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Abstract

With the increase of mobile video applications in people’s daily life as well as
industrial manufacture, such as video streaming, surveillance, and so on, video
has been the main service in cellular networks. Operators and service providers
are struggling to enhance the mobile video service, while user requirements
for abundant, high-definition, and low-delay video have nearly drained the
transmission capacity of current networks. Moreover, the large population of
user equipments (UEs) exhibit differentiated video demands and various network
transmission environments. Traditional networking, which is static and base
station (BS) concentric, can hardly deal with these challenges. Thus, adaptive
video transmission schemes are needed by jointly considering the interplay
among user demand, video source characteristics, and networking. This work
focuses on user-cognizant scalable video transmission over heterogeneous cel-
lular networks. The video source is encoded using scalable video coding, which
enables dynamic adaption of source information to the requirements of UEs and
is suitable for cellular networks in which the transmission link quality varies
substantially over space and time. Three novel transmission schemes are pro-
posed, layered digital transmission, layered hybrid digital-analog transmission,
and cooperative digital transmission. Leveraging tools from stochastic geometry,
a comprehensive analysis is conducted focusing on three key performance
metrics: outage probability, high-definition probability, and average distortion.
The associated spectrum allocation and video transmission are chosen based
on the user-cognizant information, such as the requirements for video service,
wireless channel status, and the connections with the BSs. The results show that
the proposed user-cognizant transmission schemes can provide a scalable video
experience for UEs.

Keywords
Coordinated multipoint � Heterogeneous cellular networks � Hybrid
digital-analog � Scalable video coding � Stochastic geometry � User cognizant

Introduction

Emerging wireless communication technologies as well as powerful and versatile
mobile terminal devices have changed people’s daily life, and the data traffic grows
explosively, among which a substantial portion is attributed to multimedia such
as mobile video. According to the Cisco Visual Networking Index, mobile video
is expected to grow at an average growth rate of 62% until 2020, and within the
30.6 exabytes of data per month crossing mobile networks by 2020, 23.0 exabytes
will be video related, such as video on demand, real-time streaming video, video
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conferencing, and so on. The ever-increasing demand for abundant, high-definition,
and low-latency mobile video brings great challenges to the mobile network with
time-varying wireless channel. Moreover, with the release of different types of UEs,
the requirements on data rate of video transmission vary in a wide range.

Compared to the IP transmission network and cellular core network, the bottle-
neck of the end-to-end transmission degrading the Quality of Experience (QoE)
of video lies in the radio access network due to user traffic congestion and
packet loss. Current LTE/LTE-A networks are not inheritably built for QoE-aware
video delivery. The application-specific information exists at Packet Data Network
Gateway (P-GW), while the wireless channel quality and connection status are
restrictively known by eNodeB.

State-of-art design of cellular networks is base station (BS) concentric, which
means that the resource allocation and transmission schedule are completed at the
BSs and are not on-demand for UEs. The information bits are treated equally and the
transmission strategy is not UE specific. As for the video transmission of a typical
UE, the UE would require the video content with different video qualities based on
its terminal capacity. Meanwhile, the UE can choose different service mechanisms
provided by the cellular network based on the connection status.

Taking into account of time-varying wireless channel conditions and congestion,
video streams are adapted to reduce the transmission bitrates. Traditionally, rate
adaptation of video streams is realized by packet/frame dropping or transcoding
with some serious drawbacks, since packet/frame dropping significantly degrades
the video quality and transcoding is computationally complex. Advanced source
coding techniques provide a new dimension of dynamically provisioning wireless
resources for the varying requirements and the varying link conditions of UEs,
thus creating the possibility of extracting video scaled in multiple dimensions, e.g.,
spatial, temporal, and quality. Scalable Video Coding (SVC) is an extension of the
H.264/MPEG-4 AVC video compression standard [1] and has been evolved to Scal-
able High-Efficiency Video Coding (SHVC) [2], in which the bitstream is encoded
into multiple layers, namely, a base layer (BL) and at least one enhancement layer
(EL). The quality of reconstructed video depends on the number of layers decoded
and stays the same until a higher enhancement layer is successfully decoded. The
number of layers and their code rates may be determined by the requirement and the
link condition of the subscribing UE.

On the other hand, cellular networks are evolving from a homogenous architec-
ture to a composition of heterogeneous networks, comprised of various types of
base stations (BSs) [3, 4]. Each type of BSs has its characteristic transmit power
and deployment intensity: for example, macro BSs (MBSs) have larger transmit
power, aiming at providing global coverage; femto access points (FAPs) are small
BSs targeted for home or small business usages. As the distance between a UE
and its serving FAP is small, the UE enjoys a high-quality link and achieves power
savings. Meanwhile, the reduced transmission range also enhances spatial reuse and
alleviates multiuser interference. In addition, different types of BSs can transmit
cooperatively the same video content to the UE to enhance the quality of experience.
The user-cell association approach for heterogenous networks should be addressed
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to exploit context information as well as channel-related information extracted from
UEs. Generally speaking, there are two different service modes, separate mode and
cooperative mode. In separate mode, the macro cells and the small cells (e.g., femto
cells) transmit different video streams to the UEs in a manner of dual connectivity.
In cooperative mode, both the macro cells and small cells transmit the same video
content to the UE in a manner of coordinated multipoint transmission. In this paper,
we study the problem of scalable transmission over heterogeneous networks and
demonstrate the performances of several user-cognizant transmission schemes to
exploit the combination of multi-layer video transmission and multitier cellular
networks.

Related Work

The prior works that consider video transmission over wireless networks mainly
focus on scalable coding of video source or adaptive networking techniques
separately. Furthermore, UE is regarded as a dummy terminal, and thus their
differentiated demand and status are neglected. The analysis usually focuses on
homogeneous networks, and the common feature of the layered structure of SVC
and HCNs is not exploited. In [5], an overview of SVC and its relationship to
mobile content delivery are discussed focusing on the challenges due to the time-
varying characteristics of wireless channels. In [6], a per-subcarrier transmit antenna
selection scheme is employed to support multiple scalable video sequences over a
downlink cognitive network, and the outage probability is reduced because of video
scalability. In [7], real-time use cases of mobile video streaming are presented,
for which a variety of parameters like throughput, packet loss ratio, and delay
are compared with H.264 single-layer video under different degrees of scalability.
In [8], the proposed scheme employs WiFi: the BL is always transmitted over a
reliable network such as cellular, whereas the EL is opportunistically transmitted
through WiFi. Technical issues associated with the simultaneous use of multiple
networks are discussed. In [9], HCNs with storage-capable small-cell BSs are
studied: versions and layers of video have different impacts on the delay-servicing
cost tradeoff, depending on the user demand diversity and the network load.

Some works related to QoE-aware or adaptive strategies have also been studied
previously. Chen et al. [10] proposed an admission control strategy that was
designed to maximize the number of video users satisfying the QoE constraints
on their second-order statistics. Although the admission control strategy damages
the QoE of the blocked users, the overall percentage of users satisfying the QoE
constraints among both admitted and blocked users can be significantly improved.
Thakolsri et al. [11] proposed a content-aware scheduling and resource allocation,
taking into account the content characteristics of the video streams, and performs
video rate adaptation at the BS. Fu et al. [12] proposed a QoE-aware video delivery
by considering the hierarchical architecture of LTE/LTE-A network. Different video
flows are marked at the core network to transform the video content information into
QoE-aware priority classes. A packet dropping strategy addressing the transmission
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capacity at the eNodeB is also proposed. But the priority marking process at the
core network is unaware of channel status.

