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Abstract—Time-critical and delay-sensitive multimedia
applications require more spectrum and transmission resources.
With the provision of cognitive radios (CRs), the underutilized
spectrum resources can be exploited to gain more bandwidth for
the bandwidth hungry applications (multimedia applications).
Cognitive radio networks (CRNs) also have the flexibility to
adjust their transmission parameters according to the needs of
multimedia services or applications. For this reason, wireless
multimedia cognitive radio networks (WMCRNs) have gained
much attentions in today’s research domain. In this paper,
we present a comprehensive survey of WMCRNs. Various
multimedia applications supported by CRNs, and various
CR-based wireless networks are surveyed. We highlight the
routing and link layer protocols used for WMCRNs. We cover
the quality-of-experience design and security requirements
for transmitting multimedia content over CRNs. We provide
an in-depth study of white space, television white space, and
cross-layer designs that have been used for WMCRNs. We also
survey the major spectrum sensing approaches used for the
communications of bandwidth hungry and time-critical data
over CRNs.

Index Terms—Cognitive radio network (CRN), multimedia
communication, secondary users, primary users, quality-of-
service, quality-of-experience.

I. INTRODUCTION

RECENT advances in wireless communications
technology have enabled seamless connectivity for

the large number of wireless devices in today’s world.
Provision of wireless connectivity to the millions of wire-
less devices also demands the optimal usage of spectral
resources. A few megahertz (MHz) of reserved frequency
for wireless communications comes out to be costly. Static
spectrum allocation has also caused the spectral resources
to be underutilized. This has given rise to the emergence of
cognitive radio networks (CRNs). With the help of CRNs,
better utilization of the existing spectrum resources has
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been achieved by exploiting the under utilized licensed
spectrum [1], [2].

CRNs have the capability to support both real-time and
non-real-time traffic. Due to the dynamic nature of CRNs,
transmitting multimedia content over CRNs is a challeng-
ing task [3]. To support the delay-sensitive and time-critical
data transmission in CRNs, various advances in architecture,
communications protocols, spectrum sensing techniques, and
interference mitigation approaches have been made. The goal
of seamless multimedia communications which reside within
the limited spectral resources can be well realized with the
help of CRNs (by harnessing under-utilized, licensed spectral
resources).

A. Motivation: Need of Multimedia Communication in CRNs

Multimedia applications which are considered to be delay-
sensitive and bandwidth-hungry applications, have gained
immense attention in today’s research domain. Transmission
of multimedia applications demand more resources in terms
of bandwidth, throughput, quality of service (QoS), reliability,
and timeliness [4]. The recent multimedia applications such
as YouTube, Netflix, Skype, and others have witnessed a huge
demand from the end users.

Multimedia communications over the existing spectrum
resources pose serious challenges. An assumption has been
made that, due to the immense increase in wireless devices,
spectral resources have become limited. However, recent stud-
ies of spectrum analysis have shown that a large portion of
the spectrum is underutilized. To efficiently employ the exist-
ing spectrum resources, CRNs have been widely endorsed as
a promising solution to mitigate the spectrum underutiliza-
tion. With the help of CRNs, the conventional static spectrum
sensing approach has been replaced with dynamic spectrum
access (DSA) [1]. With the help of DSA, CRNs can now sense
the idle, licensed bands, and secondary users (SUs) can trans-
mit while causing minimum interference to the primary users
(PUs) [5], [6].

The provision of these bandwidth-hungry and delay-
sensitive applications of underutilized spectrum resources
demand that researchers come out with new design paradigms.
For this purpose, the transmission of multimedia applica-
tions while employing CRNs have been introduced to over-
come spectrum scarcity [7]. The continuous transmission of
delay-sensitive traffic without much delay by using the DSA
approach has been extensively studied in the literature. The
cognitive users, which are termed as SUs, can generally
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transmit the delay-sensitive and time-critical data without
delay and interruptions while using the licensed band [8], [9].

It has been estimated that multimedia traffic, especially
video streaming, accounts for 69% of the overall consumer
traffic on the Internet [10]. It is expected to increase in the near
future and this trend will soon make multimedia applications
the prime applications of the users. Therefore, it is important to
measure the performance of these applications. Usually, QoS
is the most widely used network oriented metric to assess the
performance of the networks ability to support delay-sensitive
traffic. In addition to QoS, the quality of multimedia services
from the user’s perspective has also been measured in terms of
quality of experience (QoE). Both QoS and QoE provide qual-
ity assessment of multimedia content from the perspectives of
both the network and end user. Multimedia communications
while employing CRNs also require evaluations of other met-
rics to assess the performance of CRNs. The spectrum sharing,
mobility, management, sensing, and hand-off in conjunction
with QoS and QoE give the complete picture of the quality
of multimedia applications in wireless multimedia cognitive
radio networks (WMCRNs) [11].

WMCRNs can support a diverse range of delay-sensitive
and time-critical applications. A wide range of applications
from video related to safety, medical, voice-over IP (VoIP), and
heterogeneous applications, have been studied while various
CRNs centric or user centric metrics of multimedia traffic are
examined [12].

Support of multimedia applications by CRNs also faces var-
ious constraints related to the resources. The energy scarcity,
interference to PUs, low CPU speed, and limited system
memory are some of the constraints faced by WMCRNs [3].

B. Coverage of This Survey Article

In our paper, we have surveyed state-of-the-art works on
WMCRNs. In summary, we make the following contributions:

• We survey the various multimedia applications that are
supported by CRNs.

• We provide an in-depth discussion of design requirements
and simulation tools used for the study of WMCRNs.

• We identify the operation of medium access control
(MAC) and routing protocols of WMCRNs.

• We survey the quality of experience (QoE) related to
WMCRNs.

• We discuss the various cross-layer designs used for
WMCRNs.

• We outline the various cognitive radio (CR) based wire-
less networks that support multimedia applications.

• We provide an in-depth study of the white space, tele-
vision (TV) white space (TVWS), and spectrum sensing
techniques used for WMCRNs.

• We outline open issues, challenges, and future research
directions involving WMCRNs.

C. Review of Related Survey Articles

To the best of our knowledge, this study [12] involves
multimedia capability in CRNs. Various QoE models and their
supportive multimedia architecture have been discussed in
this study. QoE has been analyzed in-depth with respect to

the video streaming in CRNs. However, this survey is very
brief and the network centric approach regarding QoS for
WMCRNs is not discussed. Also, various CR-based networks
that support the diverse multimedia applications are not high-
lighted. An in-depth discussion of the various communications
protocols, especially the MAC protocols, is also missing.
Fakhrudeen and Alani [13] have presented a survey on QoS
provisioning in CRNs. However, in this survey, QoS objectives
were merely listed. The rest of the paper is about the spectrum
sensing approaches used in CRNs, and does not provide any
detail about QoS provisioning and QoS objectives. This survey
also lacks discussion of different MAC supporting multimedia
applications, routing, and other communications protocols.
Except for naming different QoS objectives, this survey does
not cover any topic related to multimedia communications
in CRNs.

Extensive work has been done on multimedia communica-
tions in wireless networks. The existing surveys on the energy-
efficient multimedia communications in the wireless networks
are [14]–[16], while QoS in the various wireless networks
is discussed in [17]–[27]. QoE is presented in [10], [28],
and [29]. Different cross-layer designs related to multimedia
communications are presented in [30]–[33]. Multimedia com-
munications in the wireless sensor networks (WSNs) are
examined in [34]–[36]. Ma et al. [14] and Pudlewski and
Melodia [37] explore the various compression techniques
related to multimedia applications. The study in [38] dis-
cuss different wireless architectures supporting multimedia
communications. Multimedia communications in the satellite
networks are outlined in [39], and video bandwidth forecasting
and standardization regarding multimedia content are surveyed
in [15] and [40]. Different dimensions regarding multicast
video streaming is presented in [41] and [42], while the voice
over Internet, H.264 video codecs, and different video traf-
fic models are surveyed in [43]–[45], respectively. All these
surveys, however, do not address multimedia communications
in CRNs.

The existing studies on CRNs related to the routing pro-
tocols are discussed in [46] and [47], while the link layer
protocols of CRNs are surveyed in [48] and [49]. Authors
in [50]–[70] present the various approaches for spectrum sens-
ing, sharing, and occupancy in CRNs. The concept of white
space is widely discussed in [71]–[73]. Different standards
related to CRNs and the TVWS are discussed in [74]–[77],
while the authors in [78]–[83] have studied various secu-
rity approaches related to CRNs. The resource allocation
schemes including the radio resource allocation are surveyed
in [84] and [85]. The concept of artificial intelligence has been
explored in detail in [86], while the machine-to-machine com-
munications employing CRNs is explored in [87] and [88].
The green energy-powered using the DSA approach is cov-
ered in [85] and [89]. However, the primary topics of all these
surveys do not include multimedia communications in CRNs
from any perspective.

D. Article Structure

A list of acronyms used throughout the paper is presented in
Table I. The rest of the paper is organized as follows: Section II
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TABLE I
LIST OF ACRONYMS AND CORRESPONDING DEFINITIONS

presents an overview of CRNs and multimedia communica-
tions. In Section III, various applications of WMCRNs are dis-
cussed. Section IV highlights the various design requirements
for WMCRNs including the simulators used for WMCRNs.
Routing protocols of WMCRNs are discussed in Section V,
while the MAC protocols are presented in Section VI.
Section VII covers QoE related issues of WMCRNs. Cross-
layer design requirements for WMCRNs are examined in
Section VIII, while Section IX presents multimedia com-
munications in different CRs-based networks. White space
exploitation by WMCRNs is discussed in Section X, while
the studies of TVWS are presented in Section XI. Spectrum
sensing approaches used for WMCRNs are discussed in
Section XII. Section XIII explores unresolved issues, chal-
lenges, and future research directions. The overall article is
concluded in Section XIV.

II. COGNITIVE RADIO AND MULTIMEDIA

COMMUNICATION: AN OVERVIEW

A. Cognitive Radio Networks

1) Dynamic Spectrum Access: It has been reported that
the allocation of fixed spectrum resources to licensed users
has resulted into the underutilization of the spectrum band.

This practice of the static spectrum access method renders the
spectrum resources underutilized in the temporal and spatial
domains. The static spectrum access method that is used by
conventional wireless networks has been replaced by dynamic
spectrum access (DSA) or dynamic spectrum management
(DSM) [1], which has led to the emergence of CRNs. With
the help of DSA, the flexibility of spectrum sharing enables
users (SUs) to exploit spectrum holes or white spaces in the
licensed spectrum. This also requires the cooperation from
licensed users in order to avoid interference and to make the
spectrum sensing operation smooth and reliable [90], [91].
Challenges associated with evaluating the performance of
various factors such as spectrum sensing, communications
protocols, interference mitigation (self-interference mitiga-
tion in case of full-duplex CRNs), and spectrum usage
analysis have been investigated indepth. Enforcing adher-
ence to spectrum policies demands that researchers come
out with advanced designs of DSA to realize the goal of
CRNs in various advanced and emerging fields [93]. The
whole operation of CRNs revolves around the cognitive
cycle.

2) Cognitive Cycle: To make CRNs operation smooth
and understandable, the whole spectrum sensing and alloca-
tion procedure has been divided into a cycle of four steps,
named as the cognitive cycle [12]. First, the white spaces
in the spectrum are detected using various spectrum sensing
approaches. An extensive study has been done on spectrum
sensing approaches (see Section XII). Second, after spectrum
sensing, the spectrum is managed. During spectrum man-
agement, the interference to PUs is kept at a minimum to
support SU’s communications on the licensed band. Third,
the sensed and managed spectrum resources are shared. In
spectrum sharing, the white spaces are exploited by employ-
ing either the underlay, overlay, or interweave method of
white space utilizations (see Section X). The idle spectrum
resource can also be shared either in a cooperative or non-
cooperative way. Finally, when the PUs arrive SUs vacate
the licensed spectrum band. To avoid the long delay resulting
from the interruptions by PUs, the spectrum mobility provides
SUs with the reserved spectrum holes to maintain seamless
communications.

With the help of the cognitive cycle (spectrum sensing, man-
agement, sharing, and mobility), efficient utilization of the
spectrum can be achieved while avoiding interference for the
licensed users.

3) Spectrum Sensing Approaches: Detecting the white
spaces in the available spectral resources is the main fea-
ture performed by the spectrum sensing approaches in CRNs.
The performance of the CRNs solely depends on the effi-
ciency of the spectrum sensing approaches [94]. Depending on
the available bandwidth and application requirements, differ-
ent spectrum sensing approaches have been introduced. CRNs
usually employ the energy-detection based spectrum sensing
approaches to sense the available idle spectrum holes [95]. In
addition to energy-detection, other approaches based on the
spatial correlation such as cyclostationary spectrum sensing
approaches have also been developed to exploit white space
in the license band [96]. Depending upon the requirements of
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the multimedia applications, QoS-aware spectrum sensing sup-
ports time-critical applications [97]. To support the real-time
applications, cooperative spectrum sensing for the CRNs has
also been introduced as an energy-detection based spectrum
sensing approach [98].

4) Secondary and Primary Users: The spectrum under-
utilization can be minimized with the help of CRNs while
minimizing the interference to the licensed users. Usually,
CR users are termed as secondary users (SUs) [99], and
the networks used by them are called secondary networks.
Licensed users are regarded as the primary users (PUs) [100],
and the corresponding networks are called primary networks.

In CRNs, SUs sense PU’s activity on the primary networks
and, after finding the white spaces, start utilizing the licensed
spectral resources. In this way, the underutilization of the
licensed spectrum is minimized.

B. Multimedia Communication

Communications of bandwidth-hungry and delay-sensitive
traffic pose serious challenges for network resources. Radio
spectrum is a precious commodity and multimedia commu-
nications using this scarce resource demand that researchers
develop efficient and optimized solutions. After efficiently
utilizing the spectrum with CRNs, multimedia content over
CRNs can be communicated with more reliability and less
delay [101].

Multimedia communications have been studied from vari-
ous perspectives including both traditional wireless networks
and CRNs. However, multimedia communications in CRNs
have been analyzed by employing various metrics. Generally,
quantifying the performance metrics of WMCRNs is very
challenging. The performance metrics of WMCRNs can be
categorized as network centric and user centric [12].

1) Network Centric Metrics: Network centric metrics cap-
ture the reliability and quantify the actual performance of
WMCRNs. For this purpose, QoS is considered the core
network centric metric, not only for the traditional wireless
networks but also for WMCRNs. Under QoS, the throughput,
end-to-end delay, average delay, jitter, packet loss, and band-
width are usually evaluated to assess the performance of the
networks for various multimedia applications [101], [102].

2) User Centric Metrics: User centric metrics measure the
degree of acceptance by the users of multimedia applications.
User centric metrics are actually the extension of network cen-
tric metrics. Quality of experience (QoE) is the most widely
utilized user centric metric and tests user satisfaction with
multimedia content over the networks. In WMCRNs, vari-
ous other metrics have also been investigated in conjunction
with QoE.

Due to the spectrum hand-off, the users of multimedia
content can experience interruption in communications (in
rare cases). Therefore, the spectrum hand-off can be regarded
as the performance metric for evaluating the performance
of WMCRNs. In addition to the spectrum hand-off, spec-
trum allocation schemes can also serve as the user centric
metrics which assess user satisfaction of the service or appli-
cations [12].

3) Popular Multimedia Applications: Support for conven-
tional multimedia applications (video, voice, image, online
gaming, and video-on-demand) by conventional wireless
networks have been studied from a range of perspectives. In-
depth work has also been done on provisioning the support
for multimedia communication over CRNs. WMCRNs can
now support the transmission and reception of time-critical
and non-critical data while satisfying QoS requirements of the
media content [103].

A wide range of multimedia applications are supported
by WMCRNs. CR-based wireless networks such as CR-
smart grid, cognitive radio sensor networks (CRSNs), CR-
cellular networks, CR-mesh networks, and others have
made WMCRNs more flexible while supporting a diverse
range of multimedia applications [104]–[107]. Now from
safety to medical applications, WMCRNs can provide
the support for all such delay-sensitive and time-critical
applications.

C. Motivation of Using Cognitive Radio for Multimedia
Communications

By employing CRs, the communications of multimedia
applications can be made more reliable and efficient. The
delay-sensitive and bandwidth hungry applications can now
be communicated over CRNs while residing within limited
resources of spectrum and transmission [3]. The primary moti-
vations for using multimedia communications over CRNs are
highlighted in the following:

• Delay-sensitive and bandwidth hungry, time-critical
multimedia applications require enough spectrum
resources to satisfy the users expectations [7]. With
CRNs, multimedia applications can now exploit the
idle licensed spectrum in transmission of delay-sensitive
traffic.

• When there is spectrum scarcity for SUs, the under-
utilized licensed and unlicensed spectrum band can be
set up to enhance the video session of various video
related applications such as video conferencing, video-on-
demand, and online gaming. By employing CRs, any user
can enhance multimedia content performance by exploit-
ing the underutilized spectrum resources [12], [108].

• Various CR-based wireless networks such as CR-smart
grid, CRSNs, and others can now be developed and
tested with different multimedia services or applications.
By integrating CR with different networks, WMCRNs
have become more flexible in supporting a wide vari-
ety of delay-sensitive applications while overcoming the
spectrum scarcity.

• As compared to the traditional users of multimedia con-
tent, SUs of a WMCRN can adjust its various multimedia
and other communications requirements according to
network conditions [109].

• Multimedia applications are bandwidth hungry. They
require higher data rates as compared to other applica-
tions. With the help of WMCRNs, SUs have the flexibility
to predict the target data rates and then sense and allo-
cate those idle channels that match well with these rates.
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This increases the reliability of CRNs for multimedia
applications [110], [111].

• Usage of multiple channels and frequency reuse
by WMCRNs also enhance the performance of the
multimedia communication. With the help of multiple
channels and frequency reuse, multi-user video streaming
with multiple sessions is easy to achieve [112], [113].

III. APPLICATIONS OF WIRELESS MULTIMEDIA

COGNITIVE RADIO NETWORKS

CRNs can support diverse types of multimedia applications.
The existing work on WMCRNs discusses most of the video
applications [114]–[117]. Table II shows different types of
multimedia applications that have been supported by CRNs.
CRNs are flexible enough to support the delay-sensitive, time-
critical, and real-time applications [118]. Therefore, it can be
applied to gain the better video or audio quality in medical,
safety, or in other conventional video applications. We have
classified different applications of WMCRNs depending upon
the application scenarios and supportive architecture. Based
on the application scenarios, WMCRNs applications have been
classified into video, medical, safety, VoIP, and heterogeneous.

The details of different applications supported by CRNs are
presented below.

A. Video Related Applications

Due to an immense increase in portable mobile devices,
the demand of video applications have also increased. An
extensive work has been completed regarding the develop-
ment of new network and communications resources to support
the ballooning demand of video applications [114], [183].
Figure 1 shows the transmission of the video application over
CRNs. SUs and PUs can access the video service through
a media server using the shared spectrum resources. In this
case, the secondary network is responsible for mitigating the
interference to PUs. The video related applications supported
by CRNs are classified based on different video services that
are provided to the end users.

1) Video on Demand: Video-on-demand (VoD) applica-
tions in CRNs have been studied, employing either distributed
or hybrid architecture. Ding and Xiao [120], [121] have
proposed a joint routing and channel allocation scheme for
VoD streaming in CR-based mesh networks. In this hybrid
CRNs architecture, multi-source VoD streaming sessions have
been increased by providing multi-path routing and multi-
interfaces in cognitive wireless mesh networks. The simulation
results show the improvement in minimizing the average
delay and maximizing the concurrent sessions and each ses-
sion’s adaptivity to spectrum mobility. Siraj and Abbasi [122]
provide a distributed architecture which supports the VoD
streaming by maximizing the concurrent VoD sessions in
CR-based wireless mesh networks. A VoD model for CR-
based mesh networks also proposed, and an optimization
approach has been proposed that takes into consideration the
interference mitigation approach while improving the online
VoD concurrent sessions.

2) Video Caching: CRNs have also been employed to
obtain the video caching in CR-based information centric
networks (CR-ICNs). Si et al. [123] have used the Markov
decision process and a multi-armed bandit formulation to
manage the licensed spectrum resources and to achieve the
proactive video caching in CR-ICNs. The proposed spec-
trum management scheme minimizes the average delay and
distortions for this delay-sensitive traffic. The analytical and
simulation results show the improvement in video caching
as compared to the traditional video streaming applications.
Adaptive video caching for the YouTube content distribu-
tion network using CRNs has been proposed in [124]. In
this approach, the request probability of the YouTube con-
tent has been investigated through the use of a nonparametric
learning algorithm. After finding the request probability, a
non-cooperative repeated game approach is used to formulate
the adaptive video caching problem. Through this proposed
approach, the servers can decide autonomously, which video
to cache and which to not. The performance of the proposed
scheme has been tested through non-parametric feasibility
tests.

