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Abstract—With increasing number of TV channels and grow- the consumption of audio-visual content is rising rapidly o
ing need for on-demand services, the traditional digital terestrial  smartphones and tablets, which the DTT industry has steaiggl
television (DTT) is becoming a less attractive way of distbuting to reach without much success thus far.

TV contents. As an alternative, we discuss a converged platfm . '

in UHF band for TV and mobile broadband provisioning based Nevertheless, neither cable nor fixed broadbf_:lnd cquld be
on LTE cellular technology and infrastructure, here referred to  €xpected to replace the role of DTT and to provide universal
as CellTV. The requirement for CellTV is to provide a seamles TV coverage. Their service penetration is still limited to
TV coverage from urban to rural environments and to minimize  the urban areas in most of Europe. In particular, several
the spectrum requirement so that the leftover can be used for i European countries, such as Spain and Italy, stilehav
mobile services. We formulate an optimal spectrum allocatin than 90% of the h hold Vi DTT .
problem for CellTV to distribute different TV channels with more than 00 ? ousenolds relying on SeI:VICES
different transmission modes. Each TV channel is delivered [2]. Hence, a terrestrial network would be the only viable
via either unicast links or broadcast over single frequency replacement.

networks (SFNs) of different modulation orders according b the The cellular network, after its rapid development in recent
location-dependent viewing demand and cellular infrastricture years, is considered a versatile platform for content defiv
availability. Based on a case study of the Greater Stockholm ) . . A,
region, we identify that CellTV requires only a small portion of f"‘s 't, can prov@e both gOOd. coverage and high ,ﬂex_'b'“ty
the UHF band to deliver the TV contents in urban areas, thus inherited from its all-IP architecture. In fact, audiois
releasing a significant amount of spectrum for mobile broadland contents already amount to two thirds of the total data traffi
services. Meanwhile, the spectrum requirement for CellTV $ in mobile broadband (MBB) networks today [3]. Therefore,
considerably higher in suburban and rural areas due to the j, |ight of the converging trends of audio-visual service in

transitions of transmission modes. We further generalize liese .
findings to provide a guiding principle for CellTV deployment both MBB and DTT networks, the World Radio Conference

in mixed environments and also to demonstrate the flexibilig 2015 (WRC'15) will discuss the possibility of progressjvel
advantage of CellTV in adapting to the growing diversity of TV re-farming the UHF broadcast band (470-790 MHDne of

contents. the studied options is to allocate the re-farmed UHF band
Index Terms—UHF TV band, Terrestrial TV Broadcasting, for a converged all-IP platform which is likely to utilize
Multimedia Broadcasting/Multicast Service, Single Freqency cellular technology and infrastructure [5]. So far the gtod
Network, Unicast Video Streaming. converged platform has been primarily regulatory drivendA
there are still many challenges from the market perspective
[6]. Above all, technological feasibility and gain, whichthe
focus of this paper, has barely been studied.
A. Background This paper considers a converged platform entirely based
During the last decade, digital terrestrial television [T on cellular technology, hereafter termed as CellTV. One of
has established itself as the most popular platform for Tte key enablers for CellTV is the evolved Multimedia Broad-
distribution in Europe after replacing the role of analoges- cast/Multicast Service (MBMS) introduced in 3GPP Long
trial television. However, the future of DTT is less promigi Term Evolution (LTE) radio technology [7], allowing TV con-
The competition with other platforms is increasing, such dents to be broadcasted over a single frequency networkSFN
cable, satellite and internet protocol television (IPTV§ fixed Wwith high spectral efficiency. Depending on the local viegvin
broadband, while linear content is losing its dominance @emand and existing base station (BS) density, TV content
the living room. The tremendous success achieved recertBn be delivered via either unicasting or broadcasting over
by over-the-top (OTT) services like Netflix and BBC iPlayean SFN formed dynamically by a group of eMBMS-enabled
is a clear sign of the growing popularity of video-on-deman@Ss. To further improve the spectrum utilization efficiency
(VoD) services. They provide consumers with a choice of coany spectrum in the UHF band unoccupied by CellTV could
tents and flexibility unmatched by the DTT service. Moregvele reused by MBB services on a secondary basis. In particular

we will investigate the spectrum requirement for providang
This paper was accepted for publication at IEEE Transast@mnWireless
Communications in June 2015. 1The Swedish government has recently announced the detisieallocate
Part of this work was presented at the IEEE Symposium on Newmtiers the spectrum band between 694-790 MHz from DTT broadcastinglBB
in Dynamic Spectrum Access Networks (DySPAN), 2014 [1] from the year 2017 [4].