Considering the wireless video transmission techniques, there are several
approaches to enhance the QoE of video users. The above literature is based on
digital transmission, consisting of digital source coding (e.g., quantization and
entropy coding), digital modulation (e.g., QPSK, 64QAM), and digital channel
coding (e.g., turbo or LDPC). Unfortunately, digital transmission results in cliff
effect. The cliff effect refers to the drastic degradation in video quality when
the signal strength fades below the decoding threshold (as opposed to a graceful
degradation). There exist certain SINR thresholds at which the video quality
changes drastically; in between these thresholds, the quality stays approximately
constant. The recently revitalized analog transmission has shown promising
potential in handling channel variations and user heterogeneities for wireless video
communication. The analog scheme consists of analog source coding and analog
modulation that directly maps a source signal into a linearly transformed channel
signal without channel coding. SoftCast [13] is an analog video broadcast scheme
that transmits a linear transform of the video signal without quantization, entropy
coding, or channel coding. It is claimed to realize continuous quality scalability.
However, information-theoretic studies (such as [14,15]) show that analog schemes
with linear mapping (from source signals to channel signals) are relatively
inefficient for video transmission, while hybrid digital-analog transmission is
asymptotically optimal under matched channel conditions for optimally chosen
power allocations between the analog and digital parts. The hybrid digital-analog
scheme combines digital with analog schemes, transmitting digital and analog
signals simultaneously using TDMA, FDMA, or superposition transmission. The
authors in [16] propose a hybrid digital-analog scheme for broadcasting, showing
a substantial performance gain. However, these works did not consider the impacts
of HCNs and the spatial distribution of wireless networks, let alone the design of
scalable transmission algorithms utilizing the structure of HCNs.

Moreover, coordinated multipoint (CoMP) transmission is intensively studied
to enhance the system performance of LTE-A. By coordinating multiple BSs,
the interference at the UE can be alleviated, or multiple received signals can
be merged. The studies in [17, 18] evaluate the potential system gain of CoMP
and discuss the appropriate deployment scenarios. The authors also review the
necessary techniques of signal processing, backhaul link design, and supported
protocols. There exist two types of cooperative transmissions, namely, coherent
and noncoherent joint transmission. Many previous studies considered noncoherent
joint transmission because it requires less channel status information. The authors in
[19,20] analyze the performance of noncoherent joint transmission in heterogeneous
cellular networks and give the distribution of SINR for a user in a random position
and cell edge, respectively. In addition, the impact of channel status information
is also studied. Most previous works neglect the spectrum sub-band allocation, but
the same sub-band is required when two BSs transmit cooperatively. Bang et al.
[21] combines frequency fraction reuse and CoMP, and proposes an allocation to
minimize the system power. Zhang et al. [22] and Kosmanos et al. [23] propose a
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joint sub-band allocation and power optimization scheme to improve the spectrum
efficiency for LTE-A when BS and relay transmit cooperatively.

In order to give a theoretic analysis of the system performance, stochastic
geometry has been utilized as an effective tool for modeling and analyzing cellular
networks; see, e.g., [24–26] and references therein. Generally, the spatial distribu-
tion of BSs is modeled as a spatial point process, such as the homogeneous Poisson
point process (PPP) for single-tier networks, for which the coverage probability
is derived in [27]. For HCNs, the spatial distribution of heterogeneous BSs is
often modeled as multiple independent tiers of PPPs, and several key statistics are
analyzed in [20, 28]. A comprehensive treatment of the application of stochastic
geometry in wireless communication and content can be found in [29, 30].

A User-Cognizant Solution

Most existing works on heterogenous networks have focused on admission control,
resource allocation, and transmission coordination. The serving BS associated to a
particular UE is assigned based on indicators of the wireless link quality at the UEs,
such as the received signal strength indicators (RSSIs) or the SINRs. The same
priority is allocated to each information bit for different video data flows in the
scheduling stage. All these networking designs again verify that the current network
is inefficient for video transmission. To enhance the QoE, one promising approach
for efficient networking is by making the network better informed of its environment
and user requirements.

Thus, considering scalable video transmission over HCNs, we have previously
proposed two user-cognizant transmission schemes. In [31], the common layer
structures of both video source data and network topology are employed to enhance
the video transmission, based on the user’s video requirement and association
status. In [32], analog transmission of enhancement layer of video stream is
proposed in order to make the video reception quality changing continuously with
channel quality, thus degrading the staircase effect of digital transmission. Here the
cooperative transmission is taken into consideration, where the macro BS and small
BS work in a manner of coordinated multipoint transmission.

In all, three user-cognizant transmission schemes are proposed, which are layered
digital transmission, layered hybrid digital-analog transmission, and cooperative
digital transmission, respectively. The user is cognizant of its video service require-
ment, mobility, and connection status.

An analytical performance assessment of user-cognizant SVC transmission over
two-tier HCNs utilizing tools from stochastic geometry is studied. The contributions
of the are:

1. Three user-cognizant transmission schemes are proposed to enhance the QoE
of video users exploiting the interplay among user demand, video source
characteristic, and networking.
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2. An analytical framework is proposed for scalable video transmission exploiting
the common feature of a layered structure of SVC and HCNs. A digital and a
hybrid digital-analog transmission scheme are proposed and studied. The impact
of UE load, i.e., the number of UEs served in a cell, is also considered.

3. The power allocation between the digital BL signal and the analog EL signal
is also analyzed to minimize the average distortion. The hybrid digital-analog
scheme can further improve the system performance by avoiding the cliff effect
and realizing continuous quality scalability when the proportion of frequency
resource allocated to the femto tier exceeds a certain threshold.

4. A noncoherent joint transmission cooperative scheme is proposed, and moreover,
the impact of sub-band allocation is also studied.

The remaining part of this paper is as follows: section “System Model” describes
the system model, including the transmission schemes and spectrum allocation
methods. Section “UE Load and Sub-band Occupancy” derives the distributions of
the number of UEs per cell and sub-band occupancy probabilities. Section “SINR
Distribution and Data Rate” derives the SINR and data rate distributions. Sec-
tion “System Performances” evaluates the performance metrics, namely, outage
probability, HD probability, and average distortion. Section “Simulation and Dis-
cussion” presents simulation results and related discussions. Section “Conclusion
and Future Directions” concludes this paper.

System Model

The downlink performance of SVC over a two-tier HCN is considered; see Fig. 1.
When a video user needs to request for a particular video, it would first collect the
information about video quality requirement due to possessing ability of the UE and
connection status due to its mobility and the network topology. The user sends the
user-cognizant information to the serving BS (or BSs), and the BS or BSs choose an
appropriate transmission strategy. The video data stream is traversing through the
video server, IP transmission network, cellular core network, radio access network,
and finally reaching at the user.

Layered Video Model

The SVC video content is split into two layers, BL and EL. The BL is always
modulated into a digital signal, and the data rate is RB, while the EL is modulated
into a digital signal or an analog signal in these transmission schemes accordingly.
If the EL is modulated into a digital signal, then the data rate is RE. Here we focus
on the streaming video service; the video can be decoded successfully when the data
rate requirements of the BL and the EL are met.

Actually, the proposed analytical framework can be extended to video signals
that are encoded to J layers using a fine granularity, and the BS chooses the first



1312 L. Wu and W. Zhang

Fig. 1 Illustration of the platform for user-cognizant scalable transmission

J1 layers for the BL and the following J2 layers for the EL based on the channel
quality for each UE, where J1 C J2 � J .

It should be aware that SVC allows three types of scalable encoding (spatial,
temporal, SNR quality) to be combined and create a single layer [1,5]. The proposed
layered video model is generic and is not restricted by the specifications of the
layered encoding and the optimal selection of scalability combinations. Each layer
is generated by some combinations of video scalabilities, and the required data rates
are the main parameters from the view of networking.

Network Model

The two-tier HCN consists of two types of BSs, namely, MBSs and FAPs. These two
types of BSs are modeled by two independent tiers of homogeneous PPPs, ˚mb and
˚fb, whose intensities are �mb and �fb, respectively. FAPs aim at providing network
access to UEs in their vicinity within a coverage radius Rf. Suppose that there exist
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N sub-bands each of bandwidth W . The transmit powers of an MBS and an FAP
over each sub-band are set as Pm and Pf, respectively. The path loss model is r�˛ ,
and here for simplicity, it is assumed that the path loss exponent is the same for MBS
and FAP, and the effect of shadowing is ignored. The small-scale fading distribution
is exponential with mean unity in squared magnitude, i.e., Rayleigh fading. The
fading is assumed to be frequency flat within each sub-band and independent among
different sub-bands. The noise variance at each UE is denoted by �2.

There are two types of UEs, macro UEs and femto UEs. The locations of macro
UEs form a homogeneous PPP ˚mu with intensity �mu, and each macro UE connects
to the nearest MBS. The locations of the femto UEs form a Matern cluster process
˚fu [30] with parent process ˚fb (the FAPs), i.e., the UEs in each cluster form a
finite PPP of intensity �fu on the disk of radius Rf centered at each FAP, implying
that the mean number of users per cluster is NUf D �fu�R2

f . Each femto UE connects
to the FAP located at the parent point of the corresponding cluster, called the parent
FAP. The access mechanism is as follows: a femto UE always connects to its parent
FAP when accessing a femto BS and connects to the MBS closest to its parent FAP
when accessing a macro BS; a macro UE can only connect to the nearest MBS, even
if it is situated within the coverage of an FAP. This corresponds to a closed-access
femto network, in which only subscribers are allowed to be served by an FAP.

