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UE-TV: User-centric Energy-efficient HDTV
Broadcast over LTE and Wi-Fi
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Abstract—This paper presents an innovative multi-
faceted architecture, called UE-TV, for user-centric, rev-
enue aware, and energy-efficient TV broadcast. Scal-
able high-efficiency video coded high definition television
(HDTV) content is broadcast over LTE multicast/broadcast
single frequency network (MBSFN) along with the avail-
able Wi-Fi access points (APs). The proposed framework
adaptively encodes the TV content and allocates radio
resource based on current network. Stackelberg two-stage
game theoretic approach discerns an optimal transmit
power at the LTE base stations (eNodeBs) and the propor-
tion of subscribers that are respectively served by eNodeBs
and available Wi-Fi APs. Varied user equipment (UE)
resolutions, users’ energy/price sensitivities, and channel
conditions govern the service options and user satisfaction.
Our analysis and simulations show that, in comparison
with the broadcast schemes over MBSFN without or with
adaptive video coding, UE-TV framework significantly
enhances the user satisfaction via optimized price/quality
trade-off as well as energy saving at the eNodeBs and UEs.

Index Terms—Adaptive multimedia broadcast, HDTV,
energy saving, quality-of-user-experience, Long Term Evo-
lution - Advanced, Single Frequency Network

I. INTRODUCTION

Increasing affordability and technological advance-
ments have led to massive growth of multimedia traf-
fic over wireless networks [1]. A multimedia system
consists of several heterogeneous components, namely,
smart TV, car-infotainment systems [2], laptops, smart
phones, netbooks, tablets, and other similar user equip-
ments (UEs) connected over various wireless network
technologies (e.g., Wi-Fi, 4G LTE-A cellular). Digital
Television (DTV) over wireless networks is one of the
key applications that is becoming commonplace, wherein
the service providers (SPs) broadcast multimedia content
to stationary and mobile users on their heterogeneous
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devices [3], [4]. Battery life limitation of these devices
represents one of the main contributors to user dissat-
isfaction [5]. Hence, providing ubiquitous multimedia
services in an energy-efficient manner is of key interest.

While demand for high-definition (HD) multimedia
content by DTV subscribers is increasing, wireless net-
works have limited bandwidth and thus limited data rate
support. To reduce the required data rate, a successor of
MPEG-4 advanced video coding (AVC)/H.264 standard,
called ISO/IEC 23008-2 MPEG-H Part 2 and ITU-T
H.265, has been jointly developed by ISO/IEC MPEG
and ITU-T VCEG [6], [7]. This technique is also known
as High Efficiency Video Coding (HEVC) [8].

Due to energy-intensive nature of multimedia service,
a user tends to trade between rate of DTV reception
(hence its cost) and UE energy saving. User satisfaction
is governed by its sensitivity to service cost and UE
energy consumption [9]. Hence, to address the required
Quality-of-user-Experience (QoE), it is necessary to fac-
tor the individual user’s composite interest in UE energy
saving and pricing (differential and rate dependent).
Recent studies have shown that the UEs consume less en-
ergy in Wi-Fi based reception as compared to reception
over digital video broadcast (DVB) network and LTE
[10], [11]. This fact along with the prevalence of Wi-
Fi technology in current-day UEs make it a competitive
option for energy and cost efficient DTV service.

Inter-networking and data offloading between cellu-
lar and Wi-Fi network is a recent trend followed by
operators to support higher data rate [10], [11]. Some
advantages of DTV over Wi-Fi along with LTE evolved
Multimedia Broadcast Multicast Service (eMBMS) are:

1) On average 90 percent mobile users are active on
Wi-Fi [12]. Smartphones already have Wi-Fi feature and
can access DTV service on various gadgets over Wi-Fi.

2) DTV over Wi-Fi simultaneously supports multiple
devices. This is the need-of-the-hour because often in
a household or in an organization people own multiple
devices. Hence, instead of having multiple LTE connec-
tions and paying for each, DTV over Wi-Fi is a one-stop
solution for cost-effective and hassle-free service.

3) A Wi-Fi access point (AP) serving a group of UEs
acts as a single LTE client representing these UEs. Thus,
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service to the UEs through APs effectively reduces the
number of LTE clients from system operation viewpoint,
thereby aiding in LTE resource allocation (power, chan-
nel rate) and content adaptation (source coding).

A. Related work

For multimedia content delivery, a widely-used stan-
dard is H.264/MPEG-4 AVC [13]. Scalable extension of
H.264/AVC, called SVC, has been jointly standardized
by ITU-T VCEG and ISO/IEC MPEG [14]. HEVC is
a next generation standard with up to 50% reduced bit
rate compared to the existing standards, while providing
an equivalent perceptual quality [15]. Scalable high-
efficiency video coding (SHVC) is a scalable extension
of HEVC, where the base layer needs to be received
by all UEs, while the enhancement layers incrementally
improve the QoE. SHVC helps HD content delivery over
band-limited wireless channel to the heterogeneous UEs.

Multimedia delivery to mobile UEs is energy-
intensive. Energy-aware solutions were proposed in cel-
lular networks [16]. However, these approaches did not
consider broadcasting aspects. Energy saving for SVC-
based digital video broadcast-handheld (DVB-H) was
studied in [17]. Cross-layer aware joint optimization of
user experience and energy efficiency for DTV broadcast
was proposed in [18]. While time-multiplexed broadcast
of scalable DTV programs is of contemporary interest,
energy-efficient transmission to heterogeneous users over
coexisting wireless networks (LTE and Wi-Fi) is com-
plex [19] and not sufficiently studied in literature yet.

Similar to time-sliced scheduling in DVB-H, time-
slotted scheduling over Wi-Fi was studied in [20].
TDMA MAC variants for Wi-Fi were also proposed in
[21]. These methods enable efficient multimedia trans-
mission over Wi-Fi, which we intend to exploit in our
framework for transmission to heterogeneous UEs.

To improve mobile data services, third generation (3G)
mobile unicast data offloading via Wi-Fi is a prevalent
solution [22], [23]. A city-wide Wi-Fi offloading archi-
tecture proposed in [22] offers improved delivery quality.
It was shown in [23], additional UE power saving is
possible by delayed offloading and using fast Wi-Fi.
Mobile data offloading using Wi-Fi in heterogeneous
networks was also discussed in [24]. We extend this
offloading feature in our proposed framework for energy-
efficient multimedia broadcast over LTE and Wi-Fi.

A Stackelberg game consists of a leader, and a group
of followers. The leader chooses its strategy first by
anticipating the responses of followers; a follower op-
timizes its strategy in response to the leader’s strategy
while competing with the other followers noncoopera-
tively. Stackelberg game has been used before in [25],

to study data traffic offloading over the unlicensed spec-
trum, but not for multimedia broadcast. We have used
the Stackelberg game theoretic approach in our proposed
energy-efficient HDTV framework over LTE and Wi-Fi.

One way to improve energy efficiency in multimedia
multicast is to allocate optimal transmit power to differ-
ent contents, which was studied using price bidding mod-
els [26]. We note that, similar models can be developed
for prioritizing the user services with adaptive encoding.
Optimal pricing for SVC multicasting to heterogeneous
users was investigated in [27]. For network selection in
Wireless Local Area Networks, the study in [28] con-
sidered categorization of heterogeneous users into four
types based on their quality/price sensitivity. As noted in
[29], physical layer enhancements are needed for coex-
istence of DTV transmission over LTE eMBMS. In [30],
bargaining based resource allocation was considered for
multimedia service discrimination. Equilibrium network
pricing policies was used for optimal bandwidth and rate
allocation to the budget users [31], [32]. In contrast, in
multimedia broadcast context, adaptive SHVC encoding,
UE energy saving, price sensitivity for user satisfaction,
and SP revenue maximization are of interest in this paper.

Discontinuous reception (DRX) in LTE networks en-
ables UEs to extend battery life [33]. A DRX cycle
consists of an ‘on duration’, when reception over LTE
downlink channels is performed, and a ‘DRX period’,
when reception is skipped [34]. In our proposed frame-
work, resource allocation for HDTV broadcast over LTE
facilitates DRX to enable UE energy saving.

Temporal variations of DTV traffic and viewing pat-
tern were reported in [35]–[37]. In [38], traffic load
during large-scale sporting events were captured to study
live dense network scenarios. Motivated by these studies,
realistic traffic patterns are considered in our work.