I. INTRODUCTION



seamless CellTV service in an inhomogeneous environmér@nsmission of one area would affect the spectral effigiefic

with mixed morphologies. its neighbor as either interference or constructive sigihtiey
form up an SFN). Thus, the overall spectrum requirement can
B. Related work only be minimized by a coordinated planning of transmission

Recent studies have mainly focused on analyzing requirttt:z]—mughout the inhomogeneous areas,

ments and capacity limits for delivering mobile TV over an V_\/e_ haye formulated the resource a”°?"’?“°” ISSue as an
OFDMA-based cellular network. In [8], the authors outliné)ptImlzatlon problem to estimate the minimal amount of
. L ' . fequired spectrum for CellTV. Its service requirements are
the relevance of applying a mixed broadcast/unicast swluti L :
when there is a "long tail’ of channels requested by fe@rotected through probabilistic constraints that employgl
. . . L . erm statistics of the view demand and infrastructure avail
users. Detailed traffic analysis for delivering mobile TVeov

this hybrid broadcast-unicast deployment has been i . ability. In addition, our analysis also takes into accouft o

. ; : trfle potential interference from MBB as a result of the freed
in [9] and [10]. The implementation and cost aspects O . :
Epectrum. We apply this resource allocation framework & th

idi ile TV ice i k i .
providing mobile service in 3G networks are discusse reater Stockholm region as a case study. We further extend

in [11]. 'The convergence of mobile TV and MBB SeNVICeHe analysis to provide generalized guidelines for CellTV

in an LTE networks is presented in [12]. In [13], the author(i . ; : : .
; eployment in an inhomogeneous environment with mixed
have developed a general roadmap and analytical models n"(n)orphologies

assessing the network performance using advanced features . . . .
9 P 9 The remainder of this paper is organized as follows: Sec-

LTE network and differen loymen ions. However th .
etwork and different deployment options. However the n Il describes the system model of CellTV. The proposed

. . ) . . fio
quality of service requirements for DTT for fixed receptlor% . ;
is significantly higher than that of mobile TV. Furthermoreresource allocation framework for CellTV is formulated &s a

the strict coverage requirement of a DTT poses a formidai e scenario for numerical evaluation and the main results
challenge for any attempt to replace it with mobile network . . . .
g y P P © e shown in Section V. Finally, Section VI concludes the

although fixed TV receivers can rely on advanced antenna c@ﬁ- .
figurations with better performance. Consequently, thstig Iscussion.
results on mobile TV cannot be directly applied to the study
on distributing terrestrial TV service over mobile netwsrk Il. SYSTEM MODEL

For fixed TV receptions, a 'tower-overlay’ system has beeR service Requirement
proposed in [14] using LTE technology and DTT network in- . . ,
frastructure. [15] presents a study on the spectrum remqeiné Since CellTV is mtended to replace the DTT service, it
for delivering today’s over-the-air TV service via LTE emgq Should be able to deliver at least the same amount of TV
networks deployed in the urban areas of different cities f'@MN€ls with the same level of QoS as DTT. The TV
the U.S., indicating a considerable amount of spectrumcsofontent is defined by the numbered set of TV channels:
be released from the UHF broadcast band. [16] extends the {L,....C}. E_ach TV c’hannel has_ a data rate requwerpent
study to Swedish urban and rural areas. It suggestes tha_a2nd a popularity rating representing the average portion

moderate amount of spectrum could be released in rural ar8h{ne TV viewers waiching channel vc € C.
by unicasting less popular TV channels, instead of relying g D 1T Service typically has a country-wide universal coverag
eMBMS with large inter-site distance (ISD). (e.g., it covers 99.8% of the inhabited area in Sweden). The

standard QoS for DTT is defined by the service availability
I at the TV coverage boundary, which must be higher than
C. Contribution 95%. In addition, since CellTV could deliver TV content

The key difference between the related work and this stugja unicast mode as well, the QoS should also include a
lies in its objective. Previous studies mainly aim at demi@ts temporal service availability that was not explicitly defih
ing cellular technology’s capability for mobile video dedry. in the DTT system. Therefore we set the requirement for
This study, however, probes whether the performance oftémporal service availability at 99%, which is equivalent t
(hypothetical) CellTV approach can be sufficient to repléiee a blocking probability of less than 1%. This means unicast
DTT network in the UHF band in a real-world scenario. Beforgervice in CellTV has a guaranteed QoS similar to IPTV, in
studying detailed aspects of its implementation, we foaus @ontrast to the best effort nature of OTT services.
assessing the spectrum requirement for providing a seamles
CellTV coverage.