Transmission Schemes

Considering the connection status of UEs and their differentiated demand, three
transmission schemes are proposed, i.e., layered digital (LD) [31], layered hybrid
digital-analog (LHDA) [32], and cooperative digital (CD). For the macro UEs, they
only connect to the MBS. Since the MBS aims at providing the coverage service,
macro UEs attempt to obtain their BL contents from their serving MBSs and forego
the EL. For the femto UEs, since they are covered by the MBS and the FAP, they
have two choices: one is that they attempt to obtain their EL contents from their
serving FAPs, and they attempt to obtain their BL contents either from their serving
MBSs with probability p or from their serving FAPs with probability 1 � p. The
other one is that they receive the video contents which are transmitted cooperatively
by the MBS and the FAP in the manner of CoMP.

1. LD transmission: See Fig. 2. Both the BL and the EL are modulated into digital
signals. For a macro UE, the data stream of encoded BL signals is transmitted
from the serving MBS. For a femto UE, the data stream of encoded BL signals
for small SINR or jointly encoded signals of both the BL and the EL for large
SINR is transmitted from the serving FAP when p D 0; the digital BL data
stream is transmitted from its serving MBS, while the digital EL data stream is
transmitted from its serving FAP when p D 1; a mixed transmission is adopted
when 0 < p < 1.

2. LHDA transmission: See Fig. 2. The BL is modulated into a digital signal, while
the EL is modulated into an analog signal. For a macro UE, the data stream of
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Fig. 2 Qualitative
illustration of the
performances of LD and
LHDA transmissions. LD
transmission shows a
staircase effect, while LHDA
transmission shows
continuous quality reception
with respect to the channel
quality

Fig. 3 Illustration of the CD transmission model

encoded BL signals is transmitted from the serving MBS. For a femto UE, the
superposition of the digital BL signal and the analog EL signal is transmitted
from the serving FAP when p D 0; the digital BL data stream is transmitted
from its serving MBS, while the analog EL data stream is transmitted from its
serving FAP when p D 1; a mixed transmission is adopted when 0 < p < 1.
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3. CD transmission: See Fig. 3. Both the BL and the EL are modulated into digital
signals. For a macro UE, the data stream of encoded BL signals is transmitted
from the serving MBS. For a femto UE, if it can claim the same sub-band from
both the MBS and the FAP, then the data stream of jointly encoded signals of both
the BL and the EL is transmitted from the serving MBS and FAP cooperatively
in the manner of noncoherent joint transmission, otherwise, the data stream of
jointly encoded signals of both the BL and the EL is transmitted from the serving
FAP.

Since the video source is encoded into multiple layers, different layers are
transmitted to the UE based on the channel quality, thus providing scalable video
quality. Specifically, for those UEs in less favorable conditions, only the BL with
relatively low data rate is received in order to ensure basic video experience. When
the channel quality improves, the EL is also received for enhanced video experience.
Thus, the LD and CD transmissions can provide two-level scalable video for the
UEs, and LHDA can provide a continuous quality scalability.

UE Load and Sub-band Occupancy

UE Load

Since the distribution of femto UEs in an FAP coverage disk is a PPP with intensity
�fu, the number of femto UEs connected to an FAP is a Poisson random variable
(r.v.) with mean NUf,

PfUf D ig D
. NUf/

i

i Š
e� NUf ; i D 0; 1; � � � : (1)

For LD and LHDA transmissions, an MBS not only serves the macro UEs
situated in its Voronoi cell but also the femto UEs that belong to the FAPs in this
Voronoi cell and connect to the MBS to receive the BL contents. We denote the
number of macro UEs in the Voronoi cell as UMBS and the total number of femto
UEs served by the MBS as UFAP, which is given by UFAP D

PNc
iD1 Nf;i , where Nc

denotes the number of the FAPs in the Voronoi cell and Nf;i denotes the number of
femto UEs which belong to the i th FAP but connect to the MBS to receive the BL
contents. The total number of UEs served by an MBS is thus

Um D UMBS C UFAP: (2)

UMBS is conditionally independent of UFAP given the area of the Voronoi cell.
Denote the area of a Voronoi cell by S ; the probability generating function (pgf) of
Um conditioned on S , denoted by Gm.z j S/, is

Gm.z j S/ D GMBS.z j S/GFAP.z j S/; (3)
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where GMBS.z j S/ and GFAP.z j S/ are the pgfs of UMBS and UFAP conditioned on
S , respectively.

UMBS is a Poisson r.v. with mean �muS , and the conditional pgf of UMBS is

GMBS.z j S/ D e�muS.z�1/: (4)

Since a femto UE attempts to connect to its serving MBS with probability p

in LD and LHDA transmissions, a thinning occurs, i.e., Nf;i is a Poisson random
variable with mean p NUf. Meanwhile, Nc is also a Poisson r.v. with mean �fbS

because of the PPP distribution of the FAP locations. UFAP is a compound Poisson
r.v. with conditional pgf

GFAP.z j S/ D e�fbS.ep NUf.z�1/�1/: (5)

There is no known closed form expression of the probability density function
(pdf) of the area S of the typical Poisson Voronoi cell, but the following approxi-
mation [33]

fS .x/ �
.�mbc/c

� .c/
xc�1e�c�mbx; (6)

where c D 7
2

and � .c/ D
R1

0
t c�1e�t dt , has been known to be handy and

sufficiently accurate (see, e.g., [34]). Aided by this approximation, with some
manipulations, the pgf of Um is

Gm.z/ D cc

 

c �
�mu

�mb
.z � 1/ C

�fb

�mb

�
1 � ep NUf.z�1/

�
!�c

; (7)

and the distribution of Um follows as

PfUm D ig D
G

.i/
m .0/

i Š
; i D 0; 1; � � � ; (8)

where G
.i/
m .0/ is the i -th derivative of Gm.z/ evaluated at z D 0.

For CD transmission, all the femto UEs attempt to connect to the MBS to
obtain cooperative gain; thus distribution of Um is similar to that in LD and LHDA
transmissions with p D 1.

Sub-band Occupancy

Since the number of served UEs for each BS is random, the sub-band frequency
resource will be underutilized in some BSs and overutilized in some other BSs. As
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the UE loads in the MBS and the FAP are different under different transmission
schemes, the sub-band occupancy is calculated accordingly.

Spectrum Allocation for LD and LHDA
Of the N sub-bands, let Nm sub-bands be allocated to the macro tier and Nf sub-
bands to the femto tier. Each UE requires one sub-band for each transmission. We
consider the following two spectrum allocation methods [35]:

1. Orthogonal spectrum allocation: The N sub-bands are split as N D Nm C Nf,
where the Nm sub-bands used by all the MBSs of the macro tier are orthogonal to
those Nf sub-bands used by all the FAPs of the femto tier. So there is no inter-tier
interference.

It is assumed that the available sub-bands are uniformly and independently
allocated to the UEs by the BS. There are Nm available sub-bands for the MBS,
and each sub-band is equally likely to be chosen. If the number of UEs is smaller
than that of sub-bands, the MBS randomly chooses Um out of the total Nm sub-
bands. Otherwise, all the sub-bands are chosen. The probability that a sub-band
is used by an MBS is

P
m;?
busy D

1

Nm

1X

iD0

minfi; NmgPfUm D ig; (9)

and similarly the probability that a sub-band is used by an FAP is

P
f;?
busy D

1

Nf

1X

iD0

minfi; NfgPfUf D ig: (10)

2. Non-orthogonal spectrum allocation: Compared with the orthogonal case, here
the two sets of sub-bands may overlap: each MBS (resp. FAP) independently
randomly selects Nm (resp. Nf) sub-bands from the N sub-bands. The values of
both Nm and Nf can be chosen from 1 to N flexibly and need not add to N . So
there is inter-tier interference, while the available spectrum will be abundant as
Nm and Nf grow large.

For the non-orthogonal case, both the MBS and the FAP choose a sub-band
randomly from N sub-bands, so the probability that a sub-band is used by an
MBS is

P
m; 6?
busy D

1

N

1X

iD0

minfi; NmgPfUm D ig; (11)

and similarly the probability that a sub-band is used by an FAP is

P
f; 6?
busy D

1

N

1X

iD0

minfi; NfgPfUf D ig: (12)
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The spatial point process of BSs that use a given sub-band is an approximately
independent thinning of the original point process ˚mb (resp. ˚fb) by the
probability P

m;s
busy (resp. P

f;s
busy), denoted by Q̊mb (resp. Q̊fb) with the intensity

Q�mb D �mbP
m;s
busy (resp. Q�fb D �mbP

m;s
busy) [34], where the superscript s 2 f?; 6?g

indicates whether the orthogonal or the non-orthogonal spectrum allocation
method is used.

Spectrum Allocation for CD
Since both the macro UEs and femto UEs connect to the MBS, if the number of
UEs connected to MBS Um � N , each UE is allocated one sub-band, otherwise, if
Um � N , all the UEs share the sub-bands in a round-robin mechanism. Then the
FAPs allocate sub-bands to femto UEs in a similar way by comparing Uf and N .
For a femto UE, if it is chosen by both the MBS and the FAP, the MBS and the
FAP allocate the same sub-band to the UE, thus making it working in a cooperative
mode. Otherwise it is only served by the FAP and works in a noncooperative mode.

Since both the macro and femto tiers employ the total N sub-bands, similar to
that of the LD case, the probability that a sub-band is used by an MBS is

P
m;CoMP
busy D

1

N

1X

iD0

minfi; NmgPfUm D ig; (13)

and similarly the probability that a sub-band is used by an FAP is

P
f;CoMP
busy D

1

N

1X

iD0

minfi; NfgPfUf D ig: (14)

SINR Distribution and Data Rate

SINR Distribution

The complementary cumulative distribution function (ccdf) of the SINR is defined
as P.�/ D PfSINR > �g, where � is the SINR threshold. The SINR distributions
of a UE connected to the MBS and the FAP are derived under three transmission
schemes.

LD Transmission
For analytical tractability, we assume that both the BL and the EL are modulated
into digital signals according to a Gaussian codebook.

For the typical UE which is assumed to be located at the origin and connected to
its MBS, the received signal denoted by Y can be written as
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Y D P 1=2
m kx0k�˛=2hx0Xx0 C

X

x2 Q̊mbnfx0g

P 1=2
m kxk�˛=2hxXx

C �
X

y2 Q̊fb

P
1=2
f kyk�˛=2hyXy C Z; (15)

where the first item of right side of the equation denotes the received signal symbol,
the second and the third items denote the interference symbols from the macro and
the femto tier, respectively, and Z denotes the Gaussian noise with zero mean and
variance �2. We use x0 to denote the location of the serving MBS. Xx0 is the signal
symbol, while Xx is the interference symbol transmitted by the interfering MBS x.
Xx0; Xx � CN.0; 1/. Xy is the interference symbol transmitted by the interfering
FAP y, and Xy � CN.0; 1/. The indicator � 2 f0; 1g indicates the orthogonal and
non-orthogonal spectrum allocation methods, respectively.

Thus, the received SINR is

�m
LD D

Pmkx0k�˛jhx0 j
2

Im C �If C �2
; (16)

where Im D
P

x2 Q̊mbnfx0g Pmkxk�˛jhxj2 is the interference from the macro tier, and
If D

P
y2 Q̊fb

Pfkyk�˛jhy j2 is the interference from the femto tier.
For the typical femto UE which is assumed to be located at the origin and

connected to its FAP, the received signal can be written as

Y D P
1=2
f ky0k�˛=2hy0Xy0 C

X

y2 Q̊fbnfy0g

P
1=2
f kyk�˛=2hyXy

C �
X

x2 Q̊mb

P 1=2
m kxk�˛=2hxXx C Z; (17)

where y0 denotes the location of the serving FAP. Note that the FAP transmits the
encoded EL signals only or the jointly encoded signals of both the BL and the EL
to the typical UE based on user request. Xy0 is the signal symbol transmitted by the
serving FAP, and Xy is the interference symbol transmitted by the interfering FAP y.

Thus, the received SINR is

� f
LD D

Pfky0k�˛jhy0 j
2

If C �Im C �2
; (18)

where If D
P

y2 Q̊fbnfy0g Pfkyk�˛jhy j2 denotes the interference from the femto tier
and Im D

P
x2 Q̊mb

Pmkxk�˛jhxj2 denotes the interference from the macro tier.
The following theorem gives the ccdf of the SINR for the typical UE,

Theorem 1. For LD transmission, the ccdf of the SINR for the typical UE connected
to its serving MBS is
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Pm
LD.�/ D Pf�m

LD > �g

D

Z 1

0

��mb exp

 

� �v.�mb C Q�mb	.�; ˛//

�
�v1=ı�2

Pm
� �

�
Pf�

Pm

�ı

v Q�fbı�2csc.ı�/

!

dv; (19)

and the ccdf of the SINR for the typical femto UE connected to its serving FAP is

P f
LD.�/ D Pf� f

LD > �g

D

Z R2
f

0

1

R2
f

exp

 

�
�v1=ı�2

Pf
� ı�2csc.ı�/�ıv

 

Q�fb C �

 
Pm

Pf

!ı!

Q�mb

!

dv;

(20)

where ı D 2=˛, Q�mb D �mbP
m;s
busy, Q�fb D �fbP

f;s
busy, and 	.�; ˛/ D �ı

R1

��ı
1

1Cx1=ı dx.
In orthogonal spectrum allocation, � D 0, while in non-orthogonal spectrum
allocation, � D 1.

Proof. Let kx0k be the distance from the typical UE to its serving MBS, which is
the nearest MBS, so the pdf of kx0k is fkx0k.r/ D e��mb�r2

2��mbr:

The SINR experienced by the typical UE connected to its serving MBS is

given by �m
LD D

Pmkx0k�˛ jhx0 j2

ImC�IfC�2 , where Im D
P

x2 Q̊mbnfx0g Pmkxk�˛jhx0 j
2 is the

interference from the macro tier, and If D
P

y2 Q̊fb
Pfkyk�˛jhy j2 is the interference

from the femto tier. � 2 f0; 1g is the indicator that whether the orthogonal or
the non-orthogonal spectrum allocation is used. Due to the independent thinning
approximation, the set of interfering MBSs is a PPP Q̊mb with intensity Q�mb, and the
set of interfering FAPs is a PPP Q̊fb with intensity Q�fb.

The ccdf of the SINR experienced by the typical UE connected to its serving
MBS

Pm
LD.�/ D Pf�m

LD > �g

D

Z 1

0

2��mbre���mbr2

P

�
Pmjhx0 j

2r�˛

Im C �If C �2
> �

�

dr

.a/
D

Z 1

0

2��mbre���mbr2� �r˛�2

Pm LImC�If

�
�r˛

Pm

�

dr: (21)

where .a/ follows from jhx0 j
2 � Exp.1/.

After excluding the serving BS x0, Q̊mb n fx0g is still a PPP, so we apply the pgfl
of PPP to obtain the Laplace transform of Im
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LIm.s/ D exp

�

�2� Q�mb

Z 1

r

�

1 �
1

1 C sPmx�˛

�

xdx

�

D e�� Q�mbr2	.
sPm
r˛ ;˛/: (22)

Since Q̊fb is a PPP, the Laplace transform of If is

LIf.s/ D exp

�

�2� Q�fb

Z 1

0

�

1 �
1

1 C sPfx�˛

�

xdx

�

D e�ı�2csc.ı�/Q�fb.sPf/
ı

: (23)

Substituting (22) and (23) into Pm
LD.�/, we can obtain (19).

Let y0 be the distance between the typical femto UE and its serving FAP. Since
femto UEs are uniformly distributed in the circular coverage area of radius Rf of
each FAP, the pdf of y0 is given by fy0.r/ D 2r

R2
f
.

The received SINR for the typical femto UE connected to its serving FAP follows

as � f
LD D

Pfky0k�˛ jhy0 j2

IfC�ImC�2 ; where If D
P

y2 Q̊fb
Pfkyk�˛jhy j2 is the interference from

the femto tier, and Im D
P

x2 Q̊mb
Pmkxk�˛jhx0 j

2 is the interference from the macro
tier.

The ccdf of the SINR experienced by the typical femto UE connected to its
serving FAP is

P f
LD.�/ D Pf� f

LD > �g

D

Z Rf

0

2r

R2
f

P

�
Pfjhy0 j

2r�˛

If C �Im C �2
> �

�

dr

D

Z Rf

0

2r

R2
f

e
��r˛ı2

Pf LIfC�Im

�
�r˛

Pf

�

dr; (24)

which, after expanding the Laplace transform of Im; If, and further manipulations,
leads to (20).

LHDA Transmission
The BL is modulated to a digital signal, while the EL is modulated to an analog
signal. The digital modulation is based on a Gaussian codebook, and the EL signal
after analog modulation is also modeled as a Gaussian source with zero mean
and unit variance [36, 37]. For analog modulation, it is assumed that the source
bandwidth is equal to the channel bandwidth [14, 16].

For the typical UE which is assumed to be located at the origin and connected to
its serving MBS, the received signal can be written as
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Y D P 1=2
m kx0k�˛=2hx0Xx0 C

X

x2 Q̊mbnfx0g

P 1=2
m kxk�˛=2hxXx

C �
X

y2 Q̊fb

P
1=2
f kyk�˛=2hyXy C Z; (25)

which is nearly the same as (15) in LD transmission, the difference lies in that Xy is
the analog EL interference symbol or the superposition of digital BL and analog EL
interference symbol transmitted by the interfering FAP y based on the transmission
scheme of y, and Xy � CN.0; 1/.

Thus the received SINR is

�m
LHDA D

Pmkx0k�˛jhx0 j
2

Im C �If C �2
; (26)

where Im D
P

x2 Q̊mbnfx0g Pmkxk�˛jhxj2 is the interference from the macro tier and
If D

P
y2 Q̊fb

Pfkyk�˛jhy j2 is the interference from the femto tier.
For the typical femto UE which is assumed to be located at the origin and

connected to its FAP, according to the transmission scheme, it receives only the EL,
or it receives the superposition of the digital BL signal and the analog EL signal.

• Case 1: The typical femto UE connected to its FAP receives only the EL. The
received signal for the typical femto UE is

Y D P
1=2
f ky0k� ˛

2 hy0X
E
y0

C
X

y2 Q̊fbnfy0g

P
1=2
f kyk� ˛

2 hyXy

C �
X

x2 Q̊mb

P 1=2
m kxk� ˛

2 hxXx C Z; (27)

where XE
y0

is the EL signal symbol transmitted by the serving FAP and Xy is the
interference symbol transmitted by the interfering FAP y.

Thus, the received SINR for the femto UE connected to its FAP to receive the
EL is

� f
LHDA D

Pfky0k�˛jhy0 j
2

If C �Im C �2
; (28)

where If D
P

y2 Q̊fbnfy0g Pfkyk�˛jhy j2 is the interference from the femto tier and
Im D

P
x2 Q̊mb

Pmkxk�˛jhxj2 is the interference from the macro tier.
• Case 2: The typical femto UE connected to its FAP receives the superposition of

the digital BL signal and the analog EL signal. The received signal for the typical
femto UE is
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Y D ky0k�˛=2hy0

�q
P B

f XB
y0

C

q
P E

f XE
y0

�

C
X

y2 Q̊fbnfy0g

P
1=2
f kyk�˛=2hyXy

C �
X

x2 Q̊mb

P 1=2
m kxk�˛=2hxXx C Z; (29)

where XB
y0

is the BL signal symbol transmitted by the serving FAP, and XE
y0

is
the EL signal symbol transmitted by the serving FAP.

Thus, the received SINR for the typical femto UE connected to its FAP to
receive the BL, denoted by �

f;B
LHDA, is

�
f;B
LHDA D

P B
f ky0k�˛jhy0 j

2

P E
f ky0k�˛jhy0 j

2 C If C �Im C �2
: (30)

Successive interference cancellation (SIC) [38] is adopted to demodulate the
EL signal. Conditioned on the successful reception of the BL, the received SINR
for the typical femto UE connected to the FAP to receive the EL signal, denoted
by �

f;E
LHDA, is

�
f;E
LHDA D

P E
f ky0k�˛jhy0 j

2

If C �Im C �2
: (31)

The following theorem gives the ccdf of the SINR for the typical UE:

Theorem 2. For LHDA transmission, the ccdf of the SINR for the typical UE
connected to its serving MBS is

Pm
LHDA.�B/ D Pf�m

LHDA > �Bg D Pm
LD.�B/I (32)

the ccdf of the SINR for the typical femto UE connected to its serving FAP to receive
the EL is given by:

P f
LHDA.�E/ D Pf� f

LHDA > �Eg D P f
LD.�E/; (33)

and the joint ccdf of the SINR for the typical femto UE connected to its serving FAP
to receive the superposition of the digital BL and the analog EL is given by (40).

Proof. Similar to the derivation of Pm
LD.�/, the ccdf of �m

LHDA follows as:

Pm
LHDA.�/ D Pf�m

LHDA > �g D Pm
LD.�/: (34)

According to the transmission scheme, the FAP transmits the analog EL signal
with probability p or the superposition of the digital BL signal and the analog EL
signal with probability 1 � p.
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Case 1: The received SINR for the typical femto UE connected to the FAP

receives the EL follows as � f
LHDA D

Pfky0k�˛ jhy0 j2

IfC�ImC�2 : Similar to the derivation of

P f
LD.�/, the ccdf of � f

LHDA follows as

P f
LHDA.�/ D Pf� f

LHDA > �g D P f
LD.�/: (35)

Case 2: The received SINR for the typical femto UE connected to the FAP
receives the superposition of the digital BL signal and the analog EL signal is

�
f;B
LHDA D

P B
f ky0k�˛jhy0 j

2

P E
f ky0k�˛jhy0 j

2 C If C �Im C �2
; (36)

where P E
f ky0k�˛jhy0 j

2 is the interference of the superposed EL.

Pf� f;B
LHDA > �g D

Z 1

0

2r

R2
f

e
� �r˛�2

P B
f ��P E

f LIfC�Im

�
�r˛

P B
f � �P E

f

�

dr

D

Z R2
f

0

1

R2
f

exp

�

�
�v1=ı�2

P B
f � �P E

f

� ı�2csc.ı�/�ıv

�

�
Q�fb

�
Pf

P B
f � �P E

f

�ı

C � Q�mb

�
Pm

P B
f � �P E

f

�ı��

dv:

(37)

SIC is adopted to decode the EL signal. After successful reception of the BL, the

received SINR for the EL signal is �
f;E
LHDA D

P E
f ky0k�˛ jhy0 j2

IfC�ImC�2 .

The ccdf of �
f;E
LHDA follows as:

Pf� f;E
LHDA > �g D

Z 1

0

2r

R2
f

e
� �r˛�2

P E
f LIfC�Im

�
�r˛

P E
f

�

dr

D

Z R2
f

0

1

R2
f

e
� �v1=ı�2

P E
f

�ı�2csc.ı�/�ıv

�
Q�fb

�
Pf
P E

f

�ı

C �Q�mb

�
Pm
P E

f

�ı�

dv:

(38)
The joint ccdf of �

f;B
LHDA and �

f;E
LHDA is

PLHDA.�B; �E/ D Pf� f;B
LHDA > �B; �

f;E
LHDA > �Eg

D 1
�

�B >
�EP B

f

.1 C �E/P E
f

�Z R2
f

0
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1

R2
f

e

�
�Bv1=ı�2

P B
f ��BP E

f
�ı�2csc.ı�/�ı

Bv

�
Q�fbP ı

f C�Q�mbP ı
m�

P B
f ��BP E

f

	ı

�

dv

C1
�

�B �
�EP B

f

.1 C �E/P E
f

�Z R2
f

0

1

R2
f

e
�

�Ev1=ı�2

P E
f

�ı�2csc.ı�/�ı
Ev

�
Q�fb

�
Pf
P E

f

�ı

C �Q�mb

�
Pm
P E

f

�ı�

dv: (39)

PLHDA.�B; �E/ D Pf� f;B
LHDA > �B; �

f;E
LHDA > �Eg

D P

�

jhx0j2 >
�BItotal

.PB � �BPE/kx0k�˛
; jhx0j2 >

�EItotal

PEkxk�˛

�

D P

(

jhx0j2 > max

 
�BItotal

.PB � �BPE/kx0k�˛
;

�EItotal

PEkxk�˛

!)

D Pf� f;B
LHDA > �Bg1

 

�B >
�EP B

f

.1 C �E/P E
f

!

C Pf� f;E
LHDA > �Eg1

 

�B �
�EP B

f

.1 C �E/P E
f

!

; (40)

where Itotal D If C �Im C �2.

CD Transmission
For the macro UE, the video transmission from the serving MBS is the same as that
of LD; thus the ccdf of the SINR denoted by Pm

CD.�/ is equal to Pm
LD.�/ with p D 1

and � D 1.
For the femto UE, based on the sub-band allocation from the MBS and the FAP,

it can work in a cooperative or noncooperative modes.

• In the noncooperative case, since the femto UE can only connect to the FAP, the
received signal can be written as

Y D P
1=2
f ky0k� ˛

2 hy0Xy0 C
X

y2 Q̊fbnfy0g

P
1=2
f kyk� ˛

2 hyXy

C
X

x2 Q̊mb

P 1=2
m kxk� ˛

2 hxXx C Z; (41)
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Thus, the received SINR is

�
f;non
CD D

Pfky0k�˛jhy0 j
2

If C Im C �2
: (42)

The ccdf of the �
f;non
CD , denoted as P f;non

CD .�/, is equal to P f
LD.�/ with p D 1

and � D 1.
• In the cooperative case, since the femto UE is served jointly by the MBS and the

FAP, the received signal can be written as

Y D P 1=2
m kx0k�˛=2hx0X0 C P

1=2
f ky0k�˛=2hy0X0 C

X

x2 Q̊mbnfx0g

P 1=2
m kxk�˛=2hxXx

C
X

y2 Q̊fbnfy0g

P
1=2
f kyk�˛=2hyXy C Z; (43)

where the fist and second items of right side of the equation denote the received
signal symbols from the serving MBS and FAP, respectively, and the following
two items denote the interference symbols from the macro and femto tiers,
respectively

The noncoherent joint transmission is adopted, and the SINR of the received
signal is

�
f;CoMP
CD D

ˇ
ˇ
ˇP

1=2
m kx0k�˛=2hx0 C P

1=2
f ky0k�˛=2hy0

ˇ
ˇ
ˇ
2

Im C If C �2
; (44)

where the interference from the macro tier is Im D
P

x2 Q̊mbnx0
Pmkxk�˛hx , and

the interference from the femto tier is If D
P

y2 Q̊fbny0
Pfkyk�˛hy .

Theorem 3. For CD transmission, when the femto UE works in a cooperative
mode, the ccdf of the SINR is

P f;CoMP
CD .�/

D

Z 1

0

Z Rf

0

e

�

��2

Pmr�˛
m CPfr�˛

f
�� Q�mbr2

m	

0

B
@ �

1C

Pfr�˛
f

Pmr�˛
m

;˛

1

C
A�� Q�fbr2

f 	

0

B
@ �

1C

Pmr�˛
m

Pfr�˛
f

;˛

1

C
A��mb�r2

m

� 2��mbrm
2rf

R2
f

drmdrf: (45)

Proof. Let kx0k be the distance from the typical femto UE to its serving MBS,
and the pdf of kx0k is fkx0k.rm/ D e��mb�r2

m2��mbrm.
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Let ky0k be the distance from the typical femto UE to its serving FAP, and the
pdf of rf is fky0k.rf/ D 2rf

R2
f
.

The ccdf of SINR �
f;CoMP
CD is

PCoMP
f .�/ D Pf�CoMP

f > �g

D P

( ˇ
ˇ
ˇ
ˇP

1
2

m r
� ˛

2
m hm C P

1
2

f r
� ˛

2

f hf

ˇ
ˇ
ˇ
ˇ

2

> �.Im C If C �2/

)

.a/
D EIm;If;rm;rf

(

e
�


�.ImCIfC�2/

Pmr�˛
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where .a/ follows that hm and hf are independent Gaussian variable N .0; 1/.
The Laplace transform of Im is

LIm.s/ D exp

�

�2� Q�mb

Z 1

rm

.1 � Lh.sPmx�˛//xdx

�

D e
���0
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m	.
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r˛

m
;˛/

: (47)

The Laplace transform of If is

LIf.s/ D exp

�

�2� Q�fb

Z 1

rf

.1 � Lh.sPfx
�˛//xdx

�

D e
���0

f r2
f 	.

sPf

r˛

f
;˛/

: (48)

Data Rate

The instantaneous data rate that a sub-band channel of bandwidth W can accommo-
date is R D W log2 .1 C SINR/. For LD transmission, since both the MBS and the
FAP transmit digital signals; the channel from the typical UE to its serving MBS
can accommodate the data rate Rm D W log2.1 C �m

LD/, and the channel from the
typical UE to its serving FAP can accommodate the data rate Rf D W log2.1C� f

LD/.
For LHDA transmission, only the BL is modulated to a digital signal, so the data
rate is defined only for the BL, the channel from the typical UE to its serving MBS
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can accommodate the data rate Rm D W log2.1 C �m
LHDA/, and the channel from the

typical UE to its serving FAP can accommodate data rate Rf D W log2.1 C �
f;B
LHDA/.

The actually achieved UE data rates, after taking into consideration the UE load
and sub-band occupancy, are given below. Without loss of generality, we take an
MBS as an example. When the number of UEs in a macro cell does not exceed the
total number of sub-bands (i.e., Um � Nm), each UE can exclusively occupy a sub-
band, and its achieved data rate is Rm; when Um > Nm, the Um UEs share the Nm

sub-bands, and the data rate is thus discounted into Nm
Um

Rm, assuming a round-robin
sharing mechanism. So the average achieved data rate of a UE served by an MBS is
given by:

Rmu D �mRm; (49)

where �m is the scheduling index denoting the probability that a UE is scheduled by
the MBS,

�m D

PNm
iD1 PfUm D ig C

P1
iDNmC1 PfUm D ig Nm

i

1 � PfUm D 0g
: (50)

Similarly, the average achieved data rate of a UE served by an FAP is given by

Rfu D �fRf; (51)

where �f is the scheduling index denoting the probability that a UE is scheduled by
the FAP,

�f D

PNf
iD1 PfUf D ig C

P1
iDNfC1 PfUf D ig Nf

i

1 � PfUf D 0g
: (52)

System Performances

In this section we evaluate several important performance metrics, namely, the
outage probability, the HD probability, and the average distortion. The outage
probability is the probability that a UE cannot receive the BL, namely, the UE data
rate is less than RB. The HD probability is the probability that a UE can receive high-
definition content, i.e., both the BL and the EL, namely, the UE data rate is greater
than RB C RE. The average distortion evaluates the difference between the received
video and source video, which is measured using the distortion-rate function. Note
that, for LHDA transmission, the HD probability for the femto UE is not defined
since the EL is transmitted as an analog signal and the data rate for an analog signal
is undefined.
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LD Transmission

For a macro UE, only the BL is transmitted from its serving MBS, so the outage
probability, denoted by P

LD;m
out , is

P LD;m
out D PfRmu < RBg

D P

n
�m

LD < 2
RB=�m

W � 1
o

D 1 � Pm
LD

�
2

RB=�m
W � 1

�
: (53)

For a femto UE, it either connects to its serving MBS with probability p or its
serving FAP with probability 1 � p to receive the BL, so the outage probability,
denoted by P

LD;f
out , is

P LD;f
out D pPfRmu < RBg C .1 � p/PfRfu < RBg

D pP
n
�m

LD < 2
RB=�m

W � 1
o

C .1 � p/P
n
� f

LD < 2
RB=�f

W � 1
o

(54)

D p
�
1 � Pm

LD

�
2

RB=�m
W � 1

��
C .1 � p/

�
1 � P f

LD

�
2

RB=�f
W � 1

��
: (55)

To receive the high-definition video content, a femto UE receives the BL from
the MBS and receives the EL from the FAP with probability p, or it receives both
the BL and the EL from the FAP with probability 1 � p. Thus, the HD probability
for a femto UE, denoted by P f

HD, is

P f
HD D pPfRmu > RB; Rfu > REg C .1 � p/PfRfu > RB C REg

.a/ D pPfRmu > RBgPfRfu > REg.1 � p/PfRfu > RB C REg

D pP
n
�m

LD > 2
RB=�m

W � 1
o
P

n
� f

LD > 2
RE=�f

W � 1
o

C .1 � p/P
n
Rfu > 2

.RBCRE/=�f
W � 1

o

D pPm
LD

�
2

RB=�m
W � 1

�
P f

LD

�
2

RE=�f
W � 1

�
C .1 � p/P f

LD

�
2

.RBCRE/=�f
W � 1

�
;

(56)

where (a) follows from the tier independence approximation.
The distortion-rate function D.R/ [14, 39] is used to measure the distortion

per source sample when the source rate is R bits/sample. As the bandwidth of a
sub-band is W and the data rate of the BL (resp. the EL) is RB (resp. RE), the
source rate is RB

W
(resp. RE

W
). Since the source signal is modeled as a Gaussian signal

with zero mean and unit variance, the distortion of the received video signal can be
divided into three cases based on the reception. If the BL is not decoded correctly,
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the distortion is D0 D 1; if the BL is decoded correctly while the EL is not, then

the distortion is DB D 2�2
RB
W ; if both the BL and the EL are decoded correctly, the

distortion is DHD D 2�2
RBCRE

W .
The average distortion for femto UEs, denoted by DLD, is given by

DLD D P LD;f
out D0 C .1 � P LD;f

out � P f
HD/DB C P f

HDDHD: (57)

LHDA Transmission

For a macro UE, only the BL is digitally transmitted from its serving MBS; just the
same as that in LD transmission, the outage probability P

LHDA;m
out is

P LHDA;m
out D PfRmu < RBg D P LD;m

out : (58)

For a femto UE, since it receives the BL from the MBS with probability p or
receives the BL from the FAP with probability 1�p, the outage probability, denoted
by P

LHDA;f
out , is

P LHDA;f
out D pPfRmu < RBg C .1 � p/PfRfu < RBg

D pP
n
�m

LHDA < 2
RB=�m

W � 1
o

C .1 � p/P
n
�

f;B
LHDA < 2

RB=�f
W � 1

o

D p
�
1 � Pm

LHDA

�
2

RB=�m
W � 1

��
C .1 � p/

�
1 � PLHDA

�
2

RB=�f
W � 1; 0

��
:

(59)

The femto UE has two choices to receive the video content, and the average
distortion is calculated accordingly.

1. Case 1: The femto UE receives the BL from MBS and receives the EL from FAP.
Since the EL signal is analog, an MMSE estimator is employed for the estimation
of the EL, and thus we have MMSE D 1

1C� f
LHDA

, where � f
LHDA is the received

SINR. Since there are multiple femto UEs in a FAP, a round-robin mechanism
is used to schedule time slots for each femto UE to transmit the EL. If a UE is
scheduled, its distortion for the EL is MMSE; otherwise, its distortion is unity. So
the distortion is eLHDA D �f � 1

1C� f
LHDA

C .1��f/ �1. Since the EL is estimated only

if the BL is decoded successfully, the cdf of eLHDA conditioned on the successful
reception of the BL is given by

PfeLHDA < T j Rmu � RBg.a/ D PfeLHDA < T g

D P

�

�f
1

1 C � f
LHDA

C .1 � �f/1 < T

�
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D P

�

� f
LHDA >

1 � T

T � 1 C �f

�

D P f
LHDA

�
1 � T

T � 1 C �

�

; (60)

where .a/ follows from the tier independence approximation.
Since for a positive random variable X , EfXg D

R
t>0

PfX > tgdt , the mean
distortion for the EL, denoted by DE, is

DE D EfeLHDA j Rmu � RBg

D 1 � �f C

Z 1

1��f

 

1 � P f
LHDA

 
1 � T

T � 1 C �f

!!

dT: (61)

Since the EL corresponds to the residual between the BL and the source signal,
the distortion when both the BL and the EL are received, denoted by DHD, is
given by DHD D DBDE.

So the average distortion for the femto UE in Case 1, denoted by D
.1/
LHDA, is

D
.1/
LHDA D PfRmu < RBgD0 C PfRmu � RBgDHD

D 1 � Pm
LHDA

�
2

RB
�mW � 1

�
C Pm

LHDA

�
2

RB
�mW � 1

�
2�2RB

�

 

1 � �f C

Z 1

1��f

 

1 � P f
LHDA

 
1 � T

T � 1 C �f

!!

dT

!

: (62)

2. Case 2: The femto UE receives both the BL and the EL from the FAP. Since
the EL signal is analog and superposed with the digital BL signal, an MMSE
estimator is employed for the estimation of the EL conditioned on the correct
reception of the BL; thus we have MMSE D 1

1C�
f;E
LHDA

, where �
f;E
LHDA is the

received SINR after the cancellation of the BL. The distortion for the EL is
eLHDA D �f

1

1C�E
LHDA

C .1 � �f/1. The cdf of eLHDA conditioned on the successful

reception of the BL is given by

PfeLHDA < T j Rfu � RBg D P

�

�f
1

1 C �E
hc

C .1 � �f/1 < T
ˇ
ˇ Rfu � RB

�

D P

�

�
f;E
LHDA >

1 � T

T � 1 C �f

ˇ
ˇ
ˇ �

f;B
LHDA > 2

RB=�f
W � 1

�

D
PLHDA

�
2

RB=�f
W � 1; 1�T

T �1C�f

�

PLHDA

�
2

RB=�
W � 1; 0

� : (63)
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Then, we can obtain the distortion of the EL as

DE D EfeLHDA < T j Rfu � RBg

D 1 � �f C

1Z

1��f

0

B
B
@1 �

PLHDA

�

2
RB
W �f � 1; 1�T

T �1C�f

�

PLHDA.2
RB
W �f � 1; 0/

1

C
C
A dT: (64)

So the average distortion for the femto UE in Case 2, denoted by D
.2/
LHDA, is

D
.2/
LHDA D PfRfu < RBgD0 C PfRfu � RBgDHD

D 1 � PLHDA

�
2

RB=�f
W � 1; 0

�
C PLHDA
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2
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W � 1; 0

�
2�2RB
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Z 1
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W � 1; 1�T

T �1C�f

�

PLHDA.2
RB=�f

W � 1; 0/

1

A dT

!

: (65)

Since a femto UE follows Case 1 with probability p and follows Case 2 with
probability 1 � p, the average distortion for a femto UE, denoted by DLHDA, is

DLHDA D pD
.1/
LHDA C .1 � p/D

.2/
LHDA: (66)

CD Transmission

For a macro UE, only the BL is transmitted from MBS, so the outage probability,
denoted by P

CD;m
out , is

P CD;m
out D PfRmu < RBg

D 1 � Pm
CD

�
2

RB=�m
W � 1

�
: (67)

For a femto UE, if it is chosen by the MBS and the FAP, it works in a cooperative
mode with the probability � D �m=�f. Thus, the outage probability, denoted by
P

CD;f
out is

P CD;f
out D PfRfu < RBg

D �
�
1 � P f;CoMP

CD

�
2

RB=�f
W � 1

��
C .1 � �/

�
1 � P f;non

CD

�
2

RB=�f
W � 1

��
:

(68)
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For a femto UE, the HD probability, denoted as P
CD;f
HD , is

P
CD;f
HD D PfRfu > RB C REg

D �P f;CoMP
CD

�
2

.RBCRE/=�f
W � 1

�
C .1 � �/P f;non

CD

�
2

.RBCRE/=�f
W � 1

�
: (69)

Simulation and Discussion

In this section, the outage probabilities, the HD probabilities, and the average
distortions are evaluated for the three transmission schemes. Meanwhile, the optimal
power allocation for the digital BL and the analog EL for LHDA transmission is
assessed. Unless otherwise specified, the system parameters are listed in Table 1.

Figure 4a displays the performance of LD transmission in the orthogonal case. In
that case, Nm sub-bands for the macro tier and Nf sub-bands for the femto tier that
are orthogonal with NmCNf D N . As Nm increases, more resources are allocated to
the macro tier, and the outage probabilities decrease for both macro UEs and femto
UEs, except that the femto UE outage probabilities slightly increase for very large
values of Nm. The HD probability of the femto UE with p D 0 decreases with Nm

because the EL transmission via FAPs deteriorates as the resources for the femto
tier are reduced. The HD probabilities of the femto UE for p D 0:5 and p D 1

increase for small Nm and then decrease as Nm grows large, reflecting the tension
between the resources for the BL transmission and the EL transmission.