B. eMBMS (physical layer aspects) over LTE-MBSFN

For multicast/broadcast single frequency network
(MBSFN) operation, LTE offers provision for adaptively
allocating resources for eMBMS and unicast services in
mixed mode, where the resources are shared for unicast
and eMBMS multi-cell transmission to UEs in the net-
work. In LTE networks, each radio frame (RF) consists
of ten sub-frames (SFs) of 1 ms each. Each eMBMS
SF consists of 2 slots with 4 to 6 OFDM symbols
per slot [39]. Mixed mode eMBMS uses an extended
cyclic prefix of 16.2µs length (512 samples) and 15 kHz
subcarrier spacing. In frequency division duplex (FDD)
transmission, SFs 1,2,3,6,7,8; in time division duplex
(TDD), SFs 3,4,7,8,9 are used for MBMS data.

Essential parameters that define the LTE-MBSFN re-
source allocation are: FDD or TDD transmission mode,
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Fig. 1. LTE SF configuration with 5% carrier allocation example for
MBSFN operation in FDD mode.

RF allocation offset (to identify the RF number that
carries eMBMS data, offset can be between 0 to 7),
allocation period (number of RFs after which the pattern
of RFs containing eMBMS data repeats, period can be
1, 2, 4, 8, 16, or 32), allocation mode (1 or 4 consecutive
RFs that carry eMBMS data), and bitmap (6 or 24 bits,
based on allocation mode that define the SFs carrying
eMBMS data). At most 192 out of 320 SFs in an
allocation period of 32 can be used for eMBMS.

In our framework, we have focused on the down-
link of LTE FDD system using licensed spectrum for
multimedia broadcast service. Fig. 1 shows an example
configuration of the eMBMS SFs in FDD mode with 10
MHz bandwidth, and it uses 5% of carriers for eMBMS.
It provides a minimum capacity of 76.150 kbps for
channel quality indicator, CQI � 1, and a maximum
capacity of 2.777 Mbps for CQI � 15. It has the radio
frame allocation offset � 1, radio frame allocation period
is 32, and allocation mode is 4 consecutive frames.

Modulation and coding scheme (MCS) is centrally
decided by multicast control entity (MCE) of the eN-
odeBs (eNBs) in MBSFN area. CQI-aware MCS, signal-
to-interference-and-noise ratio threshold for 10% block
level error rate (SINRth), code rate, and efficiency are
listed in Table I for an LTE system [40].

C. Motivation, key features, and contributions

User heterogeneity factors (price and energy sensitiv-
ity, UE resolution, content request, and channel condi-
tion) need to be considered for system optimization for
user-centric multimedia broadcast service solutions.

User-centric cross-layer optimization of HD multime-
dia broadcast using LTE and Wi-Fi inter-networking is
the focus of our study. In particular, we propose a user-
centric, revenue-aware, energy-efficient HDTV broadcast
framework – called UE-TV. The novelty of our solution
is that, it jointly accounts for UE heterogeneity, energy
and price sensitivities, and service request pattern, to

TABLE I
LTE SYSTEM’S OPERATION PARAMETERS

CQI Modulation Code rate Spectral SINRth

(MCS index) �1024 (bits/Hz) efficiency (dB)
1 QPSK 78 0.1523 9.48
2 QPSK 120 0.2344 6.66
3 QPSK 193 0.3770 4.10
4 QPSK 308 0.6010 1.80
5 QPSK 449 0.8770 0.40
6 QPSK 602 1.1758 2.42
7 16QAM 378 1.4766 4.49
8 16QAM 490 1.9141 6.37
9 16QAM 616 2.4063 8.46
10 64QAM 466 2.7305 10.27
11 64QAM 567 3.3223 12.22
12 64QAM 666 3.9023 14.12
13 64QAM 772 4.5234 15.85
14 64QAM 873 5.1152 17.79
15 64QAM 948 5.5547 19.81

improve user satisfaction by optimal encoding, transmit
power, and modulation schemes. The key features are:

1) UE diversity is accounted in terms of screen reso-
lution: enhanced definition (ED), HD, or full HD (FHD).

2) DTV content is encoded using SHVC optimization,
based on the parametric rate and QoE models.

3) Optimum SHVC encoding parameters, LTE re-
source allocation, and transmission policies are formu-
lated from current traffic pattern.

4) User satisfaction is factored by the user’s energy
and price sensitivities.

5) It offers differential pricing and provision for
HDTV service over coexisting LTE/Wi-Fi technologies.

The main contributions of this paper resulting from
the proposed framework are:

1) Optimized multimedia broadcast system is devised
to serve heterogeneous users (price/energy sensitive)
over wireless network comprising of APs and eNBs.

2) Video encoding parameters and the proposed LTE
resource allocation strategy are based on heterogeneous
user demand; physical layer MCS is application aware.

3) Formulation of Stackelberg duopoly game for re-
source sharing enables eNB utility maximization by op-
timizing LTE eMBMS resource allocation and deciding
participation of the set of Wi-Fi APs in HDTV service.

4) Outcome of the game (eNB’s transmit power, Wi-
Fi AP’s participation for providing DTV service, and
number of users served by each SP) also enables to
improve user satisfaction by appropriately choosing the
transmission technologies, namely, LTE or Wi-Fi, based
on the users’ price, quality, and energy sensitivities, and
also depending on the availability of Wi-Fi coverage.
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TABLE II
NOTATIONS AND DEFINITIONS USED IN UE-TV FRAMEWORK

Notation Definition
Rpq, f, sq Video rate at q quantization level, f frame rate, and s spatial

resolution
Qpq, fq QoE (video quality) at q quantization and f frame rate
B Set of all SPs
b SP b P tw, cu is an AP denoted as w, or eNB denoted as c
Wb Set of APs associated with eNB b
Upb Set of users being served program p by SP b
ui,j user of type j associated with eNB ci
Lptq TV load at time t
Ωbpl, pq Needed bandwidth for SHVC layer l of program p for SP b
πbptq,Πb subset of resources for TV broadcast, total resources of SP b
mpl ptq MCS index for layer l of TV program p
φbpl, pq Fraction of time allocated to transmit layer l of program p

by SP b
ηmptq Spectral efficiency for MCS index mptq
Pb Set of TV programs broadcast by SP p
qpoptq Optimal quantization level for program p at time t
γpb pl, tq Marginal cost to a user receiving l layers of p from SP b at

time t
εpb pl, tq UE energy saving while receiving l layers of p from SP b
Vc Revenue earned by eNBs
Ub Number of subscribers (users) served by SP b
µb Utility of eNB b
PT Transmit power of eNB
χw Indicator of participation of AP w for DTV broadcast
Xb Set of indicators for participation of APs associated with eNBb
Ai User i satisfaction
θw Operational cost of AP
θcpPTq Operational cost of eNB having a transmit power PT
nw Number of APs in MBSFN coverage area
nc Number of cellular LTE eNB in MBSFN coverage area
N Total number of SPs in MBSFN coverage area

5) The framework additionally allows the UEs to save
energy by DRX of time-multiplexed SHVC content over
LTE (by sub-frame allocation) or Wi-Fi (by time-slicing).

Compared to adaptive LTE and conventional DTV
broadcast, respectively, UE-TV serves 15.36% and
34.58% more UEs with 32.27% and 91.28% higher user
satisfaction, while saving 24.81% and 71.29% higher UE
energy as well as 21.41% and 36.75% eNB power.

D. Paper organization

Section II describes the system model and proposed
architecture. SHVC encoding and LTE resource alloca-
tion framework are presented in Section III. Section IV
contains the Stackelberg game formulation, UE energy
saving model, and user satisfaction model. Section V
presents the simulation results. Section VI concludes the
paper. Symbols used in the paper are listed in Table II.

II. SYSTEM MODEL

A. Overview of the system

Fig. 2 shows an example scenario. Multimedia stream-
ing over LTE follows eMBMS standard, defined in 3G

Fig. 2. Example scenario of user-centric multimedia broadcast.

partnership project (3GPP) release 9, that uses MB-
SFN. Content provider is the source of HDTV content.
Multimedia data is sent to eMB service center (eBM-
SC) which is connected to the user and control planes
of the eMBMS gateway. The user plane delivers data
to eNBs, and the control plane communicates control
information to MCE via the mobility management entity
(MME). MCE ensures uniform resource block and MCS
allocation by all eNBs in a given MBSFN area.

The system model considers an eMBMS area con-
sisting of several eNBs. There are multiple APs within
each eNB coverage area. Each of these eNBs and APs
are considered as distinct service provider (SP) in the
system [41], [42]. An AP receives the content from eNB
and broadcasts efficiently to the UEs in its coverage
area based on outcome of the Stackelberg game (eNB’s
transmit power, Wi-Fi AP’s participation in DTV service,
and number of users served by each SP). The AP is an
eNB client which procures the relevant TV programs (all
layers) and accordingly pays a price to the eNB. The set
of all SPs within the system, B, is defined as:

B � tbi|b P tw, cu, 1 ¤ i ¤ nbu

b �

#
c, if SP is cellular LTE eNB
w, if SP is Wi-Fi AP

(1)

There are N SPs in the system, where N � nw �nc; w
refers to wifi and c to cellular.

Heterogeneous users are sensitive to the price of
multimedia service and the battery drainage (energy
consumption) of their UE. Hence, in the system, users
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Fig. 3. User types based on energy and price sensitivity.

are classified based on their energy and price sensitivity
with the following definition for user type.

1) User type: User type j, j P t1, 2, 3, 4u, is decided
by its price and energy sensitivity. Mapping between user
type j and price/energy sensitivity is given as:

j�

$''&
''%

1, if price sensitivity ¤ 0.5 and energy sensitivity ¤ 0.5,
2, if price sensitivity ¤ 0.5 and energy sensitivity ¡ 0.5,
3, if price sensitivity ¡ 0.5 and energy sensitivity ¤ 0.5,
4, if price sensitivity ¡ 0.5 and energy sensitivity ¡ 0.5.

where 0.5 is the threshold of price and energy sensitivity,
above which a user is more price/energy sensitive. The
chosen sensitivity threshold 0.5 divides the range r0, 1s
into equal low and high price/energy sensitivity regions.

Often, mobile users are energy sensitive [43], [44],
whereas stationary ones are not – depending on prox-
imity of charging source and UE battery backup. The
non-premium users are price sensitive [45], while the
others that are willing to pay more for better QoE [46]
are premium users. Premium users are prioritized in
the system. Accordingly, stationary prioritized users are
type 1, stationary non-premium ones are type 2, mobile
prioritized ones are type 3, and mobile non-premium
users are type 4. Fig. 3 depics the four user types.

2) Sample scenario: Each eNB within the eMBMS
area may be managed by a different Mobile Network
Operator (MNO), and each Wi-Fi AP associated with
an eNB may be managed by a different Internet service
provider (ISP) [41]. The SPs broadcast the HDTV con-
tent (from TV broadcasters and live-TV providers) to
heterogeneous UEs. Each user of type j associated with
an eNB (i.e. within its coverage area) ci is denoted as
ui,j . In Fig. 2, B � tc1, c2, c3, w1, w2, w3, w4u, nc � 3,
c1 to c3 are the eNBs and w1 to w4 are the Wi-Fi
APs. w1, w2, and w4 are associated with c3, whereas
w3 is associated with c2. A few of the UEs (u2,4

and u3,3) have smaller screen (ED, lower resolution),
some are with medium (HD) resolution (u1,2), while the
others (u2,2) have larger screen (FHD). HDTV content is
received by the available APs over a backhaul link [47].

Fig. 4. SHVC spatial and temporal scalable layer grid, and hetero-
geneous UEs categorized in terms of spatial resolution.

Synchronous broadcast by the eNBs and APs ensures
ubiquitous HDTV service flow to the UEs in spite of
switching between wireless technologies (Wi-Fi or LTE).
For the subset of users being served by an AP, seamless
offloading of broadcast service takes place from eNB to
the AP. A UE receives a subset of SHVC layers based
on its screen resolution, energy and price sensitivity, and
channel condition. The users that are unable to receive
the DTV content at an acceptable quality over LTE or
want to conserve device energy and pay less, opt for
Wi-Fi based reception. These sets of users are offloaded
from LTE network to Wi-Fi AP for HDTV service.

3) SHVC scalable layers: SHVC encoded content
consists of layers; a subset of the received layers decides
the QoE level. Fig 4 shows spatial resolution based UE
categorization and temporal scalable SHVC layers for
each of these UEs. The considered resolution category
UEs are FHD (1080p, i.e., 1920�1080 resolution), HD
(720p, i.e., 1280�720 resolution), and ED (480p, i.e.,
640�480 resolution). Also, three temporal frame rates
considered are 50, 25, and 12.5 frames per second (fps).

B. UE-TV system framework

Fig. 5 shows a distributed architecture of UE-TV
framework. The content provider sends the HDTV con-
tent to eMBMS gateway that encodes SHVC video at
a suitable rate based on the pool of users composition
at that instant. MCE performs subscriber composition
based channel resource and MCS allocation to MBSFN
eNBs using SHVC layers and control information from
eMBMS gateway. The eNB is also the leader of the
Stackelberg duopoly game; it performs adaptive power
allocation and optimally offloads DTV service to Wi-Fi
APs for a subset of users. The Wi-Fi AP is the game’s fol-
lower that performs SHVC local optimization and time-
sliced transmission based on the subset of users served
by it. One of the SPs, i.e., eNB (leader) or AP (follower)
serves the user based on outcome of the game. Each UE
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Fig. 5. UE-TV system architecture.

has a battery monitor and the user’s energy and price
sensitivity dependent preference indicator. Based on the
user preference and game’s outcome, the DTV content is
received by LTE DRX module or Wi-Fi reception module.
The UE displays the decoded DTV content on its screen.

III. ADAPTIVE SHVC ENCODING AND LTE
RESOURCE ALLOCATION IN UE-TV

In the proposed framework, load-adaptive resource
allocation (resource blocks by eNB, time-slots by Wi-Fi
AP, and MCS) is performed for SHVC video broadcast,
where parametric rate and QoE models are used. It is
necessary to analytically model the video bit rate and
quality (QoE) in order to optimize the broadcast service
over a wireless network with several eNB, APs, and
heterogeneous users. Parametric SHVC rate model helps
in defining the data rate requirement for streaming the
video, while the QoE model helps in expressing the
quality constraint (i.e., acceptable video quality).

A. SHVC rate and quality model

Spatial resolution s, temporal frame rate f , and quan-
tization level q are the coding parameters governing
SHVC scalability, layer rates, and QoE. Following the
method in [48] for SVC, we derive the parametric rate
model for SHVC video. The SHVC video rate encoded
with parameters s, f , and q is analytically expressed as:

Rpq, f, sq � pR �

�
fpf

a

�

�
q

q̌


�æ

�
�sps	d . (2)

The parameters a, æ, and d are video-specific. pR is max-
imum bit rate of the video with minimum quantization

TABLE III
SUBJECTIVE VIDEO QUALITY (QOE) CORRESPONDING TO

PARAMETRIC VIDEO QUALITY MEASURE Qpq, fq AND MOS.

MOS Qpq, fq Quality level
1 0 Bad
2 p0.0 � 0.25s Poor
3 p0.25 � 0.5s Fair
4 p0.5 � 0.75s Good
5 p0.75 � 1.0s Excellent

level q̌, maximum frame rate pf , and maximum spatial
resolution ps. The resource allocation strategy needs to
ensure a transmission rate that is greater than Rpq, f, sq.

In this work, QoE of users has been captured by
conducting subjective video quality tests in accordance
with the methodology recommendations ITU-R BT 500-
11 [49] and ITU-T P.910 [50]. Absolute category rat-
ing (ACR) method [50] has been used, wherein video
test sequences (� 10 sec) encoded at different spatial,
temporal, and quality levels are presented, spaced by
a ¤ 10 sec assessment time, in a random order. The
aim of this subjective video quality study is to ascertain
the impact of SHVC video scalability on the QoE. The
video quality ratings were recorded on a five-level mean
opinion score (MOS) scale (given in Table III) by 25
voluntary subjects in the age group of 20 to 45 years
and citizens/residents of countries that cover a diverse
geographical region. MOS is a subjective video quality
metric or QoE metric that is analytically model in our
framework. The quality parametric model in [51] is
specified with video-specific parameters λ and g. For
a given spatial resolution, Qpq, fq is defined as:

Qpq, fq � pQ �
1 � ep�λ�f{

pfq
1 � e�λ

�
ep�g�q{q̌q

e�g
. (3)

pQ is the maximum received video quality when coded
at quantization q̌ and frame rate pf . To normalize, we
consider pQ to be 100%. We have obtained λ and g of the
parametric model Qpq, fq in (3) that approximated the
assessment results with root mean square error (RMSE)
  0.7%. Qpq, fq best approximates the subjective qual-
ity measure MOS, that indicates the user’s QoE. The
relationship of Qpq, fq with MOS [51] is given as:

MOS � 4 �Qpq, fq � 1. (4)

Thus, numerically Qpq, fq corresponds to MOS values
and subjective video quality (QoE), given in Table III.

B. Load-adaptive resource allocation

In UE-TV framework, adaptive resource allocation by
SPs is based on load. It is conceptually depicted in Fig.
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Fig. 6. Load-adaptive resource allocation in UE-TV framework.

Fig. 7. Resource allocation for SHVC layers by LTE eNB.