3) Digital Video Broadcast-Terrestrial: The broadcast
transmission of digital terrestrial television is achieved with the
help of a European digital video broadcast-terrestrial (DVB-
T) standard. To exploit the underutilized spectrum resources,
CRNs have been used extensively for provisioning the DVB-T
services. DVB-T is provided by using the single-frequency or
multi-frequency bands of CRNs.

Adoum and Jeoti [96] have proposed the cyclostationary
spectrum sensing approach for CRNs to achieve the DVB-T
and to support the micro-phone signals. In this cyclostationary-
based, multi-resolution spectrum sensing (MRSS) approach,
the PUs activity is detected in a TV single band while
in the presence of the micro-phone signals. The proposed
scheme has been evaluated through multiple simulations and
shows improved performance in terms of low signal-to-noise
ratio (SNR). Rojas et al. [125] have proposed a candidate
power detector to detect the DVB-T signals. The candi-
date detector labels the PUs spectrum and also estimates
the power-level and frequency location in the presence of
interference. The proposed power-detector takes into account
the single frequency-band and estimates the power of the
interference. The power of the interference has also been
calculated in [126] allows for the single frequency band. In
this study, the interference mitigation scheme is employed
to achieve the co-existence of DVB-T and LTE systems. A
spectrum sensing approach is also used to detect of DVB-
T and LTE signals. This proposed scheme has been ana-
lyzed using the single frequency band and LTE-OFDM based
networks.

There are other studies that take into consideration
multi-frequency band in CRNs in supporting the DVB-T.
Choi et al. [127] have provided an interference mitigation anal-
ysis of the TV white space and the DVB-T2 service. In this
study, the transmission parameters such as transmission-power,
channel-models, antenna height, and gain are analyzed while
considering multi-frequency band in the coexistence of LTE
and DVB-T2. The proposed interference mitigation approach
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TABLE II
DIFFERENT APPLICATIONS OF WMCRNS WITH THEIR PERFORMANCE METRICS

has been analyzed in detail in terms of power-to-interference
statistics.

Lin et al. [128] have shown the compatibility of CRNs for
transmission of the DVB-T signals. While using the frequency
bands of 730 MHZ and 778 MHZ, an opportunistic spectrum
access technique is used to analyze the transmission of DVB-T
over CRNs. Extensive simulations were performed while using
MATLAB and the power to interference ratio was evaluated
to assess the performance of the proposed scheme.

4) Video Surveillance: CRNs have also been used for trans-
mission of the video signals to support surveillance activities.

Bradai et al. [115], [129] have proposed an energy-efficient
approach for the transmission of multimedia content over the
cognitive radio sensor networks (CRSNs). A clustered-based
spectrum sensing and routing approach is used to conserve
energy. The clustering mechanism is based on the geographi-
cal position and energy-utilizations by the nodes. The sensed
video data is forwarded by using this energy-efficient clus-
tering routing and spectrum sensing approach, and then is
used for surveillance. The proposed scheme was evaluated in
terms of Peak Signal-to-Noise Ratio (PSNR) both by the use
of simulations and analytically results. For surveillance of the
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Fig. 1. Transmission of the video over the shared spectrum band. PUs and SUs can access multimedia content through primary and secondary network from
the media server. The interference to PUs is mitigated by SUs [119].

smart grid applications, Siya et al. [130] proposed a QoS-
aware packet scheduling mechanism which employs CRNs.
In this approach, the data packets are prioritized based on
the data classification of different smart grid applications. The
prioritization model also includes for consideration channel
quality and channel switching. The proposed scheme has been
evaluated through extensive simulations in MATLAB and in
OPNET and shows the improvement in blocking probability
by 10%.

5) Video Conferencing: CRNs also support a video
conferencing application with limited spectral resources.
Amraoui et al. [131] have studied the video conferencing
application for CR-based mobile networks. The delay and
interruption time for the video signal over CRNs are mini-
mized while interference to the PUs is avoided. To improve
the video quality of the video conferencing, three classes of
data rates namely, gold, silver, and bronze are presented to
prioritize the data.

6) Video Streaming: Detailed research regarding the video
applications over CRNs has been performed using simple
video streaming. Video streaming in CRNs can be categorized
into single-user and multi-user video streaming.

Single-user video streaming, while accounting for the end-
to-end distortion metrics for the video streaming in CRNs, is
discussed in [132]. Other metrics such as end-to-end QoE and
success rate to improve the video streaming quality were also
included. In this approach, the in-network processing nodes
drop packets to achieve the desired throughput and QoE for
the end user. This approach has specifically been designed
to support the online video streaming while using the DSA
approach. Another single-user video streaming for CR-based
mobile networks that takes into consideration the channel auc-
tioning is proposed in [133]. In this two-dimensional (2D)
spectrum auctioning approach, the spectrum is accessed exclu-
sively to support multimedia streaming over CR-based mobile

networks. Through extensive theoretical analysis, the proposed
scheme is evaluated while spectrum allocation and social
welfare are taken into consideration.

Multi-user video streaming has also been supported by
CRNs with various types of spectrum accessing, spec-
trum sharing, and different architectures. Mumey et al. [134]
proposed a scheduling approach for routing packets in CR-
based mesh networks to achieve high quality during the
video streaming. A spectrum-allocation approach has been
proposed to allocate the high-data rate supportive channels to
the available routing links. For this purpose, a constant-factor
approximation algorithm has been introduced to increase the
end-to-end data flow while taking into account the inter and
intra-flow interference. The proposed scheme shows improved
performance in terms of throughput when simulated. Multi-
user video streaming in CR-based vehicular networks has been
studied in [135] and [139]. To achieve a desired PSNR, a
resource allocation scheme based on a semi-Markov deci-
sion process (SMDP) is proposed to optimally allocate the
resources between the road-side infrastructure and the other
heterogeneous CR-based services. The channel allocation and
call-admission control for the background users has also been
analyzed including consideration of the SMDP-based resource
allocation scheme. Bradai et al. [138] propose video streaming
over cognitive radio VANETs (ViCoV) for efficient streaming
of video in CR-based vehicular networks. This approach is
used to transmit not only the video data but also the safety
data is transmitted between different nodes. For this purpose,
a channel selection scheme based on the channel availabil-
ity time is used for the rebroadcaster nodes. Rebroadcaster
nodes are used for the minimization of interference and are
selected based on a new metric named the dissemination
capacity. Through the efficient channel selection scheme by
the rebroadcaster nodes, multimedia application, especially
video streaming, is supported by minimizing the average
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frame-loss. Another resource allocation approach to achieve
multimedia streaming in multi-user OFDM-based CRNs dis-
cussed in [136]. This resource allocation scheme is based
on the margin adaptive (MA) and rate adaptive (RA) prin-
ciples, and considers not only delay-sensitive but also delay
tolerant traffic. To achieve the higher data rate and through-
put for the delay-sensitive and delay tolerant traffic, a linear
water-filling, and bit allocation algorithms are put forth. The
proposed scheme has been thoroughly evaluated through sim-
ulations and shows improved performance in terms of outage
probability.

A channel selection approach for CRNs has been
proposed [137] for streaming multimedia content with less
delay. A priority virtual queue model has been developed
for the channel selection and video transmission by SUs.
The performance of the proposed priority scheduling based
channel selection scheme has been compared with the con-
ventional dynamic channel selection scheme. The simulation
results show that the proposed scheme outperforms the con-
ventional channel selection scheme when are considered the
PSNR of the video signals.

Multi-user video streaming in CR-based cellular networks is
discussed in [140]. An efficient spectrum sensing and access-
ing approach based on the matching-based, optimal algorithm
is introduced in this study. QoE of the video streaming
with a mean opinion score (MOS) (for details of MOS see
Section VII) in this CR-based cellular networks is evaluated
to assess the quality of the video for the cellular users. The
scheme has been evaluated using numerous simulations and
outperforms the other state-of-the-art schemes. He et al. [141]
also proposed a QoE-driven channel accessing and allocation
approach for multi-user video streaming in CR-based cellu-
lar networks. In this study, the problem of channel accessing
and allocation is solved through mixed integer non-linear pro-
gramming (MINLP) method by divided the whole problem
into sub-problems. First is for optimal spectrum-sensing and
second one is for the optimal channel allocation and power
allocation. The suggested scheme has been evaluated through
extensive simulations and the PSNR and MOS are evaluated
to judge the quality of the video frames.

A cross-layer QoS approach to support multi-user video
streaming in CRNs is discussed in [142]. In this QoS-
aware scheduler, priority function (PRF) is used to efficiently
schedule the packets of delay-sensitive traffic by avoid-
ing interference to PUs. The performance of the proposed
cross-layer, QoS-aware scheduling has been compared with
other state-of-the-art schemes, and this scheme is superior
for minimizing interference. Multi-user video streaming in
CR-based multiple-input-single-output (MISO) networks is
discussed in [143]. This resource allocation scheme, which
aims to achieve the desired QoS, is formulated as a non-
convex optimization problem. The proposed resource alloca-
tion scheme also takes into consideration the power allocation
and the imperfection of the channel state information (CSI)
resulting in potential eavesdroppers, to ensure the secrecy of
the SU’s information. A lengthy number of simulations have
been run to validate the proposed resource allocation scheme
in terms of interference power. Vector-based quantization of

QoS in CRNs for multi-user video streaming is discussed
in [144]. In this study, a K-dimensional QoS space is intro-
duced in which each point represents the expected QoS. Vector
quantization is utilized to partition the whole space into a finite
number of regions that corresponds to the QoS index. The
input from the power unit is used as a power vector to esti-
mate the required power to avoid interference while ensuring
QoS in the system. The proposed scheme is then simulated for
evaluating the PSNR. A game theoretical approach based on
spectrum auction has been used in [145] to achieve efficient
video streaming over CRNs. The spectrum allocation scheme
in this study has been formulated based on spectrum auction-
ing games. Three spectrum allocation approaches based on
spectrum auctions are proposed and are named the alternative
ascending clock auction, ascending clock auction using single
object (ACA-S), and the traditional ascending clock auction
(ACA-T). Through theoretical and simulation results, it is
shown that ACA-A performs well in the case of multimedia
applications in CRNs. A practical study of a resource alloca-
tion algorithm for the video streaming in CRNs is discussed
in [146]. In this CR-based OFDMA network, a video encoder
that controls the video rate is used to overcome the video
frame loss. An ON-OFF PUs activity pattern is used to inves-
tigate video streaming while keeping in mind the proposed
algorithm. The experimental evaluation of the algorithm shows
effectiveness in terms of video frame loss probability.

Yongjun and Xiaohui [147] taken into consideration the
interference temperature and QoS constraints for multi-user
video streaming in CR-based underlay networks. The
Euclidean projection is used to control and conserve energy
consumption. While allowing for the interference temperature
and QoS constraints, the power consumption has been for-
mulated as the convex optimization problem and then solved
through the lagrangian dual method. The proposed scheme
through simulations, shows improvement in SINR.

The video streaming on the downlink of CRNs is examined
in [148]. In this study, a tree-based model is used to provide an
efficient routing approach to support the video streaming on
the downlink of SUs. Using a sample and posterior distribu-
tion, the channel condition is estimated, and then the spectrum
stability and path quality is measured using the utility function.
Extensive simulations demonstrated enhanced performance by
the proposed scheme as compared to state-of-the-art routing
schemes for CRNs. Video streaming on the downlink has also
been investigated in [149]. To achieve downlink video stream-
ing, a sub-carrier based antenna selection method is used,
employing the medium grain scalable and coarse grain scal-
able extension of H.264 standard as the encoding approach.
The antenna selection problem has been formulated as the
binary integer program to achieve the optimal video stream-
ing on the downlink of CRNs. The proposed scheme shows
improved performance in terms of BER, PSNR, and the outage
probability.

Cross-layer design has been frequently used to achieve
video streaming in CRNs. In [150], a routing protocol for
CRNs is proposed to support cross-layer video streaming. For
this purpose, the best unified channel has been used for video
streaming. A best unified channel is selected based on an
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estimation of the average packet transmission time and the
channel availability time. A channel with more stability time
than packet transmission time is selected to ensure the required
quality for video streaming. The proposed cross-layer routing
scheme is assessed through the use of numerous simulations,
and the proposed approach shows enhanced performance in
terms of packet delay. A cross-layer scheduling approach
to achieve video streaming for CRANs has been proposed
in [151]. While residing within interference and power con-
straints, this video streaming approach also takes into account
the subcarrier assignment, modulation scheme, and power
allocation. To achieve the optimal sub-carrier assignment,
a Bayesian learning method is employed, while the M/G/1
queuing model is used to investigate the packet delay. The
theoretical and simulation results show the proposed scheme
has less transmission delay compared to other state-of-the-
art schemes. Guan et al. [152] have proposed a cross-layer
video streaming based on cooperative relaying in CRNs. In
this study, power-allocation, encoding rate control, relay selec-
tion, and channel allocation is formulated as MINLP. Then the
problem is solved utilizing a convex relaxation technique and
branch and bound method. The proposed scheme will then
optimally control the power, channel allocation, and encod-
ing rate for the cross-layer video streaming in relay networks.
The proposed scheme is then assessed in terms of PSNR
and is compared through simulations with other schemes of
CRNs. Another study to achieve the required QoS for video
streaming using cross-layer design explored in [153]. In this
example, an efficient QoS-aware packet scheduling approach
based on different traffic types and spectrum sharing mech-
anism is investigated to support the video streaming. The
proposed scheduling and spectrum sharing approach of CRNs
has been evaluated through extensive simulations and outper-
forms other approaches in terms of dropping probability and
average packet delay.

7) Scalable Video Multicast: In CRNs supportive scalable
video multicast (SVM), SUs have more flexibility to view the
video content while optimally using network resources. The
SVMs have been extensively employed by different wireless
networks such as LTE and WiMAX [184]. The existing works
on SVM in CRNs usually support the single user, multi-user,
cross-layer, and multi-hop based SVM.

Single user SVM over CR-based femtocell has been stud-
ied in [154]. Here, a QoS-aware SVM over the femtocell
is assessed using interference and power constraints. The
problem of SVM over the femtocell has been formulated as
stochastic programming, and then solved through the greedy
algorithm. Through simulations, the proposed scheme out-
performs two alternative schemes. Another single user SVM
that takes into consideration multi-channel CRNs is inves-
tigated [155]. Based on PUs activity and spectrum sensing
accuracy a sensing-transmission structure is introduced. Based
on this design, a hierarchical-matching approach is put for-
ward to map the scalable video signals for the available
channels. The proposed approach for the transmission of the
scalable videos has been extensively simulated to validate
its effectiveness in terms of PSNR and average packet loss
ratio.

Most of the work on CRNs considers multi-user SVM. As
compared to single user SVM, multi-user SVM provides flexi-
bility in supporting the other video related applications such as
DVB-T and video conferencing. In [116], an energy-efficient,
scalable video transmission in CRNs is discussed in CRNs.
In this study, scalable video coding and transmission rate
has been formulated as the stochastic optimization problem.
This optimization problem is then solved by employing an
online iteration algorithm. The proposed scheme has been
evaluated through extensive simulations and shows improved
performance in terms of energy consumption.

Multi-user scalable video transmission in CR-based under-
lay/overlay network is researched in [156]. The underlay mode
usually operates with low power and supports the low data
rates. Therefore, the scalable video coding (SVC) has been
introduced to achieve the optimal data rate to support the scal-
able video transmission. While in overlay mode, the I-frame
insertion is used to avoid packet loss and to achieve the desired
data rate. The proposed scheme shows improved performance
in terms of BER. Multi-user scalable video streaming over
TV white space (for TV white space see Section XI) in hybrid
overlay and underlay mode is examined in [161]. In this study,
the available spectrum bands are ranked based on characteris-
tics such as packet loss, delay, and jitter. Then the time-critical
and delay-sensitive traffic is transmitted over the highly ranked
spectrum bands. The simulation results show that the proposed
scheme in hybrid mode demonstrates improved performance
compared to the overlay mode. Yu et al. [159] have proposed a
novel approach for efficiently transmitting the scalable video
on the TVWS. The approach consists of spectrum sensing,
channel allocation, channel mapping, rate adaptation, and a
resource scheduling scheme. Figure 2 shows these five steps
for transmitting the scalable video on the TVWS. The multi-
user, multi-channel, and multi-sector approach is adopted, and
then, through an optimization scheme, a perfect match is
achieved between the available channels and sectors.

Saki et al. [162] discusses Multi-user scalable video trans-
mission on the downlink of CR-based OFDM networks. In
this study, the interference imposed by SUs on the licensed
band is also addressed. The issue of satisfied users and video
quality is formulated as mixed discrete-continuous, non-linear
programming (MDCNLP). A sub-optimal algorithm is then
used to solve the MDCNLP. The simulation results show
an improvement of about 1.3dB in PSNR as compared to
other conventional algorithms. Multi-user based scalable video
transmission has also been investigated in CR-based OFDM
networks [157]. Here, the video distortion is minimized while
optimally allocating the power to SUs and minimizing the
interference to PUs. The problem of allocating power to
minimize interference and to support the scalable video trans-
mission is formulated using convex optimization. The scheme
is evaluated through theoretical results and shows enhanced
performance in terms of PSNR. A multi-user scalable video
transmission control utilizing the Markovian dynamic game is
researched in [158]. The distortion rate in the scalable video
transmission is modeled as the switching control dynamic
Markovian game, while the channel and the video source
quality are formulated as the independent Markov process.

Authorized licensed use limited to: Auburn University. Downloaded on April 13,2020 at 01:52:06 UTC from IEEE Xplore.  Restrictions apply. 



AMJAD et al.: WIRELESS MULTIMEDIA CRNs: COMPREHENSIVE SURVEY 1065

Fig. 2. Scalable video multicast transmission can be studied by matching the available channels to the required users. For this purpose, the spectrum sensing,
spectrum selection, spectrum mapping, rate adaptation, and resource can be allocated optimally [159].

The switching control game is assessed through simula-
tions and shows improved performance in terms of PSNR.
Omer et al. [160] propose a channel allocation approach for
multi-users scalable video transmission. The available chan-
nels are assigned to SUs based on their buffer occupancies. A
streaming algorithm is proposed based on the delay require-
ments of the delay constraint traffic. The algorithm also takes
into consideration the modulation level that based on the chan-
nel information. The approach is evaluated using numerous
simulations in terms of PSNR and BER.

A multi-user scalable video transmission over CRNs while
employing the scalable video transmission video scheduling
is studied in [163]. In this proposed scheduling approach, an
end-to-end perceptual visual experience of the video is opti-
mized by including focus on the receiving buffer, video source,
and channel state. To minimize the probability of receiving
buffer underflow, a content-based and adaptive video play-
out approach has also been proposed to gain the required
QoE. MOS has been chosen as the evaluation metric for this
study. A multi-user scalable video transmission over cellu-
lar networks is investigated in [164]. In this study, viewers
with poorly perceived quality can enhance the quality of their
video content by using cognitive relay networks. For this pur-
pose, cognitive radio assisted quality compensation (CRAQC)
is proposed to improve the video quality. Cooperative trans-
mission through cognitive relay networks helps to improve
the visual perception of the users with limited resources. The

performance of this scheme evaluated through extensive sim-
ulations, improves the video quality of poor reception viewers
through cooperative transmission.

Different cross-layer designs have also been employed to
enhance video quality of the scalable video transmission. A
cross-layer design to achieve scalable video streaming over
CR-based femtocell networks is discussed in [165]. To achieve
the required QoS for the delay-sensitive traffic, different uncer-
tainties of CRNs are taken into consideration. Stochastic
programming is used in this case to formulate the required
problem of QoS provisioning through a single femtocell base
station (FBS). Then a greedy algorithm is used to solve the
problem. The cross-layer design is extensively simulated in
terms of PSNR. A Cross-layer optimization approach used to
achieve the scalable video streaming over infrastructure-based
CRNs is the subject of [166]. In this study, the problem of
scalable video streaming using multi-channels is formulated
as MINLP, and then solved using the greedy and sequential
fixing algorithms. This proposed scheme improves fairness,
minimizing the interference to PUs, and improves video qual-
ity. The scheme is also tested through simulations and shows
enhanced performance regarding PSNR. Saadat [167] have
proposed a cross-layer design to evaluate the scalable video
streaming in CR-based multi-hop networks. Different packet
types based on their video source are first differentiated and
then evaluated based on different video standards such as
MPEG2 and MPEG4. The proposed design is then tested with
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mobility, non-mobility, and multi-hop networks. The theoret-
ical and simulation results show that the proposed approach
outperforms results of existing research in terms of jitter.