Figure 4b displays the performance of LD transmission in the non-orthogonal
case. For comparison with Fig. 4a, we still let Nm C Nf D N but let the sub-bands
be selected by each BS independently. The general trend is similar to that in the
orthogonal case, but the difference lies in that the curves show less variability with

Table 1 System parameters

Symbol Description Typical value

N Number of sub-bands 20

W Bandwidth of a sub-band (MHz) 5

Pm MBS transmit power per sub-band (dBm) 39

Pf FAP transmit power per sub-band (dBm) 13

�2 Noise power (dBm) �104

�mb MBS intensity (m�2) 1E-5

�fb FAP intensity (m�2) 5E-5

�mu Macro UE intensity (m�2) 2E-4

�fu Femto UE intensity in coverage (m�2) 8E-3

Rf Coverage radius of FAP (m) 20

˛ Path loss exponent 4

RB Rate for the BL transmission (Mbps) 0.5

RE Rate for the EL transmission (Mbps) 4.5
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Fig. 4 Performances of LD in both orthogonal and non-orthogonal cases

Nm (except for those values near to N ). The reason for such a practically desirable
insensitivity is due to the lessened tension between the resources for macro tiers and
femto tiers from randomized sub-band selection.

Note that if p is large, the femto UE tends to connect to an MBS to receive
the BL; the outage probability increases, and the HD probability decreases, i.e., the
performance deteriorates. However, since an MBS can provide continuous coverage
while an FAP cannot, if a femto UE is moving, then it may prefer to connect to an
MBS to receive the BL, which prevents frequent handover between femto cells and
enables uninterrupted reception of the BL video.
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Fig. 5 Performances of LHDA in both orthogonal and non-orthogonal cases

Figure 5a displays the performance of LHDA transmission in the orthogonal
case. The outage probability for macro UE is the same as that in LD transmission,
so we just neglect it in LHDA transmission. Since the frequency resource allocated
to the macro tier increases, the resource for the femto tier decreases. The outage
probability for the femto UE connected to the FAP (corresponding to p D 0) to
receive the BL increases, while the outage probability for the femto UE connected
to the MBS (corresponding to p D 1) to receive the BL decreases. The case where
p D 0:5 shows a tradeoff of these two extreme cases: the outage probability for
femto UE first decreases and then slightly increases when the allocated resource for
the FAP is small. When Nm is small, the performance of the macro tier is poor, and
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Fig. 6 Comparisons between LD and LHDA in both orthogonal and non-orthogonal cases

thus the distortion for the UE connected to the MBS to receive the BL is large. When
increasing Nm, the performance of the macro tier becomes good, while that of the
femto tier is poor.

Figure 5b displays the performance of LHDA transmission in the non-orthogonal
case. The general trends of the curves of the outage and the average distortion are
almost the same as that of Fig. 5a. The difference lies in that the outage probability
is lower in the non-orthogonal case than that in the orthogonal case when Nm is
small.

Figure 6 displays the comparison between LD transmission and LHDA transmis-
sion. Since the comparisons for different p are more or less the same, we set p D 0:5
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Fig. 7 Power allocation
between the BL and the EL in
FAPs for LHDA transmission
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Fig. 8 Comparisons of
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as an example. In both orthogonal and non-orthogonal cases, LHDA outperforms
LD when the proportion of frequency resource allocated to the femto tier exceeds a
certain threshold, for example, 35% (i.e., Nf � 7) in the current deployment, as the
outage probability is slightly increasing while the average distortion is obviously
decreasing when Nm is small. The reason is that analog transmission avoids the cliff
effect and offers the continuous quality scalability.

Figure 7 displays the power allocation between the digital BL and the analog EL
for LHDA transmission. If the power allocated to the BL is increasing, the outage
probability decreases monotonously and then approaches stable as the network
is interference limited. With P B

f increasing, the distortion for the BL is sharply
decreasing, while the distortion for the EL is increasing. Thus, the total distortion
firstly decreases owing to superior transmission of the BL and then increases owing
to inferior transmission of the EL. Because of the tradeoff between the transmissions



1338 L. Wu and W. Zhang

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

Total number of sub−bands N

ou
ta

ge
(H

D
) p

ro
ba

bi
lit

y 

Comparision of CD and LD in orthogonal case 
a

b

0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Total number of sub−bands N

ou
ta

ge
(H

D
) p

ro
ba

bi
lit

y 

Comparison of CD and LD in non−orthogonal case

HD (LD, p=0)
macro outage (p=0)
FAP outage (p=0)
HD (CD)
macro outage (CD)
FAP outage (CD)
HD (LD,p=1)
macro outage (p=1)
FAP outage (p=1)

HD (CD)

HD (LD, p=0)
macro outage (p=0)
FAP outage (p=0)

macro outage (CD)
FAP outage (CD)
HD (LD, p=1)
macro outage (p=1)
FAP outage (p=1)

Fig. 9 Comparisons of CD and LD in both orthogonal and non-orthogonal cases

of the BL and the EL, the average distortion varies little when the power allocation
ratio P B

f =Pf lies in a wide range; thus the power allocation is robust.
QoE reflects the user experience and satisfaction, and its evaluation can be

performed via subjective tests with the help of a panel of users. The mean opinion
score (MOS) which reflects the quality perceived by the observers is dependent on
human observation as well as time demanding and costly, while objective video
metrics are mathematical-based metrics which are easy and fair to evaluate. The
peak signal-to-noise ratio (PSNR) is usually chosen as the objective video metric.

Figure 8 displays the comparisons of performance of LHDA and LD and single-
layer coding video transmission in a practical scenario. A standard video called
Foreman.yuv is chosen, then it is encoded through H.264/AVC to a single layer or is
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encoded through H.264/AVC to two layers to exploit the spatial scalability. LHDA
and LD are employed to transmit the layered video contents. The performance
peak signal-to-noise ratio (PSNR) of all the 288 frames is compared for the three
transmission schemes. The performance of LHDA is the best, since it achieves the
highest PSNR, and the variation of PSNR with respect to different frame is stable.
The performance of LD is better than single-layer coding video transmission.

Figure 9 displays the comparison between CD transmission and LD transmission
with p D 0 and p D 1 under orthogonal and non-orthogonal spectrum allocation
methods. Since different Nm result in different performance, here the optimal Nm

is chosen to achieve the minimal outage probability given the total number of sub-
bands is N . It can be found that the HD probability of CD is between that of LD
with p D 0 and p D 1. Meanwhile the outage probabilities of macro UE and femto
UE are nearly minimal.

Conclusion and Future Directions

In order to overcome the challenges of the mobile networks induced by the
rapidly growing video traffic, efficient networking strategy as well as providing
optimal QoE is an urgent task for mobile operators. In this work, we proposed an
analytical framework for user-cognizant scalable video transmission, which exploits
the interplay among user demand, video source characteristic, and networking.

Specifically, three scalable transmission schemes are presented, i.e., LD, LHDA,
and CD, which are shown to be an effective means for providing differentiated
services for users. Through the analysis and comparison of system performance
metrics, i.e., outage probability, HD probability, and average distortion, under
different spectrum allocation methods, it is observe that:

(1) Compared to the traditional non-scalable video transmission, our schemes can
adaptively provide basic or high-definition video.

(2) The frequency resource should be elaborately allocated between tiers to achieve
good performance, and the choice of orthogonal and non-orthogonal spectrum
allocation methods for LD and LHDA depend on the system configuration.

(3) The hybrid digital-analog transmission can further improve the system perfor-
mance by reducing video distortion and providing continuous quality scalability
of high-definition video, and the performance is quite insensitive to the power
allocation between the digital BL and the analog EL.

(4) Cooperative video transmission can achieve relatively high HD probability with
a little increase of outage probability.

To further enhance the networking performance and user QoE, the work can
be extended to incorporate wireless caching and rateless codes. The heterogeneity
of video quality and video popularity can be exploited to optimize the caching
and transmission schemes [40]. Since the UE may simultaneously connect to the
MBS and the FAP, rateless codes such as fountain codes [41, 42] can be employed
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to reduce the complexity of synchronization of these two links. Moreover, rate
adaption and shaping strategies can also be studied with some background traffic,
such as file downloading and over-the-top (OTT) services.
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