6. Resource allocation for SHVC video layers by eNBs
and APs are respectively shown in Fig. 7 and 8. LTE
has the provision for adaptively allocating resources for
eMBMS and unicast services in mixed mode, where the
resources are shared for unicast and eMBMS multi-cell
transmission, as shown in Fig. 6. The MCS is centrally
selected by MCE for the eNBs in the MBSFN area. The
resources for eMBMS transmission are allocated to the
SHVC layer of TV programs, as shown in Fig. 7.

Wi-Fi AP broadcasts the scalable HDTV content
received from LTE eNB in a layer-aware time-sliced
manner (by time-slot based scheduling in TDMA-MAC
[20], [21]), as shown in Fig. 8. In TDMA -MAC for Wi-
Fi, each frame consists of control, contention, and data
time slots [52]. The logical resource allocation by Wi-Fi
AP (shown in Fig. 6 and 8) is done by assigning time
slots for broadcasting SHVC layers of TV. The MCS is
also allocated layer-wise, by the AP, based on CQI. The
UEs know a priori the specific layers constituted in the
IP packet before receiving the DTV content.

The total usable resource for multimedia broadcast by
SP b is Πb. It denotes the entire set of time slots and
subframes per radio frame allocation period (cycle of
TV programs) that AP and eNB can use for broadcast,
respectively. In UE-TV, a subset πbptq (out of Πb) is used
for TV broadcast based on the network load.

1) Transmission capacity: Transmission capacity (in
Mbps) at time t depends on the allocated resources πbptq
(0 ¤ πbptq ¤ Πb), channel bandwidth B MHz, CQI (or
MCS index) mptq, and spectral efficiency ηmptq. CQI and

Fig. 8. Resource allocation for SHVC layers by TDMA Wi-Fi AP.

the corresponding spectral efficiency in LTE-A standard
are listed in Table I. This capacity is given by:

CpB, πbptq,mptqq �
B � πbptq � ηmptq

Πb
. (5)

2) Bandwidth allocation for layered broadcast of TV
programs: Maximum MCS index for a SP b is denoted
as Mb; the set of programs being broadcast by the SP
b (b P B) is Pb; bandwidth of SP b is Bb; bandwidth
corresponding to SHVC layer l of TV program p (p P
Pb) for SP b is Ωbpl, pq. It may be noted from Fig. 7
that, the resource allocation by eNB for program p is
such that the bandwidth for SHVC content up to layer
l is ωpl . On the other hand, a Wi-Fi AP allocates the
complete bandwidth Bb for each layer l, but allocates
different layer-dependent number of slots, as depicted in
Fig. 8. Hence, Ωbpl, pq can be expressed as:

Ωbpl, pq �

#
ωpl � ωpl�1, if b is eNB
Bb, b is Wi-Fi AP

ωpL � ωp0 � Bi if i P 1, � � � , nc (6)

3) Time allocation for layered broadcast: The time
fraction allocated for SHVC layer l of program p by SP
b is denoted by Φbpl, pq. It can be noted from Fig. 7, at
eNB transmission duration of each layer of a program
is equal. In contrast, at AP the layers of p have time-
multiplexed transmission. Hence, Φbpl, pq is given as:

Φbpl, pq �

$'&'%
πbptq
|Pb| , if b is eNB

πbptq
|Pb| �

�
1 �

L°
k�1,k�l

Φbpk, pq

�
, if b is Wi-Fi AP

(7)

4) Modeling of active users: The active users in each
eNB subsystem b (b P B, b is eNB) are considered to
be distributed following homogeneous spatial Poisson
process with TV traffic load Lptq at any given time t
of the day as the parameter [53], [54]. As depicted in
Fig. 6, over a time-span of Πb (in terms of radio sub-
frames) a subset of resources πbptq at any given time t is
allocated for broadcasting data TV programs and the rest
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is used for unicast data transmission. πbptq is a fraction
of the maximum, governed by the number of active TV
users in each subsystem, and is given as:

πbptq �
1.2� pĻ
k�1

Lptqke�Lptq

pk � 1q!

Πb

1.2 � pL (8)

such that, 0 ¤ πbptq ¤ Πb (8a)¸
@pPPb

Ļ

l�1

C

�
Ωbpl, pq,Φbpl, pq,m

p
l ptq



¥
¸

@pPPb

Ļ

l�1

Rpqpoptq, fl, slq

(8b)

Qpqpoptq, flq ¥ 0.25,@ p P Pb and 1 ¤ l ¤ L (8c)

mp
l ptq ¤ mp

l̃
ptq, for l   l̃, 1 ¤ l ¤L, 1 ¤ l̃ ¤L,@p P Pb (8d)

where pL is the maximum TV traffic load in everyday
scenario. For example, we consider 20% additional load
that might arise during telecast of large-scale events,
e.g., Olympics or World Cup [38]. Resource alloca-
tion constraint of a SP b, given by (8b), ensures that
the network capacity satisfies the data rate requirement
(Rpqpoptq, fl, slq, given by (2)) for the SHVC layers. The
programs are encoded at an optimal quantization level qpo
so that the QoE (Qpqpoptq, flq, given by (3)), is acceptable
(¡ 0.25). This constraint is reflected by (8c). Since an
SHVC layer l̃ can be decoded only when all layers lower
than l̃ are received successfully, MCS for a lower layer
l is always less than or equal to that of l̃, given by (8d).

The proposed load-based resource allocation solution
is based on Proposition 1 stated below, which gives a
unified condition to ensure MCS is allocated to SHVC
video layers in accordance with (8), (8a)-(8d).

Proposition 1. Given that, with MCS mp
l ptq allocated to

SHVC layer l (1 ¤ l ¤ L) of each TV program p (p P Pb)
for broadcast over SP (LTE and Wi-Fi) b’s network and
mp
l ptq ¤ mp

l̃
ptq for l   l̃, 1 ¤ l ¤ L, and 1 ¤ l̃ ¤ L, we

have
L°
l�1

ηmp
l ptq

� Πb � |Pb| � L �

�
L°
l�1

Rpqpoptq,fl,slq



pBb�πbptqq

.

Proof: From (5) and (8b), the following should hold
true for each program p P Pb over an LTE eNB b:
Ļ

l�1

Ωbpl, pq�ηmp
l ptq

¥
Πb

πbptq
�|Pb|

Ļ

l�1

Rpqpoptq, fl, slq. (9)

For LTE subsystem, since mp
l ptq ¤ mp

l̃
ptq and Ωbpl, pq ¥

Ωbpl̃, pq, for l   l̃, 1 ¤ l ¤ L, 1 ¤ l̃ ¤ L, and p P Pb,
by Chebyshev’s sum inequality:�

1

L

Ļ

l�1

Ωbpl, pq

��
1

L

Ļ

l�1

ηmp
l
ptqq

�
¥

1

L

Ļ

l�1

pΩbpl, pq�ηmp
l
ptqq. (10)

Also, in the UE-TV framework, for LTE subsystem,

L°
l�1

Ωbpl, pq � Bb. Substituting this and (10) in (9),

Bb
L

Ļ

l�1

ηmp
l ptq

¥
Πb

πbptq
� |Pb|

Ļ

l�1

Rpqpoptq, fl, slq. (11)

For Wi-Fi subsystem with constraints (8a)�(8d),

Ļ

l�1

pΦbpl, pq � ηmpl ptqq ¥

Πb � |Pb|
L°
l�1

Rpqpoptq, fl, slq

πbptq �Bb
. (12)

For the Wi-Fi subsystem in UE-TV framework,
L°
l�1

Φbpl, pq � 1. Moreover, with Φbpl, pq ¥ Φbpl̃, pq, for

l   l̃, 1 ¤ l ¤ L, 1 ¤ l̃ ¤ L, p P Pb. By Chebyshev’s
sum inequality, substituting in (12) we have:

Ļ

l�1

ηmpl ptq ¥

Πb � |Pb| � L
L°
l�1

Rpqpoptq, fl, slq

Bb � πbptq
. (13)

With the resource constraints, (11) and (13) give:
L°
l�1

ηmpl ptq �
Πb�|Pb|�L�

L°

l�1

Rpqpoptq,fl,slq

πbptq�Bb
. Hence proved. l

The proposed load-based resource allocation steps are
summarized in Algorithm 1 (based on Proposition 1)
that has Op|Pb| � L � pq � Mb � Nq complexity. Based
on DTV subscriber traffic in each subsystem, it finds
the required resources πbptq for broadcast, optimum
quantization level qpoptq for SHVC encoding of program
p, and MCS index

�
mp
l ptq

�
for layer l.

IV. STACKELBERG DUOPOLY AND USER

SATISFACTION

We now present the underlying game theoretic formu-
lation that balances revenue (and profit) of the two types
of SPs (LTE eNB and Wi-Fi AP) and the number of users
getting served by the SPs in the UE-TV system. The
framework maximizes the overall user satisfaction that
depends on the UE energy saving, price, and user type
(defined in Section II-A1). It also minimizes the eNB
transmit power while ensuring a minimum acceptable
QoE to every served user and giving due consideration
to their respective price and energy sensitivities.

A. UE energy saving

UE energy saving depends on the SP (LTE eNB or Wi-
Fi AP) from which HDTV service is received. These SPs
have different transmission schemes that affect the UE
energy consumption by the radio receiver DRX feature.
In DRX mode, a UE switches on its radio receiver for
receiving the relevant layers (depending on its resolution
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Algorithm 1 Load based resource allocation
Input: ηm, Bb,Pb,Lptq, Rpq, fl, slq, @b P B,@l P r1, Ls, @q P rq̌, pqs

Pseudocode:
1) Allocate resources for each SP

for each b P B
Compute πbptq using Lptq in (8)

2) Allocate MCS and SHVC encoding parameters
for each b P B
a) Initialize variables:

mp
l ptq � 1, @ p P Pb, @ l P r1, Ls

ωpl ptq �
Bb
L and Φbpl, pq � πbptq{L

b) Allocation for TV programs broadcast by SP b
for each p P Pb
Set flag � 0
for each q � pq to q̌

for each m � 1 to Mb

Set l � L
While flag � 0 and l ¡ 0

if
L°
k�1

ηmpkptq ¥ Πb|Pb|L
L°
k�1

Rpq,fk,skq
Bbπbptq

then

Set flag � 1
Set qpoptq � q

else
Set mp

l ptq � m
Set l � l � 1

if flag � 1 then
Set q � q̌
Set m �M

Output: πbptq, qpoptq, m
p
l ptq, @ p P Pb, @ l P r1, Ls.

and energy/price sensitivity) and saves energy by peri-
odically switching off its radio for the rest of HDTV
transmission duration. |Pb| TV programs, each having L
layers, are broadcast by each SP b, b P B. The UE energy
saving model is based on the time-multiplexed scalable
video broadcast scheme discussed in [17].

The proposed novel load-based resource allocation for
coexisting LTE-A and Wi-Fi networks broadcasts SHVC
layers of TV programs in a way that DRX can be used
by UEs. This enables the UEs to save energy while re-
ceiving broadcast content over either of the two wireless
technologies. The quantitative measure of energy saved
by UE is later used to define user satisfaction based on
the energy and price sensitivity parameters.

HDTV over LTE in UE-TV framework comprises of
resource allocation to SHVC layers that are sent by time
and frequency multiplexing, as explained in Section III-B
and shown in Fig. 7. This enables the UEs to save battery
by DRX of the required SHVC layers of the program.

For broadcast by Wi-Fi AP (Fig. 8), each layer corre-
sponds to a different burst within the recurring window.
This allows a UE to safely skip the irrelevant bursts.

At time t, πbptq is the proportion of resources that are

allocated (out of maximum Πb) for DTV broadcast by a
SP b. In the proposed scheme, the normalized UE energy
saving εpbpl, tq of a user receiving l (1 ¤ l ¤ L) layers
of program p, p P Pb, is computed as the proportion of
time the UE can switch off its radio receiver:

εpbpl, tq �

|Pb |̧

x�1
x�p

Ļ

k�1
k�l

Φbpk, xq �
πbptq

|Pb| � Πb
� hb (14)

where b P B, |B| � N , and hb is the overhead duration
that accounts for switching time. Typically hb is 30 µs
for LTE [55] and 200 µs for Wi-Fi [56] network.

B. Revenue/Price bidding models

From the viewpoint of a SP, there would exist certain
high priority users in a cell. In order to cater to prioritized
broadcast, we consider bidding models that would ensure
an increased QoE for the high priority users and at least
a fair (MOS ¥ 3) for the non-premium users. Priority of
certain users is in terms of a higher price that they would
pay for a higher QoE. Thus, the pricing model should
support differential pricing for service to heterogeneous
UEs. Extending the logarithmic bidding model that is
used for power optimal allocation in [26] to priority
users, differential pricing for DTV service is as follows:

Γpl ptq� δ
p
l log10pQ

p
l pq

p
optq, fl, slq � Q̌q � %pl . (15)

Γpl ptq is the cost to a user for receiving l layers (1 ¤
l ¤ L) of program p (p P Pb) at time t. Q̌ is the
minimum acceptable quality, Q̌ � 0.25, i.e.‘fair1. Γpl ptq
is defined according to the logarithmic bidding model
for Q̌ ¤ Qpqpoptq, flq ¤ 1, so that Γpl ptq � 0 for
Qpqpoptq, flq   Q̌. %pl in (15) is the minimum admission
price that corresponds to Qpqpoptq, fq � 0.25, i.e., MOS
� 3. δpl is the price control factor (added cost for a
higher quality, i.e., with Qpqpoptq, flq ¡ 0.25). Logarith-
mic model is a concave function of quality, making it
practical for use in QoE based differential pricing.

Logarithmic bidding model’s utility Γpl ptq is a function
of parametric video quality (Qpqpoptq, flq, i.e., QoE). It
also depends on the specific parameters, i.e., δpl and
%pl , that are specific to each UE resolution category and
users’ price sensitivity, i.e., user type (cf. Definition 1).

C. Stackelberg duopoly game formulation for UE-TV

The elements of the duopoly game are as follows:
1) Leaders and followers: Each eNB is the leader of

the duopoly game, which decides the number of users
it serves without the Wi-Fi APs association. Wi-Fi APs
are the followers of the game and subsequently decides
the number of users to serve. Each SP b serves a set of
users with program p, p P Pb, denoted as Upb , b P B.
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2) Marginal cost: To a served user receiving l (1 ¤
l ¤ L) layers, it is different for each SP, defined as:

γpb pl, tq�

$&%Γpl ptq, b P B, b is eNB
ΓpLptq�

θw
|Pb|

|Upb |
, b P B, b is AP.

(16)

Cost to a user in eNB b depends on the number of layers
l of program p (p P Pb) received by it and its QoE
Qpqpoptq, flq, given by (15). However, marginal cost for
HDTV over Wi-Fi AP (above which serving the subset
of users from the AP in its coverage area is not cost-
effective) depends on the number of users |Upb | that the
AP b serves and its operating cost θw for DTV broadcast.

3) Output: The game’s outcomes at time t are:
i) the eNB’s transmit power in order to serve the

proportion of subscribers that maximizes its utility;
ii) threshold number of AP subscribers above which

a positive utility and a higher QoE is ensured;
iii) the subset of Wi-Fi APs that participate in provid-

ing DTV service to the heterogeneous UEs; and
iv) the number of subscribers being served by each

SP, i.e., Ub �
°

@pPPb
|Upb |, b P B.

D. Leader’s (eNB’s) utility function

Revenue Vc earned from the users is the sum total of
marginal costs for DTV over LTE, i.e.,

Vc �
¸
@bPB
b is eNB

Ub̧

i�1

Γ
ppiq
lpiq ptq, 1 ¤ lpiq ¤ L, ppiq P Pb (17)

The utility (and profit) of eNB b depends on the
number of users it serves, Ub, and the QoE. These are
governed by transmit power PT. An increased PT helps
serve more users with a higher QoE. The associated
cost θcpPTq (a linear function of PT [57]) also increases
with PT. A set of APs Wb are associated with eNB
b (b P B) and each AP pays a price to eNB for
receiving all layers of a program. It is defined as: Wb �
tβ| β receives Pβ TV programs from eNB b and b, β P
Bu. Then, the net utility of eNB b is defined as:

µb�
Ub̧

i�1

Γ
ppiq
lpiq ptq�

¸
@βPWb

¸
@pPPβ

ΓpLptq�θcpPTq, b P B, b is eNB.

(18)

Proposition 2. The marginal cost of service by an eNB
given by (16) and its utility function given by (18)
are strictly concave functions of transmit power PT
(|PT   PT   xPT). |PT is the minimum eNB transmit power
required for a non-negative utility (given by (18)) and xPT
is its maximum allowable transmit power.

Proof: The maximum receivable rate Ri by UE i over
a channel is related to the transmit power as:

Ri � Bblog2p1 � τ0 � PTq. (19)

τ0 is defined as: τ0 � LN0Bb, where L is path loss
function of the channel, N0 is noise power spectral
density, and Bb is the channel bandwidth of eNB b. τ0 is
a function of link losses and noise, and is user i specific,
based on its channel condition. By (2), rate of l layers
of program p, encoded with optimal quantization level
qpoptq (from Algorithm 1) at time t, is given by:

Rpqpoptq, fl, slq � τ1 �

�
flpf

a

(20)

where
�
flpf


�

�
Rpqpoptq, fl, slq

τ1


p1{aq

τ1 � pR �

�
qpoptq

q̌


�æ

�
�slps 	d .

The user i is able to receive SHVC layers up to l layers
(1 ¤ l ¤ L) if

Y
Rpqpoptq,fl,slq

Ri

]
� 1. The corresponding

QoE of user k, derived from (3), (19), and (20), is:

Qpqpo , flq �τ2 �
�

1 � e�λ�fl{
pf	

�τ2 �
�

1 � e�λ�pRpq
p
optq,fl,slq{τ1q

1{a
	

�τ2 �
�

1 � e�τ3�plog
2
p1�τ0�PTqq1{a

	
(21)

where τ2 � pQ �
ep�g�q

p
optq{q̌q

e�g
, τ3 � λ �

�
Bb
τ1


1{a

.

eNB’s utility (by (18)) is a linear combination of
marginal service cost to the UEs Γ

ppiq
lpiq (1 ¤ i ¤ Ub)

and the cost associated with PT (linear in PT). A non-
negative linear combination of strictly concave functions
is also strictly concave [58]. Hence, to prove concavity of
eNB utility, it is sufficient to prove concavity of Γ

ppiq
lpiq ptq

(by (15)). Using (21) and (15), the proof is as follows:

Γ
ppiq
lpiq ptq �δ

ppiq
lpiq � log10

�
τ4 � τ2 � e

�τ3�plog
2
p1�τ0�PTqq

p1{aq
	

� 2 � %
ppiq
lpiq , where τ4 � τ2 � Q̌. (22)

The first and second derivatives of (22) with respect to
PT are given in (23) and (24).

dΓ
ppiq
lpiq ptq

dPT
�

τ5 � e
�τ3�plog

2
p1�τ0�PTqq

p1{aq�
τ4 � τ2 � e

�τ3�plog
2
p1�τ0�PTqq

p1{aq
	

�
plog2p1 � τ0 � PTqq

p 1

a
�1q

p1 � τ0 � PTq

(23)

where τ5 �
δpl �τ2�τ3�τ0

a� log
e
10� log

e
2
. By definition, the rates
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d2Γ
ppiq
lpiq ptq

dPT
2 �

τ0 � τ5 � e
�τ3�plog2p1�τ0�PTqq

p1{aq�
τ4 � τ2 � e

�τ3�plog2p1�τ0�PTqq
p1{aq



� loge2 � p1 � τ0 � PTq2

�

�
�τ3 � plog2p1 � τ0 � PTqqp

2
a
�2q

a

�

�
1

a
� 1



plog2p1 � τ0 � PTqq

p 1
a
�2q �

τ2 � τ � e
�τ3�plog2p1�τ0�PTqq

p1{aq

plog2p1 � τ0 � PTqqp
2
a
�2q

a �

�
τ4 � τ2 � e

�τ3�plog2p1�τ0�PTqq
p1{aq


 � plog2p1 � τ0 � PTqq
p 1
a
�1q

� (24)

given by (19) and (20) as well as QoE given by (21) are
positive and real. The values of the third and fourth terms
of the linear combination of right hand side of (24) are
negative and real. By definition, RipR�� qpo ptq

q̌

	�æ

�p sl
ps q

d
¥ 1,

λ ¡ 1, and 1
a�

λ
a�1   0. Due to this, linear combination

of the first two terms on right hand side of (24), i.e.,
τ0�τ5�e

�τ3�plog2p1�τ0�PTqq
p1{aq

plog2p1�τ0�PTqq
p 1
a
�2q

loge2�

�
τ4�τ2�e

�τ3�plog2p1�τ0�PTqq
p1{aq

�
p1�τ0�PTq2

�

���λ
a

RipR� qpo ptq
q̌


�æ
�p sl

ps q
d
q

� 1
a
� 1

� is also negative and real.

Hence, second derivative of marginal service cost
Γ
ppiq
lpiq ptq is negative. So, ΓpLptq is strictly concave in

PT. This proves strict-concavity of eNB utility µb (b P
B, b is eNB) with respect to PT. l

E. Follower’s (Wi-Fi AP’s) utility function

Wi-Fi APs associated with the eNBs are the followers
in the game, because they decide on the user set to be
served after the leader (eNB) has decided. The utility of
an AP w (w P Wb) associated with eNB b (b P B) is:

µw �
Uw̧

i�1

Γ
ppiq
lpiq ptq �

�
θw �

¸
@pPPw

ΓpLptq

�
. (25)

where, the AP w serves Uw heterogeneous users. θw is
the constant cost of operating the Wi-Fi AP w, w P Wb,
b P B, b is eNB for providing DTV service to the UEs
in its range. The Wi-Fi AP w receives the L SHVC
video layers of Pw TV programs from eNB b and then
transmits these layers to Uw UEs in accordance with
resource allocation scheme shown in Fig. 8.

The Wi-Fi AP utility and the number of subscribers in
its range decide the AP’s participation in DTV service
in its range. This is represented by the indicator function
χw, for Wi-Fi AP w associated with eNB b, (w P Wb).

χw �

#
1, if µw ¡ 0

0, otherwise.
(26)

It is evident from (25) and (26) that, there is a
minimum threshold number of UEs that need to be in
AP w’s range to meet its marginal cost for DTV service

(i.e., for µw ¡ 0). This threshold number of UEs varies
with the cost of operation of AP, i.e., θw.

F. Served users’ satisfaction function

The user i receives the lpiq (1 ¤ lpiq ¤ L) SHVC
video layers (from eNB) of TV program p that have
been transmitted at a given time instance t only when
the user SINR is less than SINR threshold of mp

lpiqptq. If
the user is within the Wi-Fi range, it receives the SHVC
video layers from a Wi-Fi AP w (w P Wb) associated
with eNB b if the Wi-Fi AP is participating in providing
the HDTV service, i.e., µw ¡ 0 and Xw � 1.

The subscriber satisfaction depends on its price/energy
sensitivity (defined as user type in Section II-A1), energy
saving, and price saving (lower price offered) for the
HDTV service received from eNB or Wi-Fi AP.

The user i’s satisfaction (1 ¤ i ¤
°

@bPB
Ub) in receiving

lpiq (1 ¤ lpiq ¤ L) layers of program ppiq is defined as:

Ai �
!�
ε
ppiq
b plpiq, tq

	œk

�
�
γ
ppiq
b plpiq, tq

	αk)
(27)

œk p¤ 1q and αk p¤ 1q respectively denote the user’s
energy and price sensitivity. œk   prespectively, ¡q αk
signifies higher energy (respectively, price) sensitivity.
ε
ppiq
b is obtained from (14); γppiqb is obtained from (16).

G. Stackelberg game solution: Nash equilibrium

The Stackelberg duopoly game’s equilibrium is ob-
tained from the backward induction method with the
extensive-form (with perfect information) representation
of the game [59], shown in Fig. 9. A total of nw APs
exist in the MBSFN coverage area, and

°
@bPB
b is eNB

|Wb| ¤

nw, Wi-Fi APs participate in the TV broadcast as an
outcome of the game. The eNB b (the leader of the
game) selects the transmit power PT initially and the
APs choose to participate or not is given by the set
Xb � tχw|w P Wbq,

°
@wPWb

χw �
°

@bPB
b is eNB

|Wb|u.

eNB utility µb, given by (18), is a strictly-concave
continuous function of transmit power PT. Proposition 2
(in Section IV-D) proves strict concavity of eNB utility.
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Fig. 9. Extensive-form representation.

Hence, the eNB (leader) utility has a unique maxima
with respect to its transmit power. eNB operates at
optimal transmit power PT

�, that is also the Nash Equi-
librium solution. The utility set for all the APs associated
with an eNB b is given as µw, w P Wb. The Wi-Fi APs
associated with an eNB individually try to serve the UEs
under the condition that the respective utility is non-
negative (cf. (26)). Hence, the Wi-Fi APs individually
do not deviate from their utility maximization solution
in deciding their participation in the DTV service.�

@pPPb
Upb are disjoint subsets of subscribers being

served by SP b P B in the system. eNB transmit
power governs Upb , b P B, b is eNB.

�
@pPPw

Upw, w P

B, w is AP, is the subset of UEs that are not served
by the eNB but are able to get improved service over
Wi-Fi. Hence, utility maximization strategy at the eNBs
followed by the APs give the Nash Equilibrium solution:
eNB transmit power PT

�, indicator function of the APs’
χw for AP w (w P Wb) associated with eNB b. These
combinedly govern the proportion of users getting served
by each SP. The strictly-concave utility function and
unique optimal transmit power of eNB proves existence
of Nash equilibrium. Stackelberg duopoly iterative al-
gorithm for obtaining the Nash equilibrium solution is
presented in Algorithm 2. It has an overall complexity
Opnw � | pP| � | pU |q, where | pP| � max

@bPB
|Pb| and | pU | �

max
@bPB,@pPPb

|Upb |. To obtain the optimal eNB transmit

power PT
�, it is increased by a fraction ∆P in each

iteration of the algorithm (step 4 of Algorithm 2).

V. OVERALL PERFORMANCE OF UE-TV

For testing the overall performance of UE-TV frame-
work, video content was adaptively encoded using SHVC
Test Model 4 (SHM 4) software [60]. SHVC already
includes the spatial and temporal scalability in the form
of layers (cf. Fig. 4). Suitable encoding parameters: q,

Algorithm 2 Stackelberg duopoly based AP participation and
eNB transmit power allocation

Input: πbptq, qpoptq, m
p
l ptq, @ p P Pb, @ l P r1, Ls, Wβ ,

@b, β P B, β is eNB.
Pseudocode:

1) Price for layered TV programs reception
for p � 1 to P

for l � 1 to L
Compute Γpl ptq using (15)

2) Set of programs broadcast by SPs to sets of users
for each b P B

for user i associated with SP b, Pb � ppiq Y Pb
include user i in the set Uppiqb

3) UE energy saving for layered TV programs from
SPs
for each b P B

for p � 1 to P
for l � 1 to L

Compute εpbpl, tq using (14)
4) Wi-Fi AP participation and optimal eNB transmit

power
for each β P B, β is eNB

Initialize flag � 0, µβ � 0, ℘ � |PT
while ℘ ¤ xPT and flag � 0
for each w P Wβ

for each p P Pβ
for each i P Upβ
if i is in coverage area of w then

Compute user satisfaction Ai for w and β
using (27)

If Ai is higher for w than β then
include i in Upw
include p in Pw

Compute µw using (25)
if µw ¡ 0 then
χw � 1
Upβ � UpβzUpw,@p P Pw

else
χw � 0
Upw � 0,@p P Pw

Compute �µβ using (18)
If �µβ ¡ µβ then
µβ � �µβ
℘ � ℘� ∆P

else
PT

� � ℘
flag � 1

Output: PT
�, Upb , @ p P Pb, χw, @ w P Wβ , @ b, β P

B, β is eNB.

LTE SFs allocation, and MCS were obtained from load-
based resource allocation (Section III-B). Consequently,
the game theoretic model gave eNB transmit power PT,
participation of subset of Wi-Fi APs in broadcast, and
the proportion of UEs served by eNBs and Wi-Fi APs.
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Fig. 10. SI and TI measures of the sample SHVC video sequences.

TABLE IV
SHVC RATE AND QOE MODEL PARAMETERS, AND ACCURACY.

Para- Town Tree Ducks
meter Parameter RMSE Parameter RMSE Parameter RMSE

value (%) value (%) value (%)

R
at

e

m
od

el a 0.640 0.741 0.739 0.021 0.609 0.667
æ 2.580 0.030 1.259 0.107 2.957 0.081
d 0.602 0.578 0.494 0.211 0.631 0.114

Q
oE

m
od

el

λED 11.442 0.023 10.741 0.003 8.286 0.001
gED 0.005 0.032 0.007 0.100 0.004 0.051
λHD 17.667 0.108 18.127 0.012 16.047 0.032
gHD 0.007 0.002 0.006 0.011 0.005 0.025
λFHD 15.249 0.019 16.945 0.028 15.149 0.009
gFHD 0.006 0.071 0.005 0.002 0.008 0.031

A. SHVC video sequences

Three sample HDTV programs: ‘Town’, ‘Tree’,
‘Ducks’, are considered to study the proposed frame-
work. Each of the program’s video has different spatio-
temporal variance. Spatial resolution and temporal frame
rates of these video sequences are as per the spatio-
temporal grid shown in Fig. 4. Snapshots of these video
sequences along with their spatial/temporal perceptual
information (SI/TI) measures are shown in Fig. 10. TI
and SI are defined in ITU-T P.910 [50].

SHVC video-specific parameters and accuracy
(RMSE) of the parametric rate and QoE models
(discussed in Section III-A) are listed in Table IV.

B. Traffic pattern based resource allocation

Fig. 11(d) shows a sample TV traffic pattern over a
day (derived from [35]–[37]) and the associated πbptq
proportion of resources allocated for broadcast which
is proportional to the subscriber traffic intensity in a
subsystem. Correspondingly, Figs. 11(a)-11(c) show the
SHVC video layers’ adaptive MCS mptq at various
spatial resolutions, frame rates, and q values. It can
be seen from Figs. 11(a)-11(c) that a lower q value is
suitable only when the broadcast traffic is high. A lower

MCS index indicates a lower order scheme, as can be
noted from Table I (for LTE-A standard). Since it is
a broadcast scheme, a lower MCS index allocated to
SHVC layers results in serving more subscribers. Hence,
based on the DTV traffic load, the aim of the MCS
and qoptq allocation algorithm is to select the lowest
MCS index (¡ 1) for the SHVC video encoded at the
highest optimum q value such that all video layers get
the required resources for broadcast. This is achieved by
using the Algorithm 1 based on Proposition 1.

C. eNB and AP performance

Figs. 12(a-d) illustrate the effects of eNB transmit
power, in a scenario with 1000 uniformly random dis-
tributed heterogeneous UEs. SHVC quantization level,
MCS index of the layers, and the number of SFs al-
located are determined by traffic load (Section III-B).
It is evident that, with increased PT more UEs are
served (Fig. 12(c)), eNB earns more revenue (cf. (17);
Fig. 12(b)), and the served users have higher QoE (Fig.
12(d)). However, with increase in PT, eNB utility (cf.
(18)) increases initially, and decreases subsequently (Fig.
12(a)). This indicates, eNB utility is maximum at |PT  
PT

�   xPT, which is the optimal transmit power at a given
traffic load. This is due to marginal increment in number
of served users and QoE, as compared to the operation
cost at a transmit power higher than PT

�, resulting in
diminished eNB profit. eNB utility maximization gives
the optimal transmit power that maximizes eNB profit
by balancing between operation cost, and the number of
users served, QoE, and revenue.

Fig. 13(a) shows the variation of Wi-Fi AP utility with
the increase in number of DTV users in its range. Note
that the utility is negative up to a certain number of
UEs, and it increases with increased number of UEs.
This is because, with a lower number of UEs the Wi-Fi
AP operation cost and the price paid for receiving the
DTV content from eNB exceeds the revenue earned from
the UEs served via APs. Fig. 13(b) shows the variation
in threshold number versus normalized operation cost
of AP. A higher operation cost results in having a
higher threshold number of UEs needed for the AP’s
participation (i.e., χw � 1). Fig. 13(c) shows the AP
utility variation with eNB transmit power. The AP is
able to receive the relevant TV program layers from
eNB only when the normalized eNB transmit power is
sufficient. Hence, AP utility is nearly zero for low values
of normalized eNB transmit power, which is also evident
from Fig. 13(c). The AP utility (given by (25)) increases
initially and decreases subsequent to an optimal value.



14

0 10 20 30
0

0.5

1

Hour of the day (t)P
ro

po
rt

io
n 

of
 r

es
ou

rc
es

 π
i(t

)

0 10 20 30
0

0.5

1

N
or

m
al

iz
ed

 T
ra

ffi
c 

pa
tte

rn

10 20 30 40 50 60 700
10

20
0

5

10

15  

q

Hour of the day (t)

 

LT
E

 M
C

S
 in

de
x 

m
(t

)

20 40 600
10

20
0

5

10

15

q

Hour of the day (t)

LT
E

 M
C

S
 in

de
x 

m
(t

)

10 20 30 40 50 60 700
10

20

0

5

10

15

q

Hour of the day (t)

LT
E

 M
C

S
 in

de
x 

m
(t

)

ED, q=6
ED, q=11
ED, q=21
ED, q=36
ED, q=64
HD, q=6
HD, q=11
HD, q=21
HD, q=36
HD, q=64
FHD, q=6
FHD, q=11
FHD, q=21
FHD, q=36
FHD, q=64

(b) Frame rate= 25fps

(d)

(a) Frame rate= 12.5fps

(c) Frame rate= 50fps

Fig. 11. SHVC video layers transmission MCS index at different traffic pattern over a day, spatial resolutions, q values, and frame rates: (a)
12.5 fps, (b) 25 fps. and (c) 50 fps. (d) The traffic pattern and corresponding proportion of resources, πbptq allocated for DTV broadcast.
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Fig. 12. Effect of eNB transmit power (normalized as PT{PT max)
on: (a) normalized eNB revenue, (b) normalized eNB utility, (c) pro-
portion of UEs served, and (d) average QoE of the UEs (served/all).

