In the normal
cases when the CU is transmitting over a captured channel,
both BL and EL can be received by the receiver. Thus, the EL
is decoded to improve the quality of video. However, when a
handoff occurs, normally there should be a service interruption.
But in our scheme, before handoff occurrence, the receiver
receives BL code in advance for the estimated handoff delay
duration. Hence, during handoff delay the receiver shows the
pre-fetched BL code. Despite the lower quality, the end user
does not realize the handoff interruption.

Fig. 8, shows the impact of the estimated accuracy of channel
sensing and the idle duration on the quality of the reconstructed
sequence. Clearly, the quality of the reconstructed video is
correlated with both of the metrics, i.e., sensing accuracy and
idle duration. It can be concluded from the figures that the
highest video quality is obtained from the channels that can
facilitate more opportunities to the CU, and the CU can detect
the channels with less sensing false alarm or miss detection. We
adjusted the preference parameter [1.2, 1.8, 2.7, 5]. Increasing
ρ means that the idle time duration is preferred by the CU, so
sensing accuracy has less impact on the video quality.

Fig. 9, compares MOS vs. LU arrival rate for different traffic
class based on the proposed scheme, random channel selection,
greedy non-priority channel allocation, and fair proportional
schemes. For conciseness, we present the simulation results for
three traffic classes i.e., conversational video class, streaming
video class, and interactive classes to see the performance of
the proposed scheme. And for the other schemes, we just show
their performance for streaming class. The proposed handoff
interruption management scheme achieves obvious improvement
in average MOS compared with the other schemes. The conver-
sational video class has lower MOS compared with the streaming
class because of its larger delay deadline, while the interactive
class with no delay deadline has minimal changes in its MOS.

The performance of the proposed scheme compared to the
other schemes is shown in streaming traffic class. When the
rate of LU arrival increases, the number of channel switching
increases as well. It happens because of several reasons as
explained in the previous sections as well: sensing errors, predic-
tion errors, channel allocation regardless of channel quality and
CU requirements. Anyhow, by increasing the channel switching,
the probability of packet loss increases as well, which results
to deterioration of the end user satisfaction. In this case, the
behavior of the proposed handoff management framework is
interesting. As shown in Figures 5 and 6, the other schemes
are involved with higher number of interruptions and longer
handoff delay. In those schemes, when an LU reclaims the
channel, the CU has to stop transmission, find a new available
channel, and resume its transmission over it. This process causes
interruptions, and hence decreases QoE. However, our scheme
performs intelligently. By increasing the number of LU arrival,
although the number of spectrum handoff increases, at least the
end user can see the video sequence (BL only) even with a lower
quality. Thereby, the MOS of the proposed scheme is higher than
the other schemes.



0018-9545 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2016.2629507, IEEE
Transactions on Vehicular Technology 14

0.80
0.82

0.84
0.86

0.88

0

10

20

30

40
32

33

34

35

36

37

38

ω
E[T

0 ]

ψ̄
r
e
c

(a) ρ = 1.2

0.80
0.82

0.84
0.86

0.88

0

10

20

30

40
32

33

34

35

36

37

38

ω
E[T

0 ]

ψ̄
r
e
c

(b) ρ = 1.8

0.80
0.82

0.84
0.86

0.88

0

10

20

30

40
32

33

34

35

36

37

38

ω
E[T

0 ]

ψ̄
r
e
c

(c) ρ = 2.7

0.80
0.82

0.84
0.86

0.88

0

10

20

30

40
32

33

34

35

36

37

38

ω
E[T

0 ]

ψ̄
r
e
c

(d) ρ = 5

Fig. 8: PSNR of the Reconstructed Video based on Channel Quality
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VI. APPLICATION SCENARIOS AND REQUIREMENTS

The proposed framework is a promising solution to be applied
in many distinct application areas that are envisioned for 5G
where current wireless networks will struggle to deliver. Specif-
ically, CR will facilitate various versions of radio technology
to share the same spectrum band in a more efficient way. The
followings are just some instances of the target applications that
do not only need higher data rate but need an improved QoE:
• Internet of Media Things (IoMT), which is the collec-

tion of interfaces, protocols and associated media-related
information representations that enable advanced services
and applications based on human-to-machine and M2M
interaction in physical and virtual environments. Media
Things refers to the Things with at least one of audio and/or
visual sensing and/or actuating capabilities.

• Mobile Health Care Applications, like smartphone-based
applications for the monitoring and treatment of long-term
medical conditions from mental health problems to diabetes.
And even more sophisticated application can be envisioned
such as far-distance robotic surgery using haptic technology.

• Virtual Reality (VR) and Augmented Reality (AR) appli-
cations, which is for military application as an instance
(superimposing a digital view on a physical view). Such
kind of applications need large volumes of data for the end-
user devices e.g. headsets and displays with very low delay
and high replibility.

• And many other applications like smart cities, moving
networks, industrial tele-control, e-transportation, etc.

New applications and key design principles of the system lead
to many stringent requirements that are needed to meet the
coming mobile broadband system. Some of the non-negligible

requirements are: (1) The system should be prepared to service
a tremendous number mobile users. (2) The radio latency should
be lower than one millisecond in order to achieve fast procedure
response time and high data rates with low cost. (3) New
evolution of battery technology is expected to increase batter
life time. (5) Very low cost of devices is needed to be ensured.
(6) A peak data rates of 10 Gbps is expected and even more
data rate for cell-edges.

VII. CONCLUSION

In this paper, we addressed the issue of efficient channel
allocation based on QoE requirements as well as service inter-
ruptions caused by spectrum handoff, specifically for multimedia
applications. The proposed framework efficiently evaluates the
quality of available channels based on sensing accuracy, idle
duration and the arrival rate of licensed users. In our priority-
based channel allocation scenario, according to the quality of
the available channels, the CBS maintains a channel ranking
index to provide the CUs the most reliable channel based on the
quality of the available channels and QoE requirements of the
various traffic classes. Hence, improving channel utilization and
decreasing the number of interruptions. Then, we developed a
scheme by employing HMM to estimate the status of the future
time slot, handoff occurrence for instance. Handoff prediction
significantly reduces interference to the LUs and enhance spec-
tral efficiency as well. After that, by taking into account the
unavoidable spectrum handoff and non-negligible delay caused
by handoff, we proposed a handoff interruption management
scheme. Our framework interestingly is able to provide seamless
multimedia service over cognitive 5G cellular networks.
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