A CR-based multi-hop network that takes into account
the delay-sensitive, time-critical, scalable video multi-casting
is studied in [168]. The video sources are comprised of
fine-granularity-scalability (FGS), and medium-grain-scalable
(MGS) are used to study the scalable video transmission in
multi-hop SUs. MINLP is used to formulate the problem of
fairness and video quality while keeping interference in mind.
A sequential fixing algorithm is then employed to solve the
problem in a centralized way. The proposed scheme is eval-
uated through extensive simulations in terms of concurrent
video sessions.

8) 3D Video Transmission: Video transmission requires
adequate transmission and spectrum resources. The transmis-
sion of the 3-dimensional (3D) videos demands not only
enough spectrum resources but also the maximum bandwidth
to provide a satisfactory perceptual view to users. 3D video
transmission in CRNs is explored in [169]. Authors in this
study have designed a reliable, flexible, and reconfigurable
architecture supporting CRs for the transmission of 3D videos.
A robust source coding that matches this architecture well
and includes consideration of channel conditions is also been
discussed. The proposed scheme outperforms the existing non-
adaptive approach for video transmission in terms of PSNR for
the transmission of 3D videos.

B. Safety Applications

CRNs have also found their way in different safety appli-
cations. WMCRNs using diverse video or audio processing
approaches can be employed in civil safety applications.
In [170], multimedia applications in CR-based, vehicular ad-
hoc networks are used to achieve the safety of vehicles.
To provide required bandwidth for the delay-sensitive safety
applications, a novel CR-base spectrum sensing approach is
proposed. With the help of the Nash bargaining approach,
spectrum allocation is investigated while the fairness in the
network is ensured. The proposed scheme shows an improved
performance in terms of delay. Onem et al. [171] propose a
QoS-aware routing (for routing, see Section V) to achieve the
required safety information data during disaster relief or tac-
tical operations. In this CRANs, a new routing metric called
sustainability is introduced to minimize the delay and enhance
the throughput for the delay-sensitive data. The proposed
routing metric takes into consideration PUs activity, chan-
nel assignment, MAC-layer access methods, and end-to-end
delay. The approach has been simulated and shows improved
performance in terms of delay and throughput.

C. Medical Applications

WMCRNs can also support various medical applications
by exploiting licensed and un-licensed spectrum resources.
Wireless medical telemetry is examined in conjunction with
CRNs in [172]. To transfer patients critical data to the remote
base station within the hospitals with less delay, a CR-based
medical telemetry design paradigm is introduced. In this study,

a spectrum-measurement is carried out near the hospitals and
then the spectrum and power allocation, while employing
CRs, is investigated. Simulation results validate the proposed
scheme while minimizing the interference to PUs. A QoS-
aware approach to support the transmission of the time-critical
data of the patients for CRNs is investigated in [173]. To trans-
fer the delay-sensitive data such as that involving trauma and
stroke, a CRNs-enabled framework is proposed and includes
consideration of the various CRNs uncertainties. Power and
interference constraints have also been respected while devel-
oping the proposed scheme. The proposed control frame is
evaluated through analytical and simulation results in terms
of delay.

D. Voice Over IP Applications

Voice over IP (VoIP) application have gained attention in
today’s research domain due to its flexibility in providing voice
quality while residing within the limited network resources,
especially cost. VoIP over CRNs has also been investigated
and different design paradigms have been provided. In [174],
a conventional QoS scheme for CRNs is enhanced to achieve
the desired quality of VoIP service. The modifications and
enhancement to the traditional cognitive cycle achieves smooth
call quality and enhances the throughput. VoIP traffic is mod-
eled for CRNs using the OPNET Modeler 16.0.A, and existing
VoIP parameters have also been modified according to the
DSA approach. The various metrics such as jitter, delay,
and end-to-end delay are assessed for this proposed scheme
through extensive simulations. In [109], performance of coop-
erative CRNs are also optimized for the support of VoIP. While
allowing for the work-conserving and non-work-conserving
cooperation policies, the relaying queues at SUs are modified
according to QoS requirements. Through theoretical results,
it is shown that the proposed scheme meets the QoS require-
ment of both SUs and PUs. Vishram et al. [176] have also
proposed a QoS-aware self co-existence scheme to achieve
the desired call quality for the VoIP. This approach takes into
account multi-channel support for CRANs, while guaranteeing
QoS to SUs. By controlling the transmission power and relo-
cating the resources, the available channels are shared among
multiple SUs. The proposed approach evaluated through exten-
sive simulations, and shows improved performance regarding
number of voice connections formed. These voice connections
can be employed to achieve the desired call quality in VoIP
applications in CRNs.

E. Heterogeneous Applications

WMCRNs support a wide variety of heterogeneous services
including real-time and non-real-time applications. The exist-
ing works consider QoS-aware heterogeneity services based
on multi-user support and a cross-layer design paradigm.
Alshamrani et al. [177] have taken into consideration the
support of heterogeneous services in distributed cooperative
networks. For this purpose, the spectrum sensing, access-
ing, allocation, and QoS provisioning are jointly investigated
including power and interference constraints. Real-time users
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are giving priority and then the number of identified chan-
nels are allocated to the real-time users. The proposed scheme
is simulated and evaluated in terms of dropping and block-
ing probability. Another multi-user QoS provisioning approach
based on the spectrum allocation approach is investigated
in [178]. To achieve seamless connectivity for streaming and
other data, the problem of spectrum resource management is
investigated by considering backup channels. For optimizing
the backup channels, a queuing theory based model is used and
the problem of spectrum allocation based on QoS requirements
formulated. In this study, queuing delay is the evaluation met-
ric and shows the enhanced performance of the delay-sensitive
traffic. Different heterogeneous constraints resulting from het-
erogeneous services in peer-to-peer CRNs is studied in [179].
The maximum and minimum boundaries on QoS metric is
imposed based on the distributed power control. These bounds
are used to achieve the SINR, which is then used to assess user
satisfaction of video quality. The power control issue is formu-
lated as a convex optimization problem and then solved using
a low-overhead distributed algorithm. The proposed scheme is
simulated and shows improved performance in terms of SINR.
Queuing based channel allocation is examined in [180]. In this
study, the application layer requirements for transmitting the
delay-sensitive data is highlighted. The rate requirements for
different heterogeneous services is studied by proposing the
priority virtual queuing interface. Through this interface, SUs
exchange information and evaluate the delay deadlines for dif-
ferent heterogeneous traffic. This approach is evaluated using
the packet loss rate metric through extensive simulations.

Cross-layer design has also been employed in achieving
efficient transmission of delay-sensitive traffic over CRNs.
In [181], a cross-layer resource allocation scheme for hetero-
geneous services in CR-based OFDM networks is proposed.
Various objectives such as sub-channel occupancy, packet
queuing state, and sub-channel link state is formulated as
a convex optimization problem. A joint resource alloca-
tion (JRA) algorithm is offered to solve the optimization
problem. The theoretical and simulation results show improved
performance regarding average delay. A cross-layer schedul-
ing approach for heterogeneous multimedia traffic for CRNs
is discussed in [182]. In this study, the provision of packet
scheduling and spectrum sharing approach in CRNs with QoS
awareness is explored in detail. This cross-layer scheduling
also takes into consideration the channel state, power and
interference constraints, and queue states. This scheme is
extensively simulated and shows the improved performance
in terms of average packet delay and throughput.

F. Summary and Insights

This section covers the various delay-sensitive multimedia
applications supported by CRNs. Video streaming applications
have been investigated in detail. However, other delay sensi-
tive applications such as medical and safety applications have
not been extensively studied. Only [170]–[173] include a focus
on medical and safety applications. Among video applications,
only the studies [131] and [123] and [124] highlight CRNs-
based video conferencing and video caching respectively.

CRNs-based video conferencing and video caching needs to
be further investigated with both QoS and QoE metrics. Most
of the existing work on the applications of WMCRNs uti-
lizes PSNR as the metric to evaluate multimedia content.
Other metrics such as MOS, jitter, and time of interruptions
should also be evaluated when determining the performance
of WMCRNs. The existing applications of WMCRNs mostly
support multi-users and cross-layer support in their design.
However, mobility, multi-hop, and multi-channel supports
have not been incorporated into WMCRNs to achieve the
transmission of delay-sensitive real-time applications.

IV. DESIGN REQUIREMENTS FOR WIRELESS MULTIMEDIA

COGNITIVE RADIO NETWORKS

Transmission of delay-sensitive multimedia content over
WMCRNs puts demands on researchers to create flexible
architecture and design paradigms. Heterogeneous delay sen-
sitive traffic over the licensed spectrum can be transmitted by
adopting several changes in the architecture of existing CRNs.
In the following, we provide the description of some of the
design and architectural requirements for WMCRNs.

A. Architectural Requirements for Wireless Multimedia
Cognitive Radio Networks

For transmitting delay-sensitive and bandwidth hungry
applications over licensed spectral resources, the architecture
must fit specific needs. WMCRNs have to support various
time-critical applications. Therefore, reliable, flexible, and
hierarchical architecture is required [12], [185]. Various archi-
tectures based on QoS, QoE, and multimedia applications have
been proposed in the literature. For example, in Figure 1, a
simple architecture is proposed for transmitting multimedia
content over the shared spectrum resources [119]. This archi-
tecture is based on QoE requirements. Keeping multimedia
server fulfills multimedia-specific requirements of SUs and
PUs with the primary and secondary networks over the shared
spectrum (see Section III). Another architecture designed to
support the HD-TV transmission over the TV white space is
shown in Figure 11 [186]. In this architecture, a central cog-
nitive device makes all the spectral decisions (for spectrum
sensing details see Section XI). Multi-vision HD-TVs in dif-
ferent rooms utilize the available idle spectrum and transmit
while avoiding interference to PUs.

B. Energy Needs

Multimedia applications are bandwidth hungry. The trans-
mission of real-time traffic with more bandwidth requirements
also consumes more energy compared to other, conven-
tional, non-real-time traffic. For this purpose, the proposed
architectures and designs paradigms should consider energy
conservation approaches for WMCRNs [114]. To achieve
conservation, an energy-efficient design for WMCRNs has
also been considered for multimedia streaming [115], scal-
able video streaming [116], and adaptive rate control [187].
Energy efficient routing protocols for WMCRNs are discussed
in [188] and [189] and support different delay-sensitive and
bandwidth hungry applications.
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C. WMCRNs Specific Source Coding

Transmission of uncompressed multimedia content will
require more spectral and network resources. For this pur-
pose, different coding schemes have been proposed for the
conventional wireless networks and CRNs. Traditional com-
pression techniques either minimize redundancy within one
frame using an intra-frame compression approach, or min-
imizes the redundancy between the subsequent frames by
employing the inter-frame compression approach [163]. To
achieve efficient compression of multimedia content over wire-
less and WMCRNs, a distributed source coding has been
proposed [34]. Table VI shows that the current research on
WMCRNs focus on source coding techniques with different
simulators with different applications.

D. Application Specific QoS/QoE Requirements

Different multimedia applications have specific QoS and
QoE needs. For example, He et al. [12] propose a QoE driven
video streaming design for WMCRNs. QoS-aware WMCRNs,
for transmitting delay-sensitive applications are also proposed
in [26] and [190]. To achieve the desired QoS and QoE
for WMCRNs, an efficient design related to hardware, com-
munications and coding algorithms, and supportive network
topologies is needed. Heterogeneous applications have mixed
or unpredictable QoS and QoE requirements. Flexible and
robust WMCRNs are vital for the support of heterogeneous
traffic.

E. Summary and Insights

In this section, various factors related to the design require-
ments for WMCRNs have been discussed. WMCRNs need
flexible, robust, and hierarchical architectures to support dif-
ferent video streaming applications. Multimedia applications
are regarded as the bandwidth hungry applications. Therefore,
they also consume large amount of energy during their trans-
missions. Energy-efficient QoS and QoE designs with effective
source coding techniques to minimize the data redundancy
should also be explored in detail. The existing work on
WMCRNs does not take into consideration the in-network
processing of multimedia content. In-network processing of
multimedia with different algorithms should also be explored
with different advance multimedia supportive architectures for
WMCRNs.

V. ROUTING PROTOCOLS FOR WIRELESS MULTIMEDIA

COGNITIVE RADIO NETWORKS

As compared to traditional routing protocols for CRNs,
routing protocols supporting real-time, delay-sensitive, and
bandwidth hungry applications should also consider the end-
to-end delay, various spectrum sensing approaches at lower
layers, and available channels [206]. Design of routing pro-
tocols for WMCRNs should be made intelligent to route
multimedia content over the limited spectral resources [209].
The existing studies on routing protocols takes into considera-
tion QoS requirements for multimedia content. The routing of
the video content, while providing the required QoS in either a

single-hop or multi-hop manner has been extensively studied
in the context of WMCRNs. Figure 3 shows the classifica-
tion of the existing works on routing protocols for WMCRNs.
The routing protocols for WMCRNs show support for video
streaming, QoS provisioning, or operating in either a single-
hop or multi-hop manner. The existing research on WMCRNs
routing protocols is classified based on their support for dif-
ferent applications and design paradigms. Routing protocols
have been designed allowing either the hop-count metric or
the feature of streaming videos.

A. Routing For Streaming Videos

The recent studies on routing protocols for WMCRNs dis-
cuss the video streaming from three perspectives, i.e., video
on demand (VoD) streaming, cross-layer video streaming, and
downlink video streaming.

1) Video on Demand: VoD applications have gained much
attention due to enhanced user satisfaction. The communica-
tions of the VoD service over CRNs, demands for researchers
to devise advance routing algorithms. Ding and Xiao [120]
have proposed a routing protocol for CR-based wireless mesh
networks to support VoD applications. Multi-source VoD
service in this routing protocol is supported by providing
multi-interfaces or multi-paths for multiple sessions of video
content. In conjunction with the routing protocol, the spec-
trum allocation scheme is also proposed for the distributed and
centralized CRNs. Minimization of the average delay enables
this joint scheme to perform better than other state-of-the-art
schemes.

2) Cross-Layer Video Streaming: Routing protocol which
takes into account the cross-layer design for video streaming
is examined in [150]. With this approach, the routing source
multicasts the video to some destination. In order to achieve
the best video quality at the destination, a best unified channel
is selected for transmission of video signals. This channel is
selected based on the estimation of average spectrum avail-
ability time and packet transmission time. It also assumes that
the average packet transmission time is less than the average
spectrum availability time.

3) Downlink Video Streaming: The problem with downlink
video streaming is addressed by proposing a routing protocol
for CRNs [148]. In this video-aware cognitive radio routing
(VCR) approach, a two level mechanism has been adopted to
make the routing decisions for the delay-sensitive traffic. In
the first step, channel condition is estimated using a sample
and posterior distribution. Second, a utility function is intro-
duced to estimate the spectrum stability and path quality. Using
numerous simulations, it is shown that the VCR outperforms
the other routing schemes of CRNs and a 30% increase in
video quality has been witnessed at the destination.

B. QoS-Aware Routing

Routing protocols for WMCRNs that take into consideration
QoS requirements of the delay-sensitive and bandwidth hungry
applications have been discussed while supporting various CR-
based wireless networks. Below is a description of some of
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Fig. 3. Routing Protocols For WMCRNs can be classified based on their capability to transmit the video in a single-hop or multi-hop manner or on the
basis of QoS requirements in different CR-based networks.

the QoS routing protocols that can support multimedia content
over various CR-based wireless networks.

1) Cognitive Radio Ad-Hoc Networks: Routing protocols
for CR-based ad-hoc networks (CRANs) have been designed
in such a fashion that they can provide the required QoS
for multimedia applications. An energy-efficient and QoS-
aware routing protocol for CRANs is discussed in [188].
This on-demand energy-efficient QoS routing employs the
TDMA and maintains the reserved bandwidth on a per flow
basis. This routing approach can also support multi-hop
networks. While guaranteeing the bandwidth for the session-
oriented applications, this on-demand routing also ensures
QoS for the CRANs. The performance of the proposed
scheme has been evaluated in terms of end-to-end delay.
Malik and Hasbulah [191] compare the performance of vari-
ous routing protocols for the CRANs regarding delay-sensitive
applications. It has been found that, as compared to single
path routing, multipath routing supports enough reserved band-
width. Also, the current studies on routing protocols do not
take into consideration the interference between used channels
and the existing users. The end-to-end delay of on-demand
routing for traditional networks and for CRANs is com-
pared, and the traditional routing outperforms the CRANs.
Another routing approach that shows the minimization of the
end-to-end delay while supporting multimedia applications

in CRANs is presented in [192]. In this approach, the tra-
ditional ad hoc on-demand distance vector (AODV) routing
approach is provided with cognitive capability and QoS. The
resulting routing protocol or QoS-CAODV protocol has the
capability to support multimedia applications with less delay.
Simulations are performed using an OPNET simulator. A QoS-
aware routing approach that can be deployed in the battle
field to transmit real-time data has also been studied [171].
In this work, a new routing metric named the sustainability
is introduced to ensure QoS. This scheme further takes into
consideration PUs activity, spectrum sensing operations, and
end-to-end QoS requirements. The proposed routing scheme
is assessed through simulations. The increase in the through-
put and decrease in the end-to-end delay validate the scheme.
Wen and Liao [193] have come out with a new QoS-aware
routing metric for the CRANs, supporting multimedia appli-
cations. The new routing metric takes into consideration the
error rate, transmission range, PUs interruption rate, spectrum
available time, and spectrum mobility. This metric is evaluated
through simulations and outperforms other schemes in terms of
end-to-end delay and throughput. Cognitive QoS on-demand
routing (CO-QORP) for the CRANs is proposed in [194].
CO-QORP meets QoS requirements (especially the end-to-end
delay) in the AODV routing protocols for CRNs. The proposed
routing protocol has been tested with an OPNET simulator,
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and its performance is evaluated in terms of total packets
dropped, end-to-end delay, throughput, and route discovery
time.

The mutual relationship between the user and the channel
interference in routing protocols for the CRANs is explored
in [195]. In this study in order to make the routing proto-
col supportive of multimedia content, the propagation and
channel conditions have also been integrated into the rout-
ing metric. Therefore, the user and channel interference effect
on QoS has been justified. The simulations are performed
using the network simulator (NS-2), and the performance of
the proposed protocol is assessed with regard to spectrum
availability and delay. A routing protocol for the CRANs
that can support the communications of SUs group with
QoS-awareness is proposed in [196]. In order to optimize
the bandwidth requirements for the bandwidth hungry and
delay-sensitive applications, a core-based, bottom up (CBBU)
method is used to maintain the routing paths. The routing tree
has been replaced by the layered approach in this method in
conjunction with the slot assignment. This scheme is tested in
terms of packet success rate.

2) Underlay Cognitive Radio Networks: CRNs can also
be classified based on different spectrum sharing methods.
Routing protocols for the underlay CRNs that can support
real-time data are presented in [197]. In this multi-path routing
protocol, the duplication-based and coding aided features are
used as the routing metric and the path diversity is related to
the end-to-end delay and reliability that is optimized by the
transmission power. Extensive simulations are performed to
evaluate this model of protocol for the underlay CRNs with
different QoS metrics such as end-to-end delay.

3) Mobile Cognitive Radio Networks: The routing protocol
for the mobile CRNs that can support multimedia communica-
tions is discussed in [198]. This routing protocol is designed
for the mobile WiMAX networks with CRNs support. The
QoS requirement of multimedia applications has been inves-
tigated in terms of the end-to-end delay, load-balancing, and
fairness. The performance of the proposed scheme is compared
with the AODV for mobile WiMAX networks.

4) Cognitive Radio Cellular Networks: Cellular networks
have also been employed with the CRs to exploit the under-
utilized licensed spectrum band. A routing protocol for the
CR-based cellular networks, taking into consideration the
delay-sensitive applications is studied in [199]. This study
includes coverage of SUs in multi-hop CR-cellular networks.
The admission control, channel assignment, and QoS problem
has been mathematically formulated and is then solved using
greedy algorithms. This scheme has been tested through
simulations in terms of delay.

5) Cognitive Radio Mesh Networks: Mesh networks
with CR capability can also support multimedia content
while providing the required bandwidth spectral resources.
Hincapie et al. [200] propose a routing protocol for the mesh
networks with QoS requirements of the delay-sensitive traffic.
The best path in this protocol has been selected based on the
packet scheduling and channel allocation. While minimizing
the impact of the interference and channel heterogeneity, the
entire optimization problem is solved using the integer linear

programming. The simulation is performed using NS-2, and
the performance was evaluated based on the acceptance rate
and bandwidth. A routing protocol is also proposed to support
the long session of video streaming in the CR-based mesh
networks [134]. In this study, the problem of channel alloca-
tion in the presence of multiple routing paths is addressed. The
problem of which channel should be assigned to which path
is solved using the constant-factor approximation algorithm.
The problem of inter-flow and intra-flow interference is tack-
led as well. The simulation results show improvement in the
end-to-end throughput for the delay-sensitive and bandwidth
hungry application.

6) Cognitive Radio Smart Grid: The time-critical data in
smart grid can be transmitted without delay by using CRNs.
With the help of CRNs, different applications of the smart grid
can now exploit the underutilized spectrum for transmission of
the real-time and non-real-time traffic. While considering the
challenging requirements of smart grid applications, efficient
routing protocols have been designed that take into consid-
eration energy and QoS requirements. A cross-layer routing
protocol for the CR-based smart grid networks to support
the time-critical applications is presented in [190]. In this
work, different classes of the time-critical traffic are priori-
tized depending upon the QoS requirement of the application.
The QoS classes are then differentiated into three different
queues including reliability of data, bandwidth, and delay. The
problem is formulated as the Lyapunov drift optimization and
then solved using the distributed control algorithm. The simu-
lation results show the minimization of the end-to-end delay.
Shah et al. [201] also consider the cross-layer design for the
provision of QoS routing in the CR-based smart grid appli-
cations. Different QoS classes are prioritized and assigned
to different queues. However, the problem is formulated as
the weighted network utility maximization (WNUM) and then
solved by a heuristic solution. The simulations are performed
in NS-2, and show minimization of the average delay.

A scheme for the smart grid AMI networks that sup-
ports QoS is proposed in [202]. In this routing proto-
col for low power and lossy networks (RPL), a global
optimization is employed to solve the routing problem. In
this directional mutation ant colony optimization-based cog-
nitive RPL (DMACO-RPL) protocol, the real-time traffic of
AMI networks is routed based on the practical requirements of
smart grid applications. The scheme’s performance is assessed
in terms of end-to-end delay. Another protocol for the AMI
networks that takes into consideration the delay-sensitive traf-
fic is discussed in [203]. In this routing scheme, IETF standard
RPL is extended with a QoS requirement of the AMI network.
With the provision of a routing algorithm, PUs protection is
also addressed by this approach with a limited average num-
ber of hops. The analytical and simulation results validate the
performance of the proposed scheme.

C. Hop-Count Based Routing

Routing protocols for the real-time and bandwidth hungry
applications of WMCRNs have been designed based on the
hop-count metric [210]. The existing studies on these protocols
can be divided into single-hop and multi-hop.
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1) Single-Hop: A routing scheme concerning the single-
hop based routing decision for real-time traffic in WMCRNs is
presented in [150]. In this study, the video is transmitted from
the source to the destination tied to the best unified channel.
The best unified channel is selected based on the estimation of
the average packet transmission time and the channel availabil-
ity time. The proposed scheme shows improved performance
in the context of average delay and control-overhead.

2) Multi Hop: A QoS multicasting routing protocol that
incorporates the multi-hop feature is addressed in [204]. In
this distributed multicasting routing protocol, a shortest path
tree has been developed to take the routing decisions. Total
bandwidth consumption has been formulated as the auxiliary
graph, and then the optimization problem is solved using the
heuristic approach. Through simulations, the performance of
the proposed scheme is validated in terms of the success and
transmission rates.

A routing protocol is proposed using sample division
multiplexing for multi-hop CRNs to support multimedia con-
tent [205]. Regarding this protocol, all the available channels
are modeled as the graph and then with the help of a max-
flow algorithm, the required number of channels for the timely
transmission of the delay-sensitive traffic is estimated. Another
protocol that focuses on the sample division multiplexing with
on-demand routing feature is discussed in [206]. In contrast to
the max-flow algorithm [205], the distributed algorithm in this
scheme is used to find multiple routes between the source and
the destination with the required flow. In this distributed on-
demand routing protocol, multimedia applications have been
provided with multiple routes to avoid any delay. Simulation
results show that the average time-complexity is much less.

The Bellman-Ford routing algorithm is utilized in [208]
to provide the shortest path to multimedia applications of
multi-hop CRNs. A distributed resource management algo-
rithm controls different resources such as delay and the
cost for exchanging the information between the nodes. The
performance of the proposed scheme has been compared
with the traditional dynamic channel/route selection approach,
resulting in a better performance by the current protocol
including improving the PSNR. Another routing protocol for
multi-hop CRNs with resource allocation schemes is also
explored in [207]. In this approach, routing decisions are
made based on the pricing policy. The price depends upon
the interference and the channel availability conditions. The
resources are allocated during the routing decisions based on
the price estimation. Simulation results show 100% improve-
ment in throughput compared to direct resource allocation
schemes such as in AODV.

D. Summary and Insights

In this section, the routing protocols for WMCRNs are dis-
cussed. The existing works investigate the routing protocols
from the perspective of video streaming, QoS provisioning,
and multi-hop. Designing routing protocols for WMCRNs is
a challenging task due to the dynamic, heterogeneous channel
conditions, power, interference, and QoS constraints. Energy
efficient protocols for WMCRNs with support for delay sen-
sitive traffic should also address issues such as routing loops,

PUs activity support, and cross-layer designs for control-
ling the video source at the network layer. An extensive
research study has been conducted on the opportunistic routing
approaches for WMCRNs. However, other divergent factors
such as mobility [211] have not been explored in the con-
text of video routing. Only the studies [150], [190] take
into consideration the cross-layer routing of media content.
However, to support the bandwidth hungry applications, the
routing protocols of WMCRNs should also have knowledge
of the available channels and PUs activity. For this purpose,
the cross-layer routing approaches should also be explored
in detail. Spectrum mobility and spectrum hand-off schemes
affect the performance of the routing protocols for WMCRNs.
However, existing studies on routing do not consider these
issues when it comes to transmitting multimedia content over
CRNs. The existing studies also do not consider multiple
channel support or multiple channels when making routing
decisions for time-critical traffic.

VI. MAC PROTOCOLS FOR WIRELESS MULTIMEDIA

COGNITIVE RADIO NETWORKS

In CRNs, SUs exploit the idle channel or white space. For
this purpose, SUs have to sense and share the licensed or
unlicensed channel with other SUs in cooperative or non-
cooperative ways. This demands an efficient MAC protocol
for channel accessing or sharing mechanisms between SUs
and to avoid the interference to PUs. Based on the network
topology and spectrum sharing mechanisms, the MAC proto-
cols for WMCRNs have been divided into either centralized or
distributed categories. Figure 4 shows the classification of the
MAC protocols for WMCRNs as either centralized and dis-
tributed. The existing classification of these protocols depends
upon the pre-defined networks topology that is chosen for
different delay-sensitive applications. Existing MAC proto-
cols for WMCRNs have been introduced taking into account
the centralized or distributed topology. The description of
state-of-the-art work on these MAC protocols is given below.

A. Centralized MAC Protocols

In centralized CRNs, the central unit is responsible for
spectrum sensing and allocation and manages all other SUs.
All the activities of PUs are also monitored by this unit.
Ali and Zhuang [212] design MAC protocols for the cen-
tralized CRNs to support the delay-sensitive traffic of voice
users. In order to maintain fairness for all involved SUs,
an efficient scheduling mechanism has been developed. The
proposed MAC protocol has been compared with other dis-
tributed link layer protocols and shows enhanced performance
in terms of required QoS for voice users and supporting the
fairness among SUs.

B. Distributed MAC Protocols

MAC protocols supporting multimedia content have also
been designed with the distributed CRNs topology. As com-
pared to the centralized CRNs, distributed CRNs do not have
any central unit to control all the sensing and managing
operations, instead individual SUs monitor PUs activities and
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Fig. 4. Based on the spectrum sharing and network topology, the MAC protocols for WMCRNs can be categorized as either centralized or distributed.

perform the spectrum sensing operations. The current studies
on distributed MAC protocols for WMCRNs take into con-
sideration either the multi-channel or cross-layer approach to
maintain the long sessions for the time-critical traffic.

1) Multi-Channel MAC: The support for multi-channels
capability in the MAC protocols in WMCRNs have been stud-
ied extensively. With the help of multi-channel support, multi
sessions for live video streaming can be achieved with better
QoS. Cai et al. [214] propose a multi-channel distributed MAC
protocol that takes into consideration QoS requirements of the
SUs. An analytical model for this MAC protocol includes
focus the activities of both PUs and SUs. Differentiated
arbitrary periods are used for sensing, to analyze different traf-
fic models and to ensure QoS. The protocols are evaluated
through simulations and show minimization in the average
packet delay compared to other state-of-the-art distributed
MAC protocols for CRNs. An opportunistic distributed MAC
protocol that addresses multi-channels is presented in [215].
QoS provisioning in the distributed CRNs with this MAC pro-
tocol provides video streaming and multicast streaming with
long sessions and without long delays. During the channel
reservations, the delay-sensitive and bandwidth hungry appli-
cations are assigned with higher priority than other traffic.
The challenge of the multi-channel hidden terminal problem
(MHTP) is also addressed during the prioritization of differ-
ent traffic models. The simulation results demonstrate that
this distributed link layer protocol performs better in terms
of delay and throughput. Real time and non-real time traf-
fic are prioritized based on their QoS requirements in a
two-level, QoS-based, cognitive radio MAC (TQCR-MAC)
protocol [216]. The TQCR-MAC protocol supports multi-
channel distributed CRNs while assigning higher priority to
the real-time traffic. Multi-channels support in combination
with the time division multiple access (TDMA) approach
increases the throughput as compared to other state-of-the-art
schemes. Simulation results shows that the TQCR-MAC pro-
tocol enhances network performance in terms of throughput
while supporting the real time traffic.

The QoS-aware MAC (QA-MAC) protocol [217] concen-
trates on multi-channel support for multimedia applications

for WMCRNs. SUs closely monitor PUs activity, and then
take the transmission decisions of bandwidth hungry applica-
tions over the licensed band. An analytical model has been
developed for the proposed QA-MAC protocols. The simu-
lation results show that this protocol provides QoS support
with required bandwidth and throughput for the real-time traf-
fic. A group-based MAC protocol for providing QoS needs
of an SU group is proposed in [218]. In this scheme, SUs
are divided into non-overlapping groups. With the help of
multichannel support, each group is assigned vacant channels
based on bandwidth requirement. When SUs leave or join the
group, the allocation of channels are managed dynamically.
The proposed group-based MAC protocol is evaluated through
extensive simulations and improves the network performance
in terms of enhanced throughput.

The connection-failed ratio for time-critical data taking into
account the multi-channel MAC protocol for distributed CRNs
is studied in [219]. The proposed MAC protocol supports
QoS needs of the single-hop network. The rendezvous chan-
nel is used as the information media to update the nodes
regarding vacant channels and to resolve contention issues.
This also addresses the problem of control channel saturation.
Simulation results show that the proposed link layer scheme
improves performance in terms of a connection failed ratio.

2) Single Channel MAC: A MAC layer framework with
single channel support has been proposed to provide to trans-
mit multimedia and QoS sensitive applications over CRNs.
Mishra et al. [220] consider a single channel MAC protocol, as
part of a spectrum sensing approach. The proposed approach
works within the scope of the MAC layer. To provide the
required QoS, the number of channels and data packets are
categorized first which ensures exact mapping between them.
A connection failed ratio is used as the simulation metric for
this scheme.

3) Cross-Layer MAC: Distributed MAC protocols for
WMCRNs may also include cross-layer design paradigms to
support real-time and delay-sensitive traffic over licensed spec-
trum resources. The opportunistic distributed MAC protocol
that incorporates cross-layer functioning in its operation is
discussed in [213]. In this protocol, the spectrum sensing is
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performed at the physical layer, while the packet schedul-
ing is performed at the MAC layer. This type of design
has been especially targeted for wireless ad-hoc networks.
SUs in this case are provided with two transceivers: one is
reserved for the control channel and the second one monitors
the PU’s activity and then transmits the data when the channel
becomes idle. Numerous simulation results show minimization
in the transmission delay for multimedia applications. Another
link layer approach intended to dynamically allocate transmis-
sion resources while including a cross-layer design paradigm
is proposed in [7], and includes an autonomous wireless
station that can manage resources dynamically. The wire-
less station can play a resource management game and then
adopts multimedia transmission parameters according to the
user requirements and experienced channel conditions. The
proposed mechanism-based resource allocation outperforms
other traditional resource allocation schemes such as the air
fair time resource allocation mechanism.

C. Summary and Insights

In this section, an overview of different MAC protocols
for WMCRNs was provided while the support for delay sen-
sitive and bandwidth hungry applications was included for
consideration. Due to limited spectral resources, designing an
efficient link layer protocol that can support spectrum sensing,
sharing, mobility, and monitor the PU’s activity is a chal-
lenging task. MAC protocols for WMCRNs should not only
take into account link layer problems such as hidden termi-
nals, shadowing, and multipath fading but should also handle
issues such as delay, energy-consumption, and other metrics
including effective capacity. Extensive work has been done
on the distributed MAC protocols for WMCRNs. However,
the centralized approach to design the MAC protocols for the
communications of multimedia content has not been explored
in detail. Only the study [212] takes into consideration the fair-
ness issue among voice users of CRNs while supporting the
centralized CRNs. Most of the work has been done on multi-
channels MAC protocols for WMCRNs that deal with different
QoS requirements while prioritizing the real-time and non-real
time traffic. Only the study [220] includes consideration of
the single channel support as part of the MAC protocol for
WMCRNs. However, single channel or multi-channel-based
MAC protocols for WMCRNs, that can also monitor the user
satisfaction of multimedia content in terms of QoE have not
been explored. The MAC protocols for the CR-based wireless
networks such as CR cellular, CR mesh, and CR-smart grid
that can support multimedia applications have also not been
investigated in any dimension.

VII. QOE IN WIRELESS MULTIMEDIA

COGNITIVE RADIO NETWORKS

The quality of the video content on WMCRNs can be
assessed either by using the network centric or user centric
metrics (see Section II). QoE is the user centric metric that is
used to measure user acceptance or satisfaction of multimedia
content or application. QoE is the extended version of QoS

used for judging delay-sensitive traffic from the user perspec-
tive [221]. QoE can further be studied from the perspective of
objective-based or subjective-based metrics. Figure 5 classi-
fies the existing research into objective and subjective metrics.
QoE evaluation classification has been achieved based on the
objective and subjective evaluation of the multimedia traffic
from the user perspective. As QoE represents the user perspec-
tive of delay-sensitive traffic, we have provided the objective
and subjective perspectives from different studies related to
QoE. The explanation of each study with respect to its metric
has been given below.

A. Objective-Based Metrics

Objective-based metrics of QoE in WMCRNs are those
metrics that can be quantified with the application of some
measurement tools. Some of the objective-based metrics that
have been evaluated in the existing body of work have been
discussed below.

1) Bit Rate Switching: Bit rate switching is related to
HTTP-based video streaming applications. Huang et al. [222]
evaluate the bit rate switching for multimedia traffic in CRNs.
In this study, a method is proposed for designing an optimal
size packet of multimedia application for transmission over
CRNs. The packet size, corresponding to user power alloca-
tion, and variations in the bit rate are studied and compared.
The proposed design also involves various traffic patterns and
wireless characteristics. Extensive simulations are performed
and the corresponding relationship between power allocation
and bit rate is assessed in detail.

2) Packet Loss Probability: The performance of multimedia
content while using CRNs can also be assessed using the
probability of packet loss. Wu et al. [223] evaluate the qual-
ity of delay-sensitive and time-critical traffic in terms of
packet loss probability in CR-based relaying networks. In this
queuing-based scheduling mechanism, not only is the packet
loss probability minimized but also the overall capacity is
optimized to support multimedia content over the relaying
CRNs. QoE assessment is performed in terms of packet loss
probability and QoS-QoE mapping. Through this mapping
and queuing-based optimal scheduling, the user experience
of video quality has been enhanced many folds compared to
that of other conventional scheduling schemes. The packet
loss probability is also assessed in [224] for multi-service
CRNs with different video content. In this study, SUs peak-
transmit power and the packet timeout threshold is investigated
to achieve optimal performance and good quality of the video
content over CRNs. An M/G/1/B queuing model is employed
to gain the desired results in the context of packet loss prob-
ability and stable transmission quality. It is estimated that
a good quality video can be achieved when the maximum
number of SUs receivers are employed.

3) Spectrum-Handoff: Transmission by SUs is interrupted
when PUs arrive on the licensed spectrum. Interruption or
“buffering duration” is an important QoE metric [10]. While
considering the special needs or challenges faced by CRNs,
spectrum hand-off is now regarded as the QoE metric [12] to
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Fig. 5. QoE models used for WMCRNs.‡ Highlights QoE metrics that have been considered related to CRNs and have been explained in [12]. The existing
work on QoE can be studied based on the objective-based metrics or subjective-based metrics.

measure video quality over CRNs. In [225], the spectrum-
handoff delay management is discussed while emphasizing
on cognitive cellular networks (5G networks). By allocating
the channel based on QoE expectations, the spectrum-handoff
delay is minimized. For this purpose, the cognitive base sta-
tion (CBS) prioritizes different available channels and then
assign the channels based on QoE expectations. A hidden
Markov model is used for predicting the future time slot.
Through this hand-off management scheme, the number of
interruption results from the spectrum-handoff is minimized. A
learning-based QoE approach has also been used to minimize
the hand-off delays [226]. In this approach, a preemptive and
non-preemptive resume priority (PRP/NPRP) M/G/1 queueing
model is employed to predict spectrum availability and usage.
Then a reinforcement learning-based approach has been used
for QoE-based spectrum handoff management. Minimization
of the spectrum-handoff delays is achieved from the simulation
results of this scheme.

4) Channel Allocation: Channel allocation is regarded as
the objective-based metric for assessing the users experience
of multimedia service over CRNs [12]. Channel allocation-
based, QoE-driven multimedia communications have also been
studied including WMCRNs. Mashoodha and Kumar [227]
studied different challenges and risks associated with chan-
nel allocation in CRNs while satisfying QoE requirements.
In this study, QoE requirements are examined to find all
available idle channels. This information is sent to the CBS,
which allocates the available channels depending upon QoE
requirements and the historical data. On arrival of the PUs,
the channel allocation scheme is modified in such a fash-
ion that QoE is not degraded. An optimal channel allocation
scheme to achieve the required QoE for the cognitive cellular
networks is presented in [141]. In this decomposition approach
for multiuser video streaming, the spectrum sensing and allo-
cation is optimized using MINLP. Then the entire problem
is divided into two sub-problems: 1) is for optimal spectrum

sensing and 2) is for channel and power allocation while sat-
isfying QoE requirements. The proposed scheme is evaluated
analytically and through simulations shows improvements in
video quality transmission.

5) Outage Probability: Outage probability is also regarded
as the objective-based metric for assessing multimedia content
from user perspectives. Due to service outage the interruptions
or “buffering duration” [10] is highly affected. Tran et al. [228]
have studied the outage probability while satisfying QoE expe-
rience in the presence of fading channels in CRNs. While
accounting for the peak interference power constraint, the
impact of fading channels on transmission delay and acknowl-
edgements is investigated. By exploring the idea of timeout, a
lower-bound of outage probability and an upper-bound of the
transmission time are derived. Then, these concepts are applied
to study QoE with different fading channels. An admission
control approach based on fuzzy control logic is also proposed
to study QoE [229]. In this scheme, outage probability is eval-
uated as a QoE metric in CRNs. As the traditional admission
control schemes do not include QoE, in order to address the
issue in this study, a soft admission control (SAC) approach is
proposed. In this admission control scheme, QoE is controlled
using linguistic input variables and includes consideration of
outage probability. The proposed quality-aware admission con-
trol scheme is assessed using extensive simulations and shows
better performance in achieving the desired QoE.

6) Peak Signal-to-Noise Ratio (PSNR): Another objective-
based metric for evaluating the QoE is peak signal-to-noise
ratio (PSNR). Jiang et al. [230] evaluate QoE of media con-
tent in CRNs using the PSNR metric. Due to the random
nature of the PU’s activity, channel availability becomes highly
volatile. In this approach, a QoE based channel allocation
scheme is reviewed while it is considered that every SUs has
different QoE requirements. The proposed scheme is evaluated
through the use of extensive simulations and shows improved
performance in terms of PSNR. Another QoE driven channel
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TABLE III
DIFFERENT MEAN OPINION SCORE (MOS) VALUES WITH THEIR

RESPECTIVE USER SATISFACTION PERSPECTIVE AND

PERCEIVED QUALITY

allocation is also discussed in [225]. In this study, spectrum-
handoff delay management is taken into consideration and
PSNR is evaluated with spectrum-handoff as the QoE metric.
The CBS prioritizes the available channels based on the hidden
Markov model and then the available channels are allocated
based on QoE requirements.

B. Subjective-Based Metrics

Subjective-based metrics of QoE for WMCRNs are those
metrics which are evaluated based on the user experience of
multimedia traffic. The subjective-based metric for QoE in
CRNs can be categorized into the mean opinion score (MOS)
and degradation mean opinion score (DMOS) [12].

1) Mean Opinion Score (MOS): Multimedia content over
WMCRNs can be evaluated through subjective-based metrics
of QoE such as MOS. MOS can be presented in the form of a
single rational number, usually in the range of 1-5, where 1 is
taken as the lowest quality and 5 as the highest. Table III shows
different values of MOS, including user satisfaction level and
perceived quality [236]. This MOS value of the QoE metric
suggests the quality of video content over WMCRNs from the
user’s perspective.

Sibomana et al. [224] have not only taken into account the
objective-based metrics of QoE but have also considered the
subjective metric of MOS to assess the quality of multimedia
content for CRNs. An M/G/1/B queuing model is used to
find the trade-off between the peak transmit power and the
packet timeout threshold. A video of fair quality is assessed
according to the MOS metric. QoE is also evaluated and the
user perspective of the video quality assessed using the MOS
in [231]. In this study, a bio-inspired beamforming mecha-
nism for multi-user CRNs is used to achieve the desired video
quality. QoS-QoE mapping is employed, while the problem
of multi-user beamforming is solved using the bio-inspired
algorithm. The MOS of better quality is achieved and then
evaluated through extensive simulations. A QoE driven radio
resource allocation scheme that takes into consideration the
MOS level has been proposed in [232]. In this approach,
orthogonal frequency division multiplexing (OFDM)-based
cognitive radio (CR) networks are used to assess the impact
of a QoE-based radio resource allocation scheme. A user-
oriented, subcarrier allocation algorithm is used to solve the
optimization approach with interference and power constraint.
Through simulations, the MOS of the video content is evalu-
ated and a video content of good quality is transmitted using
this approach. A QoS/QoE-based routing protocol for the

CRANs is introduced in [233]. In this QoS/QoE-CAODV rout-
ing protocol, a novel routing metric that is QoS and QoE-aware
is proposed to possess the user perspective of the video qual-
ity. This routing protocol is an extension of the AODV routing
protocol but with QoE awareness. The proposed routing met-
ric is evaluated through extensive simulations on OPNET, and
the MOS of the video content is assessed as fair quality.

QoE with its subjective metric of MOS value is explored
in the CR-based cellular networks as discussed in [141]. The
problem of spectrum sensing and allocation is solved using
MINLP by dividing the whole problem into sub-problems.
The spectrum sensing, channel allocation, and power alloca-
tion is analyzed and user perception of video quality in terms
of MOS is evaluated through numerous simulations. QoE with
MOS value is also investigated in the other CR-based cel-
lular networks [140]. In this approach, video streaming on
the downlink of CRNs is assessed by using a single chan-
nel. Matching-based optimal algorithms are used to address
the spectrum sensing and accessing problems while consider-
ing the QoE requirements of the users. The proposed scheme
shows the improvement in performance from 25% to 30%
as compared to the other benchmark. Another study that
also takes into consideration the single channel approach for
gaining better QoE is discussed in [234]. In this study, a
cooperative spectrum sensing approach is used to gain the
desired MOS value for multimedia content in CRNs. The
cooperative spectrum sensing approach is modeled as the
Integer Programming (IP) problem and then solved using the
greedy poly-matching algorithm. The proposed scheme is eval-
uated through extensive simulations and outperforms other
state-of-the-art schemes in terms of MOS values.

In underlay CRNs, QoE is evaluated to gain a better user
perspective of multimedia content [235]. The transmission rate
and power are optimized at each session of video content to
gain the desired results regarding the MOS value. The main
goal is to maximize the network resource usage for all the
users by utilizing the mixed services in the network. The
proposed QoE-based resource allocation scheme is evaluated
through simulation and shows the better performance with
an MOS value of good video quality. Another study [229]
also involves QoE in underlay CRNs while both objective and
subjective metrics are considered. This soft admission control
(SAC) with linguistic input variables considers QoE to provide
the exact video perception. The proposed fuzzy admission con-
trol approach is extensively simulated and then evaluated using
the MOS value and outage probability. An adaptive neuro-
fuzzy inference system (ANFIS) based approach is studied
in [236] to predict the video quality in terms of MOS. This
ANFIS model uses QoS-QoE mapping and then makes the
spectrum decision using the online learning method. The sim-
ulations are performed using MATLAB and the ANFIS model
and the proposed scheme is evaluated in terms of the MOS
metric.

2) Degradation Mean Opinion Score (DMOS): The current
studies on QoE in CRNs consider the MOS as the subjective
metric. However, degradation mean opinion score (DMOS)
has also been categorized as the subjective measure to inves-
tigate user perception of video quality [12]. To the best of
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our knowledge, this metric still has not been evaluated in any
study that assesses video quality in CRNs.

3) User Satisfaction: User satisfaction is actually user
engagement with video application. It can only be assessed
when the user interacts with multimedia application. User sat-
isfaction or engagement depends upon the play time of the
video content or the number of views. In [237], user engage-
ment of the video content is evaluated in CRNs. QoE of the
video related Web service is examined including the aspects of
packet delay and throughput. In this automatic repeat request
protocol, the quality of the video content from the user’s per-
spective is studied with consideration of the SUs peak transmit
power constraint.

C. Summary and Insights

In this section, the existing works on QoE for multimedia
traffic in CRNs have been discussed in detail. The evalua-
tion, using QoE metrics, provides user perception of the video
quality. To achieve a better QoE of multimedia applications
over WMCRNs, an efficient design encompassing compres-
sion or encoding techniques, spectrum sensing and sharing
approaches, routing, and MAC protocols is required. QoE in
WMCRNs has been studied based on objective and subjective
metrics. Objective-based metrics such as bit rate switching,
user-satisfaction, packet-loss probability, spectrum-handoff,
channel allocation, and outage probability are discussed. While
the MOS has been presented as the subjective-based metric of
QoE for CRNs, other metrics such as PSNR have also been
presented. However, the objective-based metrics such as play-
back start time, number of interruptions, and user engagement
have not been explored while considering multimedia traffic
in CRNs. Only the cellular, CRANs, underlay, and OFDM-
based CRNs have been assessed within the perspective of
QoE. Other CR-based wireless networks such as CR-smart
grid, CR-mesh networks, and CR-vehicular networks, should
also be investigated in terms of QoE.

VIII. CROSS-LAYER SOLUTIONS FOR WIRELESS

MULTIMEDIA COGNITIVE RADIO NETWORKS

Different cross-layer solutions have been proposed to
achieve an effective and timely transmission of the delay sen-
sitive and real-time applications for WMCRNs. The existing
research on cross-layer solutions or optimization of WMCRNs
takes into consideration, the QoS and QoE metrics. Figure 6
shows that the works on cross-layer designs take into account
user perception, delay, and reliability of different multimedia
applications, and the designs have been evaluated based on the
network or user perception. Therefore, we have classified the
studies as QoS-based (network centric) or QoE-based (user-
centric). In Table IV, the studies have been compared regard-
ing different layers, QoS and QoE support, and evaluation of
PUs activity.

Physical and MAC layers have been particularly studied
to provide cross-layer solutions for WMCRNs. However, the
user-centric evaluation (QoE) of the delay-sensitive traffic was
achieved while considering all layers of the networking model.

A. QoE Support

The user centric metrics have also been evaluated through
cross-layer solutions for different multimedia applications over
CRNs. In the following is the description of QoE metrics that
have been evaluated using cross-layer solutions.

To improve wireless video quality over CRNs, a cross-layer
design for WMCRNs is proposed in [119] and [238]. User
perception of video quality is then evaluated for this proposed
solution. For this purpose, the behavior of the encoder, MAC
layer scheduler, transmission parameters, and modulation are
considered. The optimization problem is formulated as the
MIN-MAX problem and then solved using the dynamic pro-
gramming. The extensive simulations show that the proposed
scheme improves user perception of video quality over CRNs.

B. QoS Support

Network centric metrics have also been thoroughly eval-
uated by considering cross-layer solutions for WMCRNs.
Extensive work has been done to achieve QoS through cross-
layer designs in WMCRNs. The studies on QoS-aware cross-
layer designs not only covers delay for the delay-sensitive
application but also improved reliability of the bandwidth
hungry applications.

1) Delay Awareness: Minimization of delay is an important
evaluation metric to measure the effectiveness of cross-layer
solutions for WMCRNs. Chen et al. [242] propose a cross-
layer design to achieve effective spectrum sensing and alloca-
tion in CR-based relay networks. The errors that result from
imperfect spectrum sensing are addressed by implementing
spectrum sensing at the physical layer. With the introduction
of new link layer channel model named as effective capac-
ity, the proposed cross-layer solution improves the bandwidth
of the system. The simulation results show that the proposed
cross-layer solution not only minimizes the end-to-end delay
but also improves the bandwidth of the system. A cross-
layer QoS provisioning in a hierarchical CR-based overlay
network is explored in [244]. The problem of QoS provision-
ing in infrastructure-based SUs is addressed with the help of
a smallest delay first (SDF) scheduling approach. The packets
of the real-time traffic with the smallest delay are processed
first to avoid any delays and congestion in the network. The
simulation results demonstrate that the proposed scheduling
scheme show improved performance in terms of delay for the
infrastructure based SUs. Saadat [167] provide a cross-layer
performance evaluation of the scalable video transmission for
the CR-based underlay networks. Multi-hop and mobility fea-
tures are considered in the evaluation of the MPEG2 and
MPEG4 video streams. By using the cross-layer approach,
packets are differentiated based on their source and then evalu-
ated. Simulation results suggest that the MPEG4 is more suited
than MPEG2, for multimedia transmission over WMCRNs.

Chen et al. [181] propose a cross-layer resource alloca-
tion scheme to minimize the delay for the CR-based OFDM
networks. For this purpose, the joint resource allocation algo-
rithm is introduced and then used to solve the optimization
problem. The optimization objectives such as packet queu-
ing state, sub-channel state, allocation, and occupancy are
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Fig. 6. Different cross-layer designs have been considered to achieve QoS and QoE for the delay-sensitive and bandwidth hungry multimedia applications.
The existing work of cross-layer designs for WMCRNs takes into consideration delay, reliability, and the user perception of the video quality.

TABLE IV
THE EXISTING WORK ON THE CROSS-LAYER STUDIES CONSIDER THE VARIOUS LAYERS WITH QOS AND QOE METRICS

achieved with the help of scheme. The scheme is evaluated
through theoretical results in terms of average delay. A cross-
layer scheduling approach for the CR-based, non-contiguous
OFDM networks to achieve the required QoS is discussed
in [243]. In this study, a dirichlet-prior based, fully Bayesian
model is employed to optimally schedule the high priority,
delay-sensitive traffic over CR-based non-contiguous OFDM
networks. SUs are clustered and treated as the single vir-
tual node to achieve QoS requirements. A queuing theory
is then implemented on the virtual nodes with the Bayesian
model. The simulation results show that the proposed cross-
layer scheduling approach minimizes the delay for the delay
sensitive applications.

A cross-layer scheduling approach to achieve the desired
QoS for the video streaming over WMCRNs is discussed
in [153] and [182]. In this cross-layer priority-based schedul-
ing approach, the real-time traffic is assigned high priority
while the non-real-time traffic receives low priority depend-
ing upon QoS requirements of the traffic. The high priority
traffic is scheduled first to avoid delays for their transmission.
Dropping probability and average delay has been used as the
evaluation metric for this approach to assess its performance.

To achieve video streaming, Mhaidat et al. [150] also propose
a cross-layer based routing and spectrum selection approach.
In this cross-layer design, the video is transmitted over the
best unified channel. The best unified channel is selected by
estimating the average transmission and channel availability
times. Then a channel with more availability time is selected
for the transmission of video over WMCRNs. Minimization
in the packet delay is achieved with this scheme as is evi-
dent after performing extensive simulations. A multi-user and
cross-layer oriented resource allocation scheme to achieve the
video streaming over WMCRNs is presented in [245]. In this
resource allocation scheme, the available spectrum resources
are managed utilizing real time distributed, multi-agent learn-
ing (RDMAL) algorithm. Through this algorithm, the concept
of multi-agent learning is used to allocate the available spec-
trum resources based on QoS requirement of the video. The
proposed cross-layer scheme outperforms the existing dynamic
resource management approach as proven through simulation.

Cross-layer designs have also been used to achieve the
timely transmission of delay-sensitive traffic over CRSNs.
In [201], a cross-layer, QoS-aware, resources allocation
scheme is proposed for the CRSNs. Depending upon the
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different QoS classes in the AMI networks, different queues
are maintained. This problem is formulated as the weighted
network utility maximization (WNUM) optimization problem
and then solved using a heuristic algorithmic approach.
The scheme shows support for the delay-sensitive applica-
tions by demonstrating the minimization in end-to-end delay.
Shah et al. [190] propose a cross-layer solution for the sup-
port of multimedia applications in CRSNs. Different queues
are also maintained based on different QoS classes of SGs.
The optimization problem is formulated as a Lyapunov drift
optimization problem and then solved using the distributed
control algorithm. The proposed scheme is evaluated through
extensive simulations, shows improved performance in terms
of less delay for the delay-sensitive applications.

A cross-layer MAC protocol for CRANs, to achieve the
required QoS for real-time time-critical traffic is discussed
in [213]. In this cross-layer solution, spectrum sensing at
physical layer and the packet scheduling at the data link
with a novel MAC design is used to minimize the delay
for delay-sensitive traffic. The continuous monitoring of PUs
is performed with one dedicated transceiver, while the other
dedicated transceiver supports the control channel for effec-
tive transmission. This cross-layer solution for QoS-aware
traffic is simulated and results in a minimization of delay.
Another cross-layer scheduling approach for CRANs intended
to minimize the delay for the real-time traffic, is investi-
gated in [151]. This cross-layer scheduling framework includes
focus on modulation scheme, utility-based sub-carrier assign-
ment, and power allocation. A Bayesian model is employed
for allocating the sub-carrier. A M/G/1 queuing model is
also introduced to analyze the delay of video streaming. This
scheme is validated through extensive simulations.

A cross-layer optimization approach for addressing the
problem of spectrum access with QoS support in CRNs is
researched in [67]. A spectrum access game approach is dis-
cussed as the optimization solution for accessing the spectrum
resources. Usually, in accessing spectrum resources, SUs show
selfish behavior and, to efficiently assign the spectrum, a
cross-layer based game theoretical approach is employed. In
this cross-layer optimization, the spectrum accessing, spec-
trum management, interference avoidance, and provision of
QoS are taken into consideration. This optimization problem
is particularly designed for time-critical applications.

2) Reliability Awareness: Different cross-layer solutions
have also been introduced to achieve reliable transmission of
delay-critical applications over WMCRNs. Ali and Yu [239]
introduce a cross-layer optimization solution for the reli-
able transmission of multimedia applications over CRNs.
This scheme involves joint consideration of application layer
parameters, a MAC layer accessing scheme, a spectrum sens-
ing approach, and a power allocation scheme to achieve
the required QoS while avoiding the interference to PUs.
The optimization problem is formulated as the Markov deci-
sion process and then solved using the linear programming
approach. The proposed scheme is tested using numerous
simulations and shows enough support for the reliable trans-
mission of the delay-sensitive traffic. A cross-layer resource
allocation scheme to achieve reliable video transmission in

WMCRNs is discussed in [240]. The video is encoded at dif-
ferent layers and then transmitted using different channels of
multichannel CRNs. The transmission power, rate, and video
source rate of each channel is formulated as a geometric
programming problem and then solved using interior-point
methods. This approach outperforms the existing state-of-the-
art scheme and achieves better reliability in transmitting the
delay-sensitive traffic.

A QoS-aware, cross-layer solution to provide reliable
video transmission in a CR-based OFDM network is dis-
cussed in [241]. The features of channel awareness, trans-
mission power, and interference avoidance are incorporated
into the proposed cross-layer design. An analytical relation-
ship between the SUs transmission power limit and PU’s
interference merging is derived by using the required QoS for
the video applications. The imperfect channel state informa-
tion, QoS requirement and the trade-off between the trans-
mission power and the PU’s interference are included in
this cross-layer design. The scheme evaluated through exten-
sive theoretical and simulations, shows a better performance
regarding video applications.

C. Summary and Insights

In this section, different cross-layer solutions and
optimization approaches are discussed to achieve better qual-
ity video transmission with less delay over CRNs. In-depth
research has been conducted on QoS-aware cross-layer solu-
tions to achieve the video streaming over traditional CRNs
and CR-based underlay, relay, OFDM, ad-hoc, and CRSNs.
However, cross-layer solutions for other CR-based wireless
networks such as CR-based cellular, mesh, and vehicular
networks have not been explored. Cross-layer solutions to
exploit TV white space with consideration of different delay
sensitive applications have also not been studied. In addi-
tion to conventional video applications, cross-layer solutions
for WMCRNs should also be used for wireless telemetry,
safety, and other advance video applications such as video
conferencing.

IX. MULTIMEDIA IN COGNITIVE RADIO

BASED WIRELESS NETWORKS

Various CR-based wireless networks have been introduced
to exploit licensed spectrum resources and to provide required
bandwidth for bandwidth-hungry applications. These CR-
based advance wireless networks support a wide variety of
delay-sensitive and real-time applications. Figure 7 illustrates
various CR-based networks with their supportive applications.
The existing classification is based on the studies on dif-
ferent wireless networks that employ CRNs for supporting
multimedia content. State of the art wireless networks with
CRNs capability are investigated with their different evaluation
metrics.

The detail of different CR-based wireless networks with
their supportive applications is examined below:

A. Cognitive Cellular Networks

CR-based cellular networks have been widely accepted as a
promising solution to mitigate spectrum scarcity [62]. These
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Fig. 7. Multimedia perspective in cognitive radio based various networks can be studied by considering CR-based adhoc networks, WLAN, mesh networks,
heterogeneous networks, vehicular networks, sensor networks, smart grid, WRAN, and cellular networks.

networks are now designed in such a fashion that they can sup-
port a wide variety of bandwidth hungry and delay-sensitive
applications.

1) Traditional Cellular Networks: Traditional cellular
networks such as GSM and others have been provided with
the CRs to exploit other licensed spectrum bands to minimize
spectrum scarcity. With the increasing demand of multimedia
applications, traditional networks with CR capability have
been upgraded to support multimedia content transmission.
QoE-based video streaming in CR-based cellular networks is
examined in [140]. In multi-user downlink video streaming,
the problem of spectrum sensing has been divided into two
steps. In the first step, each SU can sense only a single chan-
nel at one time and in the second step, SUs are provided with
the capability to sense multiple channels at the same time.
Through this optimal spectrum sensing approach, SUs can
sense the channel based on QoE requirements. The scheme
demonstrates improved video quality in terms of obtaining
a sizeable gain of MOS. Video streaming on downlink of
the CR-based cellular networks is discussed in [141]. In
this approach, the problem of spectrum sensing, accessing,
and allocation of the spectrum, and power are formulated
as the MINLP. Then, through a decomposition approach, the
problem of spectrum sensing and assignment is solved first
and, afterwards, the problem of spectrum and power allocation

is addressed by using the column generation-based algorithm.
This approach is evaluated through extensive simulation in
terms of convergence and PSNR. Scalable video streaming in
CR-based cellular networks is explored in [164]. In this study,
SUs with negative video quality can improve this quality via
cognitive relay using the cognitive radio assisted quality com-
pensation (CRAQC) scheme. Through this scheme, poor video
quality for SUs can be compensated via cognitive relay with
viewers who have good quality video. The proposed scheme
shows enhanced performance in terms of PSNR by improving
video quality.

Call admission control in CR-based cellular networks is the
focus of [199]. In this cognitive cell (CogCell) architecture, the
admission control, channel assignment, and QoS-based rout-
ing are optimized to enhance the range for SUs. Enhancing
the range for SUs with support for multimedia applications is
achieved by formulating the channel allocation, call admis-
sion control, and routing. A greedy algorithmic approach
is employed to gain the required bandwidth and range of
SUs. After theoretical analysis, the proposed scheme shows
improvement in the coverage of SUs. Xin and Xiang [264]
have also considered the joint power allocation, admission con-
trol, and channel allocation for supporting multimedia content
in CR-based cellular networks. To increase the revenue of
CogCell, an optimal subset of SUs has been selected that
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can optimally use the power and transmit multimedia content
with less delay. Comprehensive simulations show that scheme
performs better in terms of SINR.

PU’s QoS protection in CR-based cellular networks is the
subject of [266]. A multi-user uplink scheduling approach to
enhance the system throughput while protecting PUs QoS is
proposed in this study. Usually, SUs enhance the transmitting
power to achieve the desired throughput. This throughput can
threaten PU’s QoS. Therefore, a trade-off between the through-
put and fairness among SUs and PUs is achieved by optimally
controlling the transmitting power of SUs. Extensive simula-
tions show the proposed scheme improves system performance
in terms of throughput. Lien et al. [267] also propose radio
resource management for cellular networks to achieve the
desired QoS and to protect PUs. The proposed resource man-
agement scheme optimally controls the spectrum sensing and
power allocation of the macrocell and avoids the interference
to protect PUs. By a theoretical discussion of the effective
capacity of the resource management scheme, the optimal
sensing period and required QoS is achieved. Effective capac-
ity is the link layer metric utilized to evaluate the delay
sensitive traffic. It is also used to provide statistical QoS
and to investigate resource allocation schemes in wireless
networks [268].

2) 5G Networks: The emerging wireless networks such
as 5G provide a promising solution for future demand on
enhanced bandwidth. 5G networks with the CR capability
can exploit underutilized spectrum resources while providing
seamless connectivity for multimedia traffic.

Internet of media things in CR-based 5G networks is dis-
cussed in [225]. In this study, spectrum hand-off delays are
minimized while the available channels are allocated to SUs
based on QoE requirements. For this purpose, PUs activity is
monitored and then the BS maintains the index of available
channels. Afterwards, the priority-based channel allocation is
maintained with focus on QoE requirements. This scheme
is more helpful in transmitting the Internet of things (IoT)
oriented multimedia content named as the Internet of media
things. The proposed scheme shows improved performance
regarding MOS and throughput.

QoS-aware topology control for the cognitive 5G networks
to transmit bandwidth hungry real-time traffic is discussed
in [263]. In this study, a transfer learning approach is used
to manage the topology and to conserve the energy and
cost based on QoS requirements for multimedia content. A
learning algorithm is used to transfer the spectrum sensing
knowledge to the database of user association. The scheme is
evaluated through extensive simulations in terms of energy
and retransmission delay. Video streaming in CRs enabled
5G networks is studied in [262]. Software defined cogni-
tive radios (SDCR) are used to exploit white spaces in other
licensed spectrum bands while supporting seamless connec-
tivity for delay-sensitive applications. To achieve the optimal
spectrum and power allocation, a time division duplex (TDD)
approach is used in the proposed SDCR. The proposed scheme
shows that the usage of SDCR with the TDD approach
enhances the throughput and minimizes the BER for the video
streaming.

3) Cognitive Radio Mobile Networks: An initial framework
for the radio spectrum pooling, sensing, and communication
protocols for transmitting multimedia content over CR-based
mobile cellular networks is studied in [265]. This was the
first attempt to support the transmission of multimedia con-
tent while making adjustments in the formal cognitive cycle
of CRNs. A polite backoff protocol is used to access the MAC
layer. The theoretical proposed framework outlines the major
steps for transmission over CR-based mobile networks. The
future trends and challenges faced by multimedia content over
CR-based mobile networks is presented in [261]. The concept
of the cognitive mobile Internet is proposed to investigate the
future needs of the network resources for multimedia transmis-
sion. The authors investigate different cross-layer optimization
approaches, QoS-aware routing approaches, spectrum sensing
and allocation, SUs needs and behaviors for the CR-based
mobile networks. The desired QoE requirements for future
multimedia content are also examined.

Video streaming for the single, CR-based mobile user is
explored in [133]. The concept of exclusive spectrum auc-
tion has been exploited to achieve the desired video quality
for the video streaming. The 2D spectrum auction approach
provides exclusive rights of the spectrum to SUs while avoid-
ing interference to PUs. This approach provides flexibility
to SUs for transmitting multimedia content over CR-based
mobile networks. The simulation and theoretical results show
that the proposed scheme improves social welfare. Video con-
ferencing in CR-based mobile networks/devices is highlighted
in [131]. In this study, the data type or delay-sensitive traf-
fic is prioritized into three classes, named gold, silver, and
bronze, based on QoS requirements. To improve video quality
and to support video conferencing the interruption time and
delay are minimized in relation to the above mentioned three
traffic classes. The theoretical and simulation results demon-
strate that the proposed scheme minimizes delay and improves
system throughput.

To define the optimal pricing for real-time applications
in CR-enabled mobile networks, Bu and Yu [255] propose
a green mobile network with small cells. This scheme can
also be used for delay-sensitive applications of the small
cells enabled, smart grid networks. In this study, not only
the spectrum sensing is performed, but the smart grid envi-
ronment is also sensed, and then multimedia applications are
transferred with less delay. The problem of real-time pricing,
spectrum allocation, and interference mitigation is formulated
as the stackelberg game and then solved using the induction
method. The proposed scheme shows reduction in the carbon
dioxide emission for the CR-enabled mobile networks while
supporting multimedia content of the smart grid.

QoS-aware routing for CR-enabled cellular mobile networks
is studied in [198] (for routing, see Section V). This routing
approach can support seamless connectivity for multimedia
content in CR-based mobile WiMAX networks. The end-to-
end delay, load-balancing, and fairness have been incorporated
and analyzed as the routing metric for the mobile CRNs. The
proposed scheme, when compared with the AODV mobile
WiMAX approach, shows improved performance in terms of
end-to-end delay.
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B. Cognitive Radio Wireless Regional Area
Networks (CR-WRANs)

Wireless regional area networks (WRANs) (IEEE 802.22)
are now provided with the CRs capability to use underutilized
spectrum and network resources.

The reduction in delay during the transmission of delay sen-
sitive traffic in the CR-based WRANs is the subject of [260].
With this approach, the packet delay, sensing delay, and the
queuing delay are reduced by introducing the priority-based
scheduling approach. This scheme results in minimization of
end-to-end delay based on performed simulations. The dig-
ital video broadcast over CR-based WRANs are highlighted
in [259]. In this study, a performance analysis of digital video
broadcast signals over the TV band is conducted in a rural
community. The findings show that this system is comparably
robust as compared to the LTE systems. The outcome of the
performance analysis also shows that the CR-based WRANs
provide a cost effective solution for providing multimedia
content to remote and rural communities.

C. Cognitive Radio Smart Grid

The existing power grids are now being replaced with the
smart grid (SG) to avoid power losses, to handle future energy
needs, and to mitigate potential security threats. With the pro-
vision of the CR’s capability in the SG’s communications
architecture, the existing spectrum resources can now be used
more efficiently while flexibility in the SG communications
paradigms is increased.

The communications infrastructure based on the small cells
in CR-based SG supporting multimedia content is discussed
in [255]. The SG environment is sensed in conjunction with
the spectrum sensing. The problem of spectrum sensing,
pricing, and interference is formulated as the Stackelberg
game and then solved using an induction method. The
proposed multimedia approach for the CR-based SG provides
improved performance in minimizing carbon emission and
transmitting the delay-sensitive traffic. The spectrum-pricing
for multimedia content over CR-based SG is also investigated
in [190]. In this case, a routing protocol for CR-based SG (for
routing, see Section V) is proposed for the delay-sensitive data.
Multimedia traffic is categorized into different classes, for
which different queues are maintained. The issue of maintain-
ing different queues related to different classes is formulated
as a Lyapunov drift optimization problem and then solved
using distributed control algorithms. The scheme’s simulation
results yield minimization of end-to-end delay for multimedia
traffic.

Multimedia communications in CR-based SG are examined
in [256]. In this study, different traffic classes of SGs are priori-
tized. Usually, the traffic related to multimedia content, control
commands, and meter readings is prioritized first and then
scheduled based on priority. This priority-based scheduling
in conjunction with the proposed spectrum allocation scheme
increases the throughput and minimizes the delay for CR-
based SGs communications. The simulation results validate the
effectiveness of the proposed scheme in terms of throughput,
PSNR, and dropping blocking.

A framework for efficient multimedia communications in
CR-based SGs is researched in [257]. Various challenges and
issues faced by SG communications for handling multimedia
content is also investigated in detail. A network architecture for
the CR-based bidirectional SGs communications is proposed
including satisfaction of QoE requirements. The behavior of
CRNs is also modeled with respect to different traffic classes
of the SGs.

1) AMI: Advanced metering infrastructure (AMI) is
network architecture for the smart meters that facilitates the
bidirectional communications between the customers and util-
ities. The surveillance data of the smart meter’s utilities in
the CR-based SGs can be communicated with less delay as
is studied in [130]. For efficient transmission of the surveil-
lance data, a packet scheduling approach is proposed as
applied to different traffic classes. The proposed scheme also
takes into consideration link quality and channel switching
time. Numerous simulations are carried out in MATLAB and
OPNET, with improvement shown in terms of blocking prob-
ability. An inter-site rapid response in the AMI networks
can be efficiently achieved while using the cross-layer design
as presented in [201]. In this study, different traffic classes
are assigned to different queues based on QoS requirements.
The entire problem is formulated as a weighted network util-
ity maximization (WNUM) and is solved using the heuristic
approach. The proposed scheme, after extensive simulations,
results in minimization of average delay for delay-sensitive
traffic. Yu et al. [258] also prioritize AMI traffic into differ-
ent classes and propose an efficient QoS-differential scheduler.
Based on QoS requirements, the proposed scheduling scheme
assigns the available channels to SUs. Figure 8 shows the AMI
network with different queues (usually five). These five queues
process and schedule packets of newly arrived PUs, a newly
arrived smart grid user, an interrupted, emergent SG user, an
interrupted smart grid user, and a newly arrived emergent
smart grid user. The problem is formulated using the semi-
Markov decision process and then solved using the dynamic
programming approach. The proposed scheme shows that the
high priority traffic witnesses low delay compared to the low
priority traffic.

A routing protocol for the CR-based SGs AMI networks,
that takes into consideration the delay-sensitive data of the
smart meter readings is discussed in [202]. The routing pro-
tocol involves low power and lossy networks (for detail on
routing protocols for CR-based SG, see [269]). The routing
decisions are made based on the practical requirements of AMI
networks. A global optimization approach is used to solve the
routing problem. The proposed routing protocol for the delay
sensitive traffic of AMI networks evaluated through exten-
sive simulations, shows improved performance in terms of
end-to-end delay. Another routing scheme, discussed in [203],
also takes into consideration the timely transmission of real-
time traffic. In this study, the IETF standard RPL routing
schemes are extended with respect to SG QoS requirements.
The proposed routing metric also ensures PUs have QoS pro-
tection while the delay is minimized. The theoretical and
simulation results provides evidence of the minimization of
end-to-end delay and the provision of QoS protection for PUs.
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Fig. 8. A QoS-aware differential scheduling with five queues has been proposed to schedule the packets in the AMI network. Usually, five queues schedule
the packets of newly arrived PUs, a newly arrived smart grid user, an interrupted emergent smart grid user, an interrupted smart grid user, a newly arrived
emergent smart grid user packets [258].

D. Cognitive Radio Sensor Networks (CRSNs)

Wireless sensor networks (WSNs) have gained much atten-
tion in today’s research domain due to their applications in a
wide variety of fields, such as medical, health, civil, and mil-
itary. Tiny sensor nodes perform the sensing operation while
adhering to their limited resources [34], [270]–[272]. The pro-
vision of CR capability in the tiny sensor motes has led to
the emergence of cognitive radio sensor networks (CRSNs).
CRSNs support a wide variety of real-time and non-real-
time applications. The description of different studies which
emphasize multimedia services in the CRSNs is explored
below:

The design framework for multimedia communications in
the CRSNs is the subject of [254]. In this study, the trans-
port layer protocols devised for multimedia communications
in the CRSNs are explored in detail. The operation of the trans-
port layer protocols with a fluctuating spectrum environment
is studied as it pertains to delay-sensitive sensing data.

Video surveillance can also be performed with CRSNs.
Bradai et al. [115], [129] propose an energy-efficient, clus-
tering routing and spectrum sensing scheme for timely trans-
mission of sensed surveillance. The cluster heads (CHs) in
this scheme are elected based on the residual energy and geo-
graphical location of the sensing nodes. The proposed scheme
not only conserves energy but also efficiently transmits surveil-
lance data. The simulation results show improved performance
in terms of energy conservation and PSNR. A spectrum-
aware, clustering-based routing is also used in [253] for
transmitting multimedia content over CRSNs. In this scheme,
a spectrum-aware cluster-based energy-efficient multimedia
(SCEEM) routing protocol is proposed for conserving energy

and exploiting underutilized spectrum resources. To mini-
mize distortion in the video quality, the non-contiguous, idle
spectrum resources are clustered and then used for the trans-
mission of multimedia content. SCEEM helps in selecting the
routing path with a limited number of hops and, therefore,
conserves energy in the system. A theoretical and simulation-
based analysis is performed to assess the performance of this
approach.

Peng et al. [252] also explore residual energy of the sensing
nodes in making the decision for selecting the best channel and
use the cooperative relay for transmitting real-time traffic. In
this study, real-time applications are transmitted by employing
Q-learning based, cooperative relaying in CRSNs. The reward
value of Q-function is selected based on the residua energy and
communication energy consumption. Based on this function,
the selection of the cooperative relay is made. The simulation
results show that the proposed Q-learning approach for CRSNs
minimizes end-to-end delay.

The transmission of multimedia content in CRSNs, with
consideration of SG communication architecture is intro-
duced in [201]. Cross-layer design is exploited to achieve the
required QoS in the AMI network. Generally, different queues
are maintained based on different QoS classes. This problem
is formulated using the weighted network utility maximization
(WNUM). A heuristic algorithm is then utilized to solve the
optimization problem. The scheme’s simulation results demon-
strate minimization of the average delay. Another cross-layer
routing approach for the delay-sensitive applications of the
CRSNs is presented [190]. Here also, different QoS classes are
maintained and then assigned to different classes. However, as
compared to [201], this study formulates the problem as the
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Lyapunov drift optimization problem, and a distributed control
algorithm is used as the solution. The simulations show the
scheme minimizes the end-to-end delay.

Video-streaming in CRSNs with QoE metrics is discussed
in [132]. Sensing nodes in this approach employ the concept
of in-network processing for handling different packets in the
network. This in-network processing nodes minimize end-to-
end distortion and improve video quality. The user’s view is
analyzed as end-to-end QoE metrics. This approach has been
implemented for improving the quality of online video content.
Theoretical and simulation results show minimization of the
end-to-end delay.

E. Cognitive Radio Vehicular Networks

Vehicular adhoc networks have gained much attention as
the smart solution for future transportation [273]. CRNs have
also found their way into modern transportation systems. CR-
based vehicular ad-hoc networks (CR-VANETs) have been
used to provide smart transportation systems while utilizing
the idle licensed spectrum band. The work on multimedia
communications in CR-VANETs is discussed in the following.

Video streaming over CR-VANETs (ViCoV) is examined
in [138]. Vehicles not only enjoy video content, but they can
also exchange data to ensure road safety. An efficient spectrum
allocation scheme is introduced for this purpose. The vehi-
cles in this scheme are regarded as rebroadcaster nodes that
make choices regarding channel selection based on the dis-
semination capacity metric. The dissemination capacity takes
into consideration channel availability time and then allocates
the channel to the rebroadcaster nodes. The simulation results
from this scheme show minimization of the average frame
loss. The delay-sensitive safety applications in CR-VANETs
are studied in [170]. In this work, authors have used the Nash
bargaining schemes to allocate spectrum resources based on
QoS requirements of the applications. With the help of these
schemes, SUs can communicate the delay-sensitive applica-
tions with less delay. The schemes are validated through
extensive simulations.

A resource allocation scheme to achieve video streaming in
CR-VANETs is explored in [135] and [139]. In this study, the
channel allocation and call admission control for background
users is optimized while the vehicles and road-side infrastruc-
ture taken into consideration. SMDP is used to allocated the
resources and to optimize the transmission of multi-user video
streaming. The PSNR metric is evaluated through simulations.

F. Cognitive Radio Heterogeneous Networks

Awoyemi et al. [250] propose an efficient resource alloca-
tion scheme to support multimedia communications in hetero-
geneous CRNs. For this purpose, an underlay model of CRNs
is used to enhance the data rates and to achieve the desired
QoS for SUs. Integer linear programming is used to formu-
late the optimization problem and then a branch-and-bound
scheme is employed to achieve a solution.

Another scheme [251] explores the CR-based OFDM
networks and employs an overlay model of CRNs to achieve
the desired QoS for multimedia communications. Video

streaming for the single and multi-homing users is discussed
and an efficient resource allocation scheme is presented. To
efficiently allocate power and spectrum resources while satis-
fying QoS requirements, the optimization issue is formulated
as the linear programming problem and then solved using the
sub-optimal algorithm with subcarrier assignment. The simula-
tion results show that the proposed scheme improves network
capacity and minimizes sensing errors for multimedia appli-
cations. A scheme for the CR-based OFDM networks is also
highlighted in [136]. In this work, the transmission of real-time
and non-real-time traffic is studied with an efficient resource
allocation approach. The margin adaptive and rate adaptive
resource allocation scheme is used to enhance the capacity
and to minimize delay for the real-time traffic. The simulation
results show that the proposed scheme performs well in terms
of outage probability.

G. Cognitive Radio Mesh Networks

CR-based mesh networks can also support bandwidth hun-
gry and delay-sensitive applications. The VoD streaming in
CR-based mesh networks is discussed in [120] and [121].
In this study, a joint routing and channel allocation scheme
based on QoS and QoE requirements of multimedia users
is utilized. With the help of multi-path routing and multi-
interfaces, VoD concurrent sessions are increased to support
multi-source VoD streaming. Another routing protocol for
CR-based mesh networks that makes routing decisions based
on the available channels and QoS requirements is proposed
in [200]. An efficient packet scheduling scheme based on
channel allocations is also proposed. The problem of chan-
nel allocation and packet scheduling is formulated and then
solved using integer linear programming. The proposed rout-
ing scheme (for routing details, see Section V) is tested
using an NS-2 simulator and shows enhanced performance in
terms of increased bandwidth and acceptance rate. A routing
protocol is also proposed to support the long video stream-
ing sessions in CR-based mesh networks [134]. Multiple
channels are used to provide a multipath routing solution
and to provide the dedicated path to the real-time traffic.
The problem of channel allocation and inter-flow and intra-
flow interference is solved using the constant-factor approx-
imation algorithm. Simulation results show the proposed
scheme augments the throughput compared to state-of-the-art
schemes.

The concurrent VoD sessions in the CR-based mesh
networks can also be maximized by using the distributed
network architecture as is studied in [122]. By avoiding
interference to PUs, an optimization approach is employed
to enhance the concurrent online VoD sessions. To efficiently
support the VoD in CR-based mesh networks, a novel VoD
model is also proposed and then simulated to show the sup-
port for the concurrent VoD sessions. CR-based mesh networks
with downlink video streaming is explored in [148]. Channel
availability and quality are estimated using the ample and
posterior distribution. The routing decisions are made employ-
ing the tree-based model. This model provides a multi-path
whose quality is then measured using the utility function.
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The simulations show evidence that the proposed scheme
outperforms other state-of-the-art schemes.

H. WLAN Based CRNs

Wireless local area networks (WLANs) that are based on
the IEEE 802.11 can now be provided with CR capability.
These CR-based WLAN can exploit the licensed spectrum for
transmission of real-time traffic. Multimedia-based, WLAN-
supporting DSA is proposed in [249]. In this study, a load
adaptation strategy (LAS) supports the DSA and multi-rate and
multi AP, CR-based WLANs. This distributed LAS scheme
provides load-balancing based on QoS requirements for real-
time traffic. Simulations demonstrate that the proposed scheme
can enhance throughput and fairness while satisfying QoS
requirements.

I. Cognitive Radio Ad-Hoc Networks

Wireless ad-hoc networks do not require a sophisticated and
pre-established network infrastructure. With the inclusion of
CR capability into the ad-hoc networks, the resulting CR-based
ad-hoc network (CRANs) can support a wide variety of appli-
cations including real-time. A lot of work has been done on
multimedia support in CRANs. Below is the description of the
some of the work.

A QoS-aware routing protocol for CRANs is studied
in [195]. The proposed routing metric not only includes infor-
mation from the shortest path, but also the channel condition
and propagation mode. The effect of the expected interference
to PUs while satisfying the required QoS conditions is also
investigated. An NS-2 simulator is used as the primary simula-
tion tool for this routing protocol, and its results show that the
proposed scheme minimizes end-to-end delay. To maximize
the sessions of different video applications to the CRANs,
a QoS-aware routing protocol is discussed in [188]. In this
multi-hop, on-demand routing scheme, a reserved bandwidth
is allocated on a per flow basis to ensure the timely reception
of delay-sensitive data. Only those paths that have reserved
bandwidth are dedicated for the real-time traffic. This scheme
also conserves energy in the system by eliminating those paths
that are not used frequently. The proposed scheme shows the
minimization in the end-to-end delay with simulation results.
Malik and Hasbulah [191] provide the performance analysis
of various multimedia-supportive routing protocols, for the
CRANs. The comparison of single and multi-path routing pro-
tocols suggest that multi-path protocols are the more favorable
choice for real-time traffic. The impact of the interference to
PUs is also highlighted, and it is significant to notice that most
of the studies do not consider this issue. It has been shown the
routing protocols for the traditional networks perform better
with the delay-sensitive traffic.

The traditional ad-hoc on-demand distance vector routing
(AODV) protocol is provided CR capability with QoS aware-
ness in [192] and [194]. The resulting QoS-aware cognitive
AODV (QoS-CAODV) demonstrates minimization in end-to-
end delay for delay-sensitive traffic. The spectrum sensing and
channel allocation is also optimized based on QoS require-
ments. The simulations are performed in the OPNET, and

result in minimization in the delay for real-time applications.
A novel routing metric to efficiently transmit the delay sensi-
tive traffic in CRANs is also discussed in [193]. The proposed
novel routing metric for multimedia CRANs take into account
PUs activity and interruption rate, spectrum mobility and avail-
ability, error rate, and transmission range. The information on
transmission range of SUs makes this an efficient routing met-
ric for delay-sensitive traffic. The routing metric is simulated
including video related data, show minimization in end-to-end
delay for the delay-sensitive data. A routing approach based on
a core-based bottom up (CBBU) approach for CRANs to sup-
port multimedia content is investigated in [196]. In this routing
scheme, a tree based model used for selecting the shortest
routing path is replaced by the layered approach. Multimedia
content can be transmitted with less delay in this scheme
with the slot assignment in the CBBU way. The proposed
scheme shows improved performance in terms of packet
success rate.

To achieve the desired QoS for multimedia content over
CRANs, a DSA supportive resource allocation scheme is
proposed in [246]. In this scheme, the problem of channel allo-
cation is formulated as the stochastic approximation problem
and then solved using the primal and dual decomposition
approach to achieve the desired QoS in the system. The theo-
retical and simulation results validate the performance of the
proposed scheme. CRANs can also be deployed in challenging
circumstances such as battle fields, to transmit delay-sensitive
and critical data from the soldiers [171]. For this purpose, a
QoS-aware routing protocol for CRANs with a novel routing
metric named the sustainability is proposed. This routing met-
ric incorporates PU’s activity patterns, spectrum sensing, and
end-to-end QoS requirements of SUs. The simulation results
show that the proposed scheme not only increases throughput
but also decreases end-to-end delay.

A QoS-aware broadcast protocol for CRANs is presented
in [247] and [248]. In this protocol, SUs are supposed to be
blind in that they are not provided with channel availability,
network topology, and time synchronization information. In
this multi-hop, CRANs broadcast scheme, the delay-sensitive
traffic is transmitted with less delay and with limited spectral
resources. Simulation results show that the proposed scheme
minimizes the broadcast delay for the delay-sensitive data.
VoIP applications are also supported by CRANs in [176]. This
study discusses multiple channels with self co-existence sup-
port for improving the call quality in CRANs. The available
channel and power allocation are optimized to achieve the
required QoS for the VoIP application. The theoretic and simu-
lation results show improved performance in term of enhanced
voice connections formed.

Video streaming in CRANs with a cross-layer design is
discussed in [151]. The proposed cross-layer optimization
approach addresses the issues of power and interference
constraints. The power allocation, modulation scheme, and
sub-carrier allocation is achieved using the Bayesian learn-
ing approach. To minimize packet delay, an efficient packet
scheduling approach utilizes the M/G/1 queuing model. The
simulation results demonstrate less transmission delay for
video streaming.
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J. Summary and Insights

In this section, various CR-based wireless networks support-
ing delay-sensitive multimedia applications are analyzed. The
existing work considered primarily CR-based ad-hoc, SGs, and
sensor networks. However, other networks such as CR-based
WRAN, WLAN, and vehicular have not been explored in
much detail for multimedia applications. Most of the CR-based
wireless network also considers the video streaming, safety
applications, and VoD applications. Other applications such as
video conferencing, DVB, and video caching are not discussed
in terms of emerging CR-based wireless networks. CR-based
OFDM networks and full-duplex CRNs have also gained much
attention due to bandwidth enhancement. To the best of our
knowledge, only the studies [136] and [251] consider the
CR-based OFDM network, while the full-duplex CRNs with
multimedia support has not been explored in detail. Regarding
multimedia support in CRANs, most of the work has involved
QoS-aware routing protocols for CRANs. The other com-
munications protocols, such as the MAC and transport layer
protocols for multimedia, should also be considered.

X. WIRELESS MULTIMEDIA COGNITIVE RADIO

NETWORKS CLASSIFICATIONS ACCORDING

TO WHITE SPACE

White space utilization in WMCRNs can be classified based
on the spectrum sharing mechanisms or architecture such as
overlay, underlay, interweave, and hybrid based CRNs [167]
(these terms have been defined below). The existing research
on WMCRNs also considers these architectures for exploiting
the white spaces. Table V lists the details of the existing body
of work involving CR-based overlay, underlay, interweave,
and hybrid networks with supported multimedia applications
and performance metrics. The details of PU’s activity with
respect to each study has also been considered in order to pro-
vide perspective concerning spectrum availability with these
advance spectrum sharing architectures. Current classification
of white space into overlay, underlay, interweave, and hybrid
networks has been introduced based on a pre-defined clas-
sification of white space into different categories. However,
the pre-defined classification does not consider multimedia
evaluation of traffic. We have also incorporated the supported
multimedia applications and evaluation metrics that belongs to
each study.

A brief discussion of each CR-based advance spectrum
sharing architecture is presented below.

A. Overlay CRNs

In overlay CRNs, SUs transmit simultaneously with PUs
on the licensed band while avoiding interference to PUs. To
avoid interference to PUs, SUs usually adjust their transmis-
sion characteristics [71]. A lengthy study has been conducted
on WMCRNs by using the overlay approach of white space
exploitation. The following studies [170], [187], [244], [251],
[274]–[283] examine overlay CRNs for transmitting delay sen-
sitive and bandwidth hungry applications while minimizing
interference to PUs. From Table V, it is clear that overlay
CRNs support a wide variety of multimedia applications with

different performance metrics. However, this architecture has
not been used in other advance multimedia applications such
as wireless telemetry and tactical operations. Most of the exist-
ing research also takes into consideration PUs activity. For
this purpose, different PU’s activity models have been used to
achieve the spectrum utilizations pattern. To transmit the delay
sensitive traffic by using overlay CRNs, different QoS-aware
approaches have been proposed. Figure 9 illustrates the trans-
mission of delay-sensitive traffic using an adaptive rate control
which employs overlay CRNs architecture. In this adaptive rate
control scheme, the transmission rate for multimedia applica-
tions such as video conferencing has been regulated based
on the received buffer state. The received buffer state deter-
mines the rate at which the real-time traffic is transmitted while
employing the overlay mode of spectrum sharing.

The overlay mode of white space exploitation can be cate-
gorized into the cooperative and non-cooperative mode [71].
During the cooperative mode, PUs acknowledge the presence
of SUs on the licensed band, and SUs can send the delay sen-
sitive transmission while adjusting its transmission parameters
to avoid interference to the PUs. In non-cooperative overlays,
SUs transmit on the licensed band simultaneously with PUs,
while PUs do not have the knowledge of SUs.

B. Underlay CRNs

In underlay CRNs, SUs can transmit simultaneously with
PUs but with limited power and range to avoid interference to
PUs. This is termed as gray space utilization [71]. The pro-
ceeding studies [116], [147], [167], [197], [199], [229], [235],
[240], [250], [264], [284]–[291], consider the underlay mode
for the transmission of delay-sensitive and real-time applica-
tions. Underlay CRNs support a wide variety of multimedia
applications with different interference mitigation approaches.
Table V shows the description of studies on underlay CRNs
with different supportive multimedia applications, PUs activity
integration, and evaluation metrics. The existing body of work
on underlay CRNs mainly considers the support for video and
audio streaming over the licensed band. The support for other
advanced multimedia applications such as video conferencing,
VoIP, and 3D applications, have not been explored in detail.
The relationship between the range and power for achiev-
ing efficient transmission of multimedia applications over the
underlay CRNs is of prime importance. To avoid interference
to PUs, limited power is used, and therefore, the underlay
mode can send delay-sensitive transmissions in energy-scarce
networks such as CRSNs.

C. Interweave CRNs

As compared to the above-mentioned modes of spectrum
sharing, where SUs can simultaneously transmit with PUs over
the licensed band, in interweave CRNs, SUs can only trans-
mit when PUs are not active. SUs opportunistically access the
idle spectrum resources and transmit the delay-sensitive traffic.
When PUs become active, SUs then cease transmission and
vacate the channel to avoid any interference to PUs [71]. The
following works [153], [157], [182], [292], and [293], con-
sider the interweave mode of spectrum sharing for transmitting
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Fig. 9. In this overlay CRNs, adaptive rate control (ARC) approach regulates the rate depending on the state of the received buffer. QoS is quantified based
on the received buffer [187].

TABLE V
BASED ON WHITE SPACE UTILIZATION, THE EXISTING WORK ON WMCRNS CAN BE

CLASSIFIED INTO OVERLAY, UNDERLAY, INTERWEAVE, AND HYBRID CRNS

the real-time traffic over the licensed spectral resources. The
details of these works are presented in Table V. The interweave
mode of CRNs supports video and audio streaming, and the

performance of this transmission has been evaluated in terms
of different metrics such as PSNR, packet loss, and transmis-
sion rate. An efficient spectrum handoff scheme is required
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for the interweave mode. As SUs have to vacate the licensed
band on the arrival of PUs, only an efficient spectrum hand-
off scheme can minimize the durations of interruptions for the
real-time traffic.

D. Hybrid CRNs

Most of the studies also consider the combination or hybrid
mode of white space utilizations. In hybrid mode, the advan-
tages of two or more spectrum sharing approaches are used for
transmitting the delay-sensitive traffic. Authors in [156], [160],
[161], [294], and [295] have investigated the hybrid mode of
white space utilizations for handling delay-sensitive traffic.
Different supportive applications with the performance met-
rics for the hybrid CRNs are presented in Table V. With help
of hybrid mode, SUs can simultaneously transmit multimedia
applications with PUs by activating its overlay or underlay
mode. When PUs become inactive, SUs can switch to the
interweave mode of white space utilization and then start the
transmission of real-time or non-real-time traffic.

E. Summary and Insights

In this section, a brief overview of the overlay, underlay,
interweave, and hybrid mode of white space utilizations trans-
mitting multimedia applications has been provided. State-of-
the-art work on the overlay, underlay, interweave, and hybrid
CRNs only takes into account the space, time, and frequency
domains to make the spectral decisions for multimedia com-
munications. Other dimensions such as angle and code should
also be explored in more detail so that spectral decisions can be
made with more accuracy [71]. The underlay CRNs performs
with limited power to avoid interference to PUs. Therefore, the
underlay CRNs are best fit for those SUs that have to trans-
mit multimedia applications within a limited range. Most of
the works on the above mentioned modes implement network
centric metrics to evaluate network performance. However,
user centric metrics such as MOS should be jointly consid-
ered with different modes of spectrum sharing to evaluate the
video quality.

XI. WIRELESS MULTIMEDIA COGNITIVE RADIO

NETWORKS FROM THE PERSPECTIVE OF TVWS

The Federal Communications Commission (FCC) of the
United States estimates that the utilizations of television white
space (TVWS) is as low as 14% in 2004 [159]. To avoid
the underutilization of this licensed band, FCC has permit-
ted utilization of this licensed TV band by unlicensed users.
Now, SUs, while employing CRs, can utilize the underuti-
lized licensed portion of this TV band (termed as the TVWS)
while avoiding interference to licensed users [299]. The com-
munications of multimedia content over TVWS faces various
challenges in terms of QoS provision and spectrum sensing
approaches. The existing studies on TVWS for WMCRNs
consider QoS requirements for multimedia service, especially
video applications. Figure 10 shows the classification of stud-
ies on TVWS for delay-sensitive and real-time traffic. The
works consider QoS provisioning and video streaming over

TVWS. This classification is based on supportive applica-
tions and the design paradigm. TVWS has been extensively
employed to support streaming videos while satisfying QoS
requirements of delay-sensitive traffic. Therefore, we have
classified the existing works on TVWS based on QoS and
video streaming support.

A. QoS Support

To support multimedia applications in TVWS, the provi-
sion of QoS for multimedia content is a challenging issue.
Kumar et al. [275] propose a QoS-provisional DSA proto-
col (QPDP) while exploiting TVWS. Through this approach,
the users can enjoy multimedia content such as HDTV.
In this underlaying QPDP, coarse-grained and fine-grained-
based QoS is provided. During coarse-grained QoS, larger
packets of real-time traffic are scheduled first, while in fine-
grained QoS, smaller packets of QoS are scheduled first.
In this study, coarse-grained QoS is achieved through TV
channel reservation via a slotted mechanism, while the fine
grained QoS is achieved through optimal management of
network resources. The proposed scheme of QoS provision-
ing in TVWS shows improved throughput while supporting
HDTV streaming. TVWS exploitation, including focus on the
infrastructure-based CRNs with QoS provisioning is studied
in [296]. For this purpose, two radio resource management
algorithms are proposed that also take into consideration the
long term evolution (LTE) secondary system. The proposed
algorithms not only provide QoS over TVWS but also manage
the economics related to spectrum pricing and spectrum auc-
tioning. The proposed QoS provisioning in TVWS is evaluated
through different test cases and simulations.

B. Video Streaming Support

Present studies on the exploitation of TVWS consider the
support of video applications. TVWS to this point, has been
extensively used for transmission of the bandwidth hungry
applications, especially scalable video streaming and digital
video broadcasts.

1) Scalable Video Streaming: Video streaming over CRNs
can be achieved via scalable video coding (H.264/SVC) or via
non-scalable video coding (H.264/AVC). TVWS exploitation
by SUs for scalable video streaming is explored in [161]. In
this study, the spectrum resources are first ranked or priori-
tized according to factors such as jitter, channel capacity, and
delay. The spectrum bands are monitored continuously and
then the ranks are maintained for the streaming of scalable
videos. The spectrum holes with higher priority are then ulti-
mately used for the streaming of data. In the absence of the
highly rank spectrum band, multimedia content can also be
transmitted using the underlay mode. The simulation results
show that video quality is ensured while exploiting TVWS.
A novel spectrum sensing approach is proposed for efficiently
utilizing TVWS in [159]. In this approach, the multi-channel
and multi sector concept of TVWS is used to achieve scalable
video streaming. An optimization approach is then adopted
to achieve the perfect match and to map between multi sec-
tor channel slots, spectrum sensing approach, and dynamic
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Fig. 10. The underutilized TV band (TV white space) can now be used by SUs for transmitting multimedia content by employing the CRs capability. The
existing work on WMCRNs using the TV white space can be classified based on QoS support or their capability to provide support for video streaming.
Digital video broadcast is a well-known application supported by TV white space.

Fig. 11. Multi-vision HD-TV transmission can now be achieved while exploiting TV white space [186]. For this purpose, a central cognitive device can
provide the information of availability of an idle spectrum band to multiple HD-TV sets located on different floors.

spectrum conditions. The proposed scheme outperforms other
traditional approaches of spectrum sensing, and the simulation
results show improvement in bandwidth and video quality.

2) Digital Video Broadcast: Most countries have already
replaced or are in the process of replacing analog TV with
digital TV. The resulting TVWS can now be utilized for the
broadcasting of digital videos. This requires extensive research
to provide required bandwidth and resources for the transmis-
sion of digital content over TVWS. Choi et al. [127] study
the interference mitigation approach, when the digital video
broadcast (DVB) user in TVWS coexists with other CR-based
networks such as CR-based LTE. A white space device (WSD)
which incorporates CR capability, is analyzed using a DVB

on TVWS for interference. With the variation of different
transmission parameters such as antenna height, gain, channel
models, and transmission power, different interference analysis
are conducted. An optimal set of transmission parameters is
then proposed to achieve good video quality in TVWS while
avoiding interference. Sensing the signals or signal identi-
fication in TVWS is studied in [297] with support for the
digital video broadcast. In this approach, the entire TV band
under consideration is divided into the sub-bands by applying
discrete wavelet packet transformation (DWPT). Afterwards,
the signals in the TVWS are identified by using the energy
detection and feature detection approach. Finally, video broad-
casting architecture that transmits video signals over TVWS
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has been proposed. Probability of detection and false alarm
has been evaluated for this proposed scheme.

High definition digital content transmission over TVWS is
discussed in [186], involving multi-vision HD-TV. Figure 11
shows multi-vision, HD-TV application scenario. In this sce-
nario, a central cognitive device broadcasts the information
of idle channel availability in TVWS. The TV sets avail-
able on different floors receive the channel information and
then transmit using the idle white space. For this purpose, the
proposed scheme takes into consideration the spectrum sensing
approach and geo-location database to provide the short range,
indoor, multi-vision transmission of HD content. The proposed
scheme is evaluated in real indoor scenarios and shows the
effectiveness in terms of coverage and throughput. A practical
demonstration of video broadcasting over TVWS is discussed
in [298]. In this experiment, the difference between using a
state-of-the-art spectrum sensing approach and typical digital
TV receiver is highlighted. PU’s activity is monitored and the
expected interference is minimized. The quality of the video
content is evaluated for future market induction.

C. Summary and Insights

Since only one spectrum hole in the TVWS can be
exploited by SUs to transmit multimedia content, there-
fore, most of the existing studies employ an opportunistic
approach to access and utilize the TVWS. Multimedia appli-
cations require extensive bandwidth and spectrum resources.
Therefore, other advance methods for accessing TVWS should
also be explored. The study of multiple channel support in
TVWS has not been carried out in existing studies on TVWS
for WMCRNs. Existing works only consider the support of
video applications over TVWS. However, TVWS can also be
considered for other applications such as health and safety. The
TV band is underutilized but is not completely idle. However,
interference mitigation approaches which take into account
PUs on the TVWS have not been considered in detail. Much
focus has given to spectrum sensing approaches while trans-
mitting multimedia content. Therefore, to achieve long video
sessions with good quality video using TVWS, interference
avoidance approaches in conjunction with spectrum sensing
approaches should also be explored.

XII. SPECTRUM SENSING APPROACHES USED FOR

WIRELESS MULTIMEDIA COGNITIVE RADIO NETWORKS

Gathering the information about all available spectrum
resources in the vicinity, detecting the activity of PUs on the
primary network, and then selecting the available white spaces
for transmission is termed as spectrum sensing. The spectrum
sensing approaches for WMCRNs select idle spectrum holes
depending upon the delay and bandwidth requirements of
multimedia applications [94]. Figure 12 contains the classifi-
cation of different spectrum sensing approaches that have been
used in WMCRNs. Two major spectrum sensing approaches
cyclostationary and energy-detection based spectrum sens-
ing have been used in achieving the required QoS for the
delay-sensitive and time-critical applications in WMCRNs.

While keeping in mind the energy-detection and cyclostation-
ary features of WMCRNs, we have classified the existing
research studies on spectrum sensing approaches into the
energy-detection and cyclostationary based spectrum sensing
approaches. Following is the description of the spectrum sens-
ing approaches that have been explored in existing works on
WMCRNs.

A. Cyclostationary Spectrum Sensing

The cyclostationary features of the signals with their spa-
tial correlation factors are used to make spectrum decisions
in cyclostationary spectrum approaches. Cyclostationary spec-
trum sensing for transmitting delay-sensitive traffic in CRNs is
discussed in [96]. This spectrum sensing approach is based on
multi-resolution spectrum sensing and can be used to achieve
the DVB-T in the idle TV band. The exploitation of TV white
space with cyclostationary spectrum sensing not only supports
the DVB-T but micro-phone signals can also be transmitted
with the required QoS. The proposed spectrum sensing tech-
nique has been evaluated through extensive simulations and
demonstrates improved performance in terms of low SNR.

B. Energy-Detection Based Spectrum Sensing

Due to low computational overhead and minimal com-
plexity, the energy-detection-based spectrum sensing has been
widely used in most of the hardware platforms of CRNs.
The energy-detection based spectrum sensing approach is
also called the radiometry or periodogram spectrum sensing
approach. In WMCRNs, the energy-detection based spec-
trum sensing approach is used to transmit over best channels
for transmitting the delay-sensitive and time-critical appli-
cations such as multimedia applications. Current studies on
WMCRNs investigate energy-detection based spectrum sens-
ing approaches while proposing QoS-aware and cooperative
spectrum sensing schemes.

1) QoS-Aware Spectrum Sensing: Energy-detection based
spectrum sensing approach that is also termed as the
periodogram employs specific time periods for sensing the
available spectrum resources and making spectrum decisions.
Aripin et al. [95] propose a QoS-aware energy-detection-based
spectrum sensing approach for the ultra wideband (UWB)
system. In this system, the transmission is performed with
very low power. Therefore, detecting the accurate activity
of PUs is a key problem. For this purpose, the probability
of detection is used to detect energy on the channel (activ-
ity on the channel). An optimal scheduling approach at the
MAC layer is also presented to achieve the required QoS.
With the extended probability detection, this QoS-aware, spec-
trum sensing approach shows enhanced performance in terms
of BER and SNR. Another study, [97], also discusses QoS-
aware channel sensing and scheduling while considering the
energy-detection based channel sensing. With the pre-defined
sensing periods, energy detections discover the white space
while providing the maximum protection to PUs. With the help
of estimated sensing intervals, not only are PUs protected but
also QoS requirements of SUs are achieved.
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Fig. 12. Spectrum sensing approaches in WMCRNs can be classified into cyclostationary and energy-detection based approaches. The energy-detection based
spectrum sensing approaches can further be classified into cooperative and QoS-aware spectrum sensing. QoS-aware spectrum sensing can be further broken
down into periodic, prediction, and imperfect spectrum sensing.

Another periodic QoS-aware spectrum sensing approach
that takes into consideration the relationship between the sens-
ing periods and channel availability is explored in [300].
In this study, a mathematical model is developed between
the sensing frequency and the number of remaining pack-
ets. This approach provides the new available channel time
with a larger value and with a minimum number of remain-
ing packets. Multimedia packets can be transmitted with less
delay using this approach. QoS-aware spectrum sensing with
periodical consideration also takes into account the fading
environment [301]. An optimal sensing period is proposed for
the UWB system for transmission of multimedia applications
with fading environments. A cross-layer design is implemented
to achieve the required sensing period for the video transmis-
sion with the less delay. The proposed scheme is evaluated
with simulations in terms of BER, packet-error-rate, and job-
failure-rate (JFR). A QoS-aware spectrum sensing approach to
achieve the trade-off between the spectrum sensing time and
packet delay is introduced in [302]. A QoS-aware model at the
MAC layer is used to define the sensing time for the timely
transmission of time-critical data. A specific energy-detector is
also proposed to detect white space and to finalize the trade-off
between the spectrum sensing period and packet transmission
time. Theoretical and simulation results show minimization in
the packet delay with an optimal sensing duration. A QoS-
aware spectrum sensing method for WMCRNs and the future
CRNs is discussed in [303]. In this spectrum sensing approach,
a QoS-aware fuzzy scheme is proposed for selecting the idle
channel. The impact of various sensing parameters on the
packet delay is also taken into consideration. The interaction
between the QoS-level of different multimedia applications
and the proposed fuzzy logic based is also evaluated. The
proposed scheme overcomes the degrading impact on QoS
levels by utilizing the spectrum sensing approaches.

The periodic QoS-aware spectrum sensing approach has
also been evaluated through real experiments [282]. A real
CRNs test bed with a novel QoS-aware spectrum sensing

approach named as RECOG is introduced. In this practical
implementation, the traditional periodical spectrum sensing
approach is modified by breaking the long sensing durations
into short durations to turn the long delays into short and neg-
ligible delays. The extensive practical evaluations demonstrate
that RECOG not only supports real-time applications but also
protects PUs. A QoS-aware spectrum sensing approach for
transmission of delay-sensitive and bandwidth hungry applica-
tions is proposed in [304]. In this study, not only is the problem
of spectrum sensing addressed, but channel allocations and
timely transmission of delay-sensitive applications are also
examined. For this purpose, several frequency bands with
shorter widths are detected using the energy-detection based
spectrum sensing approach. These shorter width frequency
bands are combined and the sum used for transmission of
multimedia applications without delay and interruptions. The
proposed scheme is assessed using extensive analytical results
which shows effectiveness in support of multimedia appli-
cations. As compared to the contiguous spectrum allocation,
which has been discussed in this scheme, a spectrum sensing
approach in [305] is proposed that can support non-contiguous
spectrum allocation. In this QoS-aware spectrum sensing
approach, the available idle spaces are detected to trans-
mit delay-sensitive traffic over CR-based OFDM networks.
The proposed work not only considers the spectrum sensing
scheme but also spectrum allocations and deallocations which
optimize the transmission of multimedia communications over
the licensed band. Simulation results show that the proposed
scheme outperforms the existing spectrum-related first-fit and
best-fit algorithms.

QoS-aware spectrum sensing with some predictions of PUs
activity is discussed in [306]. The proposed spectrum sensing
algorithm analyzes in detail the history of the PUs activity
on the licensed band. Based on this history, the pattern and
duration of the idle spectrum with QoS-requirements of SUs
is predicted. The proposed scheme also handles the spec-
trum handover and provides the contiguous spectrum bands
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for transmission of QoS-aware traffic. The simulation results
show that this approach minimizes the spectrum handoff
while accurately predicting the idle spectrum holes on the
licensed band.

The problem of imperfect spectrum sensing has also been
addressed with energy-detection-based spectrum sensing in
WMCRNs. Chen et al. [242] propose a spectrum sensing
approach at the physical layer to support the transmission
of delay-sensitive traffic in CR-based relay networks. In this
cooperative communication architecture, sensing errors that
result from the imperfect spectrum sensing are addressed
by implementing a QoS-aware spectrum sensing approach at
the physical layer, a novel access method, and a concept of
effective capacity at the MAC layer. After simulations, the
proposed scheme shows enhancement of the throughput for
the bandwidth hungry applications. QoS-aware spectrum sens-
ing that can also address the problem of imperfect spectrum
sensing in CR-based OFDM networks is proposed in [251].
In this overlay CRN, the required QoS is achieved for sin-
gle and multi-homing video streaming users. The issue of
spectrum sensing and allocation is formulated as a linear pro-
gramming problem and solved using a sub-optimal algorithm
with sub-carrier assignment. The proposed scheme is evalu-
ated through extensive simulations and shows an enhanced
capacity and reduction in sensing errors. Sensing uncertainties
in WMCRNs for image and video transmissions is addressed
in [307] and [308]. The sensing errors under the constraints
of transmission and interference power are removed with the
help of a hierarchical modulation scheme. In this scheme, the
transmitted data is first compressed using source coding and
then priority is assigned. The delay-sensitive data is given high
priority and idle channels with long durations for this high
priority data are selected. Numerical analysis proves that the
proposed scheme outperforms other state-of-the-art schemes
in terms of PSNR.

2) Cooperative Spectrum Sensing: In cooperative spec-
trum sensing, all the spectrum sensing nodes exchange the
information in white space with one another. There can be cen-
tralized or distributed cooperation between SUs when sharing
the spectrum-related information. This energy-detection-based
spectrum sensing is also used to sense spectral resources and
then transmit multimedia applications. In [98], the cooperative
sensing scheduling with a QoS guarantee (CSS-Q) is intro-
duced. This CSS-Q is especially designed to conserve energy
in CRNs while adhering to minimal spectrum resources.
Different transmission properties of CSS-Q problem are stud-
ied and, then, depending upon properties and optimal solution
which enables the transmission of delay-sensitive traffic is
found. The proposed scheme is validated through analytical
results in terms of QoS provisioning. Bhanage et al. [309]
provide a performance comparison of three cooperative spec-
trum sensing approaches, namely, selective, SNR weighted
cooperative spectrum sensing (SSWCSS), traditional coopera-
tive spectrum sensing (TCSS), and SNR weighted cooperative
spectrum sensing (SWCSS). The Numerous simulations show
that SWCSS outperforms TCSS when transmitting multimedia
applications. However, the performance of SWCSS is equal to
that of SSWCSS.

C. Summary and Insights

In this section, energy-detection-based and cyclostation-
ary spectrum sensing approaches for transmitting multimedia
applications have been proposed. Most of the existing work
takes into consideration periodical QoS-aware spectrum sens-
ing while using energy detectors for monitoring PU’s activ-
ity. However, the proposed schemes do not consider other
features related to spectrum sensing, for example, only
the study [301] considers fading environment. Other spec-
trum sensing approaches such as waveform-based and non-
cooperative should also be taken into consideration. Only
the work [96] addresses the use of cyclostationary spectrum
sensing for transmitting multimedia applications. The cyclo-
stationary spectrum sensing needs to be explored further for
delay-sensitive applications.

XIII. OPEN ISSUES, CHALLENGES, AND

FUTURE RESEARCH DIRECTIONS

A. Compression/Encoding Techniques for Wireless
Multimedia Cognitive Radio Networks

WMCRNs require compression techniques to become more
robust with low complexity and to produce low output
bandwidth while adhering to limited network and spectrum
resources. Compression or encoding techniques are usually
extensively studied with regards to transmission of multimedia
content over wireless networks [35]. Table VI shows that
the existing research on WMCRNs also includes the cod-
ing techniques for transmitting multimedia applications over
limited spectral resources. However, no dedicated work has
been done on compression or encoding techniques related to
multimedia content in WMCRNs. There is a need to explore
the compression or encoding approaches related to multimedia
services in WMCRNs while taking into account the power
and interference constraints. The impact of spectrum sensing,
PU’s activity, and spectrum allocation approaches involving
compression techniques should also be evaluated for different
applications of WMCRNs.

B. QoE Related Research Directions

User centric assessment of multimedia content in WMCRNs
is performed using QoE related metrics. Current studies of
WMCRNs conduct QoE evaluations of multimedia content
with primary emphasis on MOS, PSNR, and packet loss. Other
QoE metrics such as failure rate, initial buffering time, dura-
tion of interruptions, startup, and average bit rate (as discussed
in [10]) should also be used for evaluation of multimedia
content in WMCRNs. Most of the work on WMCRNs consid-
ers network-related metrics (QoS metrics) such as end-to-end
delay, jitter, and frame loss. To have a better idea of video qual-
ity and to achieve both user and network satisfaction regarding
multimedia applications, both QoS and QoE metrics should be
jointly evaluated (as discussed in [141]).

C. Cross-Layer Issues

Various cross-layer solutions have been proposed to
efficiently transmit delay-sensitive, real-time traffic over
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TABLE VI
SIMULATORS USED FOR THE EVALUATION OF WMCRNS. THE EXISTING WORK ON WMCRNS TAKES INTO CONSIDERATION DIFFERENT

SIMULATION TOOLS WITH DIFFERENT NETWORK DESIGNS AND VIDEO ENCODING TECHNIQUES

WMCRNs. Cross-layer resource allocation schemes designed
to efficiently allocate radio and other resources in WMCRNs
have been extensively studied [181], [239]. Different

cross-layer packet scheduling techniques [153], [182] used
to schedule high priority packets of multimedia content
in CRNs, have also been discussed. However, cross-layer
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solutions that address compression/encoding, security, self-
interference suppression (in the case of full-duplex CRNs)
with spectrum sensing, and spectrum allocations should also
be explored to achieve the desired QoS and QoE of differ-
ent multimedia applications. Cross-layer designs have been
employed to achieve video applications such as video stream-
ing [150]–[153] and scalable video multicast [165]–[167].
Other multimedia applications such as 3D video transmis-
sion, video conferencing, and VoIP, should also be studied
with cross-layer solutions in WMCRNs.

D. Security and Privacy

The transmission of delay-sensitive and bandwidth hungry
applications over the licensed spectrum band also requires pro-
tection from eavesdroppers and other threats such as PU’s
emulation attacks. Very limited research has been done on
securing transmission of multimedia content over WMCRNs.
Wang et al. [310] propose a QoS-aware spectrum auc-
tioning technique for secure communications of multimedia
content over CRNs. Jamming signals [311] and disruptive
attacks [312] related to WMCRNs and used to secure PUs and
SUs are also highlighted. However, the security issues have
not been explored in detail. Transmission of data related to
safety applications needs to be protected from various security
breaches and eavesdroppers.

E. Energy Harvesting and Green Communications

Energy is a scarce commodity. Multimedia applications
are bandwidth hungry applications, and require enough
spectrum and energy resources for their transmission.
Therefore, to make the transmission of multimedia con-
tent over WMCRNs energy efficient and energy harvesting
approaches are needed. Only the study [255] consid-
ers the green communications perspective which supports
conserving energy when transmitting delay-sensitive traf-
fic. To the best of our knowledge, the energy-harvesting
approach in WMCRNs has not been discussed in any
study.

F. Network Coding

Network coding in CRNs can enhance the network through-
put and spectrum utilization [169], [328]. Transmission of
video over CRNs [329] requires higher bandwidth that can
also be provided with a network coding scheme. The existing
work on WMCRNs does not consider network coding in detail.
Other coding paradigms such as rateless coding [330]–[332],
fountain codes [333], and pre-coding [334] schemes have been
proposed to achieve the required QoS for multimedia content
in CRNs. However, as far as we can determine, network cod-
ing paradigms to transmit bandwidth hungry applications over
CRNs have not been studied to this point. Moreover, network
coding in conjunction with channel bonding schemes for
multimedia communications in CRNs is also a good direction
of future research [335].

G. Spectrum-Related Issues

1) Spectrum Sensing: The long sessions of video streaming
and other multimedia applications can be achieved by select-
ing the idle spectrum band with lower PUs activity. This can
be accomplished with the help of an efficient spectrum sens-
ing approach [336]. Several studies have been conducted on
spectrum sensing approaches for WMCRNs. The existing body
of work includes consideration of energy-detection-based and
cyclostationary [96] spectrum sensing approaches. However,
other spectrum sensing approaches such as waveform-based
and cooperative approaches should also be considered in
detail.

The interaction of PUs activity patterns [337] with spec-
trum sensing approaches has not been included in discussion
on WMCRNs and their different applications. In the cur-
rent research on the spectrum sensing approaches the time,
frequency, and space dimension are considered; however, other
spectrum sensing dimensions such as code and angle should
be covered as well.

2) Spectrum Selection/Access: After sensing the idle spec-
trum band, available channels are selected based on the
application requirements. In the case of WMCRNs, these
requirements include bandwidth and delay. Most works take
into consideration QoS-aware channel selection [338]–[340].
However, user centric requirements or QoE-aware channel
selection for WMCRNs has not been studied.

3) Spectrum Mobility: To avoid the interference, the
transmission of SUs is interrupted by the arrival of PUs
on the licensed band. This requires the spectrum handoff
and mobility schemes to be efficient in order to main-
tain a continuous transmission flow for multimedia con-
tent over CRNs. Only the study [341] addresses the need
for spectrum mobility while satisfying QoS requirements
of SUs. To minimize the interruption time that can result
from the spectrum mobility and handoff, efficient spectrum
mobility schemes should be proposed including the differ-
ent aspects of spectrum sensing, interference, and channel
allocation.

4) Spectrum Management: Optimal exploitation of the
radio resources require and efficient spectrum management
system [342], [343]. Multimedia content over CRNs can be
transmitted in more reliable ways when the spectrum is idle for
a long time or when PU activity is low [344], [345]. Therefore,
to efficiently transmit delay-sensitive and bandwidth hun-
gry applications over WMCRNs, efficient management of
spectrum resources is required.

H. Routing and MAC Layer Related Issues

The routing and MAC layer protocols for WMCRNs make
their routing or medium accessing decisions based on QoS
requirements of multimedia content. The objective and sub-
jective evaluations of the routing and MAC protocols for user
satisfaction of multimedia content (QoE) has not been high-
lighted in the existing studies. Also, security, PUs activity,
compression/encoding, beamforming, and energy-harvesting
features have not been incorporated in the routing and MAC
metrics of WMCRNs.
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I. Beamforming and Polarization

Techniques such as beamforming and polarization can be
used to enhance the performance and range of the network
and SUs. With the help of beamforming, dedicated paths can
be reserved for real-time traffic. Only the study [311], takes
into consideration the beamforming scheme in WMCRNs to
enhance the throughput and range of SUs. The feature of
polarization has not yet been incorporated into analysis of
multimedia content in WMCRNs.

J. Experimental Implementation of Wireless Multimedia
Cognitive Radio Networks

Experimental implementation of WMCRNs, as has been
conducted in [278], [346], and [347], provides the practical
aspect of WMCRNs. However, not all the dimensions related
to CRNs such as spectrum sensing, spectrum allocation,
interference avoidance, and PU activity has been investigated
in detail. The existing research on practical implementation
only provides basic evaluations of video streaming over CRNs.
There is a need to carry out in-depth experimental testing of
all the advanced multimedia applications with emphasis on
advanced spectrum sensing, sharing, handoff, and interference
mitigation approaches.

K. Cognitive Virtual Networks

With the help of wireless network virtualization spectral
resources, air interference, and even the infrastructure can be
shared among different service providers. Wireless network
virtualization in conjunction with CRNs has been used to
share spectral resources. With the help of cognitive virtual
networks, the SUs can now share spectrum simultaneously
with PUs. However, virtualization of WMCRNs has still not
been studied in detail. To the best of our knowledge, only the
study [348] considers virtual CRNs satisfying QoS require-
ments for SUs. Therefore, the virtual CRNs with support for
different multimedia applications should also be tested and
evaluated using both QoS and QoE metrics.

L. CR-Based Advance or Heterogeneous Networks

The current body of research primarily covers multimedia
applications in CR-based ad-hoc, mesh, vehicular, and smart
grid networks. Other networks such as CR-based OFDM,
full-duplex, WLAN, and WRAN have not been explored in
much detail (for different CR-based wireless networks see
Figure 7). Multimedia communications in CR-based wire-
less networks have been discussed in a more traditional way.
Other concepts, such as security, network coding, PU’s activ-
ity, and energy-harvesting schemes have not been examined
with respect to multimedia communications in the CR-based
wireless networks.

M. Multimedia Applications Related Issues

WMCRNs can support a wide variety of multimedia appli-
cations by employing different network designs and architec-
ture [349], [350]. Most of the existing studies on WMCRNs

consider video streaming in terms of multi-user and cross-
layer solutions. Other applications such as video conferencing,
3D video streaming, medical telemetry, and video caching
have not been explored in detail (see Section III). VoIP com-
munications in WMCRNs [174], [175] have been studied by
controlling different radio and power resources. However, call
admission control, which is an important feature to control
the voice communications in WMCRNs has not been studied
regarding VoIP communications. Spectrum sharing approaches
(for different spectrum sharing approaches, see Section X),
such as underlay, overlay, and interweave schemes, have also
not been examined in detail in regards to their support of
different delay-sensitive and time-critical applications.

N. Simulation Tools

Multimedia transmission over CRNs has been evaluated
in terms of different performance metrics with the help of
various simulation tools. Table VI lists the simulation tools
used with each evaluation metric. It also shows the support
of PU’s activity, source coding, and different supportive
applications with different simulators in state-of-the-art work
on WMCRNs. The existing work on WMCRNs considers
the network simulator (NS-2), MATLAB, OPNET, and other
discrete event simulators for performing the simulations.
In [65], [115], [129], [138], [150], [155], [163], [167], [178],
[189]–[191], [195], [200], [201], [218], [229], [253], [313],
and [314] NS-2 simulator is used to perform the simulations
and to validate the effectiveness of the proposed approaches.
However, most investigators of WMCRNs use MATLAB for
performing the simulations [116], [128], [140], [141], [153],
[154], [164]–[166], [168], [172], [173], [176], [187], [198],
[219], [234], [250], [258], [263], [278], [300], [315]–[324].
OPNET has also been used as a simulation tool in research
on WMCRNs [130], [192], [194], [249], [252], [325]. Other
discrete event simulators, each with specific simulation param-
eters, have also been developed for evaluating the performance
of WMCRNs [188], [216], [326], [327]. Irrespective of which
simulator is used, PU’s activity should be considered when
researching spectrum availability and spectrum allocations.

Simulators for WMCRNs also involve different design
requirements and networks architectures. For example, the
simulators under consideration for WMCRNs support CR-
based smart grids, cellular, vehicular, ad-hoc, mesh, and
medical telemetry. Multi-channel, single channel, multi-hop,
cross-layer, centralized, and distributed features of CRNs have
also been taken into consideration when simulations with the
above mentioned simulators are performed.

XIV. CONCLUSION

Multimedia support in cognitive radio networks (CRNs)
provides flexibility to secondary users (SUs) to enjoy the time-
critical and bandwidth hungry applications with less delay
and more bandwidth. Wireless multimedia cognitive radio
networks (WMCRNs) can support a wide variety of delay
sensitive applications or services while maximizing the spec-
trum utilizations. In this survey, we have presented in-depth
study of multimedia support and transmission over multiple
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CRNs or CR-based wireless networks such as cognitive radio
sensor networks (CRSNs), CR mesh networks, CR cellular
networks, and CR ad-hoc networks. We have classified var-
ious multimedia applications that have been supported by
CRNs and have discussed in detail their performance met-
rics that have been evaluated. We have surveyed various
routing protocols of WMCRNs based on their quality of
service (QoS) support and topology. The centralized and dis-
tributed medium access control (MAC) protocols used for
WMCRNs have also been studied in detail. We have cov-
ered all the aspects of WMCRNs in a comprehensive manner.
State-of-the-art research on white space and TV white space
for supporting multimedia content have been presented with
their classification according to the spectrum sharing mecha-
nism. The work on quality of experience (QoE) requirements
for WMCRNs has been highlighted based on their objective
and subjective-based metrics. Spectrum sensing approaches
and cross-layer design to support multimedia communications
in CRNS have also been extensively surveyed. In the end,
we have highlighted the open issues, challenges, and future
research directions in this area.
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