Fig. 13. For 1000 uniformly randomly distributed users and 25%
Wi-Fi coverage, (a) Wi-Fi AP utility variation versus number of UEs
served by the AP; (b) threshold number of UEs that can be served
by AP with respect to the normalized operation cost of the AP; and
(c) AP Utility versus the eNB transmit power.

D. Overall simulation scenario and results
A sample simulation scenario is shown in Fig. 14. It

comprises of three spatial resolution category of UEs
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Fig. 14. Simulation scenario with 10 LTE MBSFN eNBs, 25.60%
Wi-Fi coverage of the eMBMS area, and 500 randomly distributed
HDTV subscribers (having heterogeneous UEs) per eNB.

(ED, HD, and FHD) all of which are uniformly ran-
domly distributed. The simulation parameters are listed
in Table V. Wireless channel for LTE and Wi-Fi network
simulation is modeled with Gaussian fading distribution,
log-normal shadowing, and free-space path loss model.
[61]–[65]. Equal proportions of each type of user, j
(1 ¤ j ¤ 4) (defined in Section II-A1) and different
resolution category (ED, HD, FHD) UEs are present
in the system. We have simulated multiple instances
(¥ 100) of network scenarios with random deployment
of heterogeneous users within the MBMS area. Three
HDTV programs were considered, each carrying one of
the video sequences, as described in Section V-A.

Over 24 hours of varying broadcast traffic, Fig. 15(a)



15

TABLE V
SIMULATION PARAMETERS

Parameter Value
LTE [61]–
[63]

Wi-Fi [64], [65]

Channel bandwidth 10 MHz 20 MHz
Frequency 1.8 GHz 2.4 GHz
Carrier spacing 15 KHz 5 MHz
Transmission mode FDD N
Number of data carriers 1200 48
Receiver noise figure 7 dB 4.0 dB
Maximum transmitter output power 46 dBm 20 dBm
Transmitter cable and connector loss 2.0 dB 3.0 dB
Transmitter power splitter loss 3.0 dB 3.0 dB
Transmitter antenna gain 18 dBi 10.0 dBi
Receiver antenna gain 0 dBi �1.89 dBi
Additional losses 14.0 dB

(e.g.,
building)

15.0 dB (e.g.,
walls)

Receiver noise floor �97.5 dBm �96 dBm
Receiver sensitivity �106.4

dBm
�84 to �68
dBm

Shadowing standard deviation 8 dB 10 dB
Guard interval 16.67µs 0.8 µs

shows the absolute average energy saving of various UE
types in the UE-TV framework. The energy saving in ED
devices is more than that in HD devices, and it is the least
in FHD devices. It is also noted that UE energy saving
is more at lower traffic intensities. This is due to SHVC
encoding at a higher q value at lower traffic intensities. In
contrast, a lower q is used for SHVC encoding (improved
QoE) at a higher traffic, which is because more SFs are
used for HDTV service over the MBSFN area, resulting
in a slightly lower UE energy saving.

Next, UE-TV performance is compared with the ‘con-
ventional’ [66] and ‘adaptive LTE’ [63], [67], [68]
broadcast schemes. Conventional scheme simply broad-
casts the SHVC HDTV content over LTE MBSFN to
the users without adaptive encoding and MCS. In con-
trast, the proposed adaptive LTE scheme broadcasts with
optimally encoded SHVC over adaptively assigned LTE
MBSFN resources and MCS levels for the SHVC layers.

Served UEs’ average energy saving in UE-TV frame-
work with respect to adaptive LTE (24.81%) and conven-
tional (71.29%) schemes (Fig. 15(b)). Fig. 15(c) shows
the average eNB power saving with respect to adaptive
LTE (21.41%) and conventional (36.75%) schemes.

Figs. 16 and 17 further show the comparative perfor-
mance of conventional, adaptive LTE, and UE-TV. Fig.
16 shows performances of these schemes with increasing
number of users in a system having heterogeneous UEs
with 25.60% Wi-Fi coverage. Fig. 16(a) shows that UE-
TV results in a higher satisfaction of the served users’
(Definition 2, in Section IV-F) with respect to adaptive
LTE (32.27%) as well as conventional (91.28%) HDTV.

TABLE VI
UE-TV PERFORMANCE IN DIFFERENT SCENARIOS

Scenario UE-TV gain with respect UE-TV gain with respect
to ‘Conventional’ respect to ‘Adaptive LTE’
User satis- Served User satis- Served
faction user count faction user count

Urban 72.91% 52.35% 64.11% 41.29%
Suburban 51.32% 40.76% 43.27% 31.67%
Rural 34.46% 28.19% 28.58% 22.95%

Fig. 16(b) shows that, UE-TV serves more number of
subscribers than adaptive LTE (15.36%) and conven-
tional (34.58%) broadcast schemes. UE-TV performance
gain is due to inter-networking between eNBs and Wi-Fi
APs, which is absent in the other two schemes.

In a scenario with 2000 uniformly randomly dis-
tributed heterogeneous users per eNB, Fig. 17 shows the
UE-TV performance gain with respect to the two com-
petitive schemes when Wi-Fi coverage in eMBMS area
increases. Figs. 17(a) 17(b) show that, user satisfaction
as well as the served user count in UE-TV are more
with respect to the competitive schemes, which is due
to their nonadaptive nature. These performance indexes
in UE-TV show an improved trend with increased Wi-
Fi coverage. This is because, (i) more Wi-Fi coverage
enables better service to more number of users that
could otherwise experience poor signal quality from eNB
due to shadowing or cell-edge distance; (ii) since a
participating Wi-Fi AP, that serves a number of UEs,
is treated as one ‘client’ of the eNB, it has to handle
effectively less number of clients, thereby having a better
controllability in resource allocation. User satisfaction is
also higher due to a lower cost of reception over Wi-Fi.

We have further studied the comparative performance
of UE-TV framework in urban, suburban, and rural
scenarios, with respect to the two competitive schemes.
The eNB coverage range is divided into three zones, zone
1 is closest to eNB, zone 3 is farthest, and zone 2 lies in
between zones 1 and 3. The ratio of users in the three
zones (i.e., zone 1: zone 2: zone 3) for urban, suburban,
and rural areas are 50:25:25, 25:50:25, and 25:25:50,
respectively. The Wi-Fi coverage for urban, suburban,
and rural areas is considered to be 60-75%, 35-50%, and
15-25%, respectively. The corresponding results in terms
of the served user satisfaction gain and served subscriber
count gain are noted in Table VI. UE-TV performs better
in terms of higher user satisfaction and served user count
than the ‘Conventional’ (on average 52.89% and 40.43%,
respectively) and ‘Adaptive LTE’ (on average 45.32%
and 31.97%, respectively) in all the three scenarios.

These results clearly indicate advantages of the UE-
TV framework as compared to the conventional (non-
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Fig. 17. Gain in served users’ satisfaction and subscriber count in
UE-TV with respect to adaptive LTE and conventional DTV.

adaptive LTE) and adaptive LTE schemes in terms of
more number of users served, better user satisfaction,
more energy saving at the UEs as well as the eNBs.

VI. CONCLUSION

This paper has introduced UE-TV for heterogeneous
users with varying display capabilities and price and
energy sensitivities. In this framework, heterogeneous
traffic load based adaptive resource allocation assigns

LTE sub-frames to broadcast adaptively-encoded SHVC
video layers of DTV content at suitable MCS levels.
Adaptive broadcast over LTE along with the available
Wi-Fi ensures service to more number of subscribers
at higher satisfaction levels. To aid user satisfaction,
Stackelberg game theoretic framework has been used.
DTV transmission by time-frequency allocation over
LTE and time-slicing over Wi-Fi enables the UEs to
save energy by discontinuous reception of relevant video
layers. Simulation studies have shown that the coexistent
participation of Wi-Fi APs along with the LTE eNBs in
the proposed UE-TV framework offers a significantly
better performance compared to the conventional broad-
cast or only LTE based DTV system, in terms of serving
more subscribers (34.58% and 15.36%, respectively)
with higher levels of satisfaction (91.28% and 32.27%,
respectively) and improved UE energy saving (71.29%
and 24.81%, respectively) as well as increased eNB
power saving (36.75% and 21.41%, respectively).

The proposed UE-TV framework will be extended in
our future work to include pricing models that are service
provider specific for multimedia broadcast. These could
be based on strategies to maximize subscriber base or
revenue maximization. Furthermore, the framework will
be extended for LTE-A multi-tier architecture.
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