More specifically, we have modeled the inhomogeneofls Cellular System
environment with varying local viewing demands and in- The set of cellular BSs with given locations and antenna
frastructure availabilities. As we have seen in our presviotneights are defined by the numbered Bet= {1,..., K},
work [16], different transmission modes (i.e., either asicor % < K. All BSs are assumed to have the same transmit power,
broadcast and of certain modulation coding scheme (MCS¢noted byp. Their spatial relationship is defined by the in-
are best suited for different morphologies. However, wnlikdexed sets for BS neighborshid™ = {H}*, H3", ..., H}}},
an isolated homogenous scenario, a gradual transition frevhere H} represents all BSs withim: tiers of BS k. We
one morphology to another allows us to find out when arassumed that all transmitters are equipped with multi-elgm
how to switch from one transmission mode to another. Tlamtennas.

gtimization problem in Section Ill. Then, Section IV prate
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Fig. 1: lllustration of CellTV concept.

UHF BC Band

The available set of radio frequencies is denotedFby- Base stations
{1,...,F}, f € F. The frequency spacing is equivalent to

one or multiple LTE subcarrier bandwidths (15 kHz each). We
assume channel aggregation can group non-adjacent frequel
cies for transmitting the same content. N \ ,
N
v

1) SFN: A group of BSs broadcasting the same TV channel e — ,/\\ \¢
on the same frequencies may form an SFN. Each SFN is A d AN
defined by its frequency, modulation order and the content it / v Pan \
carries. Each TV channel can be served by different SFNs in g
different areas. The set of SFNs is denotediby {1,...,J}.
The set of BSs belonging to SENs denoted byK ;. A single
BS may be included in different SFNs operating on different > / T Ca
frequencies. The assignment of a BS to an SFN is defined by = /’ ’

« _J 1, ifBS kisin SFNj for TV channelc; (1)
Uik =1 0, otherwise.

Similarly, the assignment of a frequency to an SFN is given i /
by v

. _ | 1, iffreq. fis used in SFNj for TV channelc;
5f3 71 0, otherwise.
2

Thus, the amount of spectrum used for broadcasting channe. Frequency

catBSkis BWS, =3, >, 05,85 ;w0 Fig. 2: Graph representation of the assignment problem.
We further assume that the f|rst two tiers of BSs outside

the coverage of each SFN should be reserved as assisting

cells (BSs that are broadcasting the same content on the saf@fsity around BS:, respectively. Note thak;, and =¢ are
frequency of the SFN, but are not considered within the servilong term statistics measured for each hour of the day. B thi
coverage). The implementation of assisting cells is e&enistudy we have assumed the peak hour value to estimate the
for enSUring the SFN SpeCtral efﬁCiency [17] but it redUCQﬁorst case Spectrum requ|rement

the spectrum available for other services in these BSs. Therpe frequency allocation for unicasting channedt BS &
assisting cell association is defined by is defined by

c o Uj,k?/’ k E H2/ \K]; (3)
1 0, otherwise.

c
C 4 N
% Ci Unicast

. _ | 1, iffreq. f is used at BS: unicasting che;
Utk = { 0, otherwise.
It means that BS: is designated as an assisting BS to BS (4)
if &’ belongs to an SFN (i.ey;,, = 1) andk is within 2 tiers  Thus the amount of spectrum allocated for unicasting chlanne
of k. c at BSk is defined asBW[, = > u§} ,w. For simplicity,

2) Unicast: As opposed to the broadcasting case, the bansle assume multiple unicast users are served by time-divisio
width required for unicasting is dependent on the number ofultiplex, i.e., each user have access to all spectrumaitac
TV viewers per cell. LetNg denote the number of activefor unicast for a fraction of time in an alternating pattefhe
TV viewers watching TV channel in the coverage of B%. active users are assumed to be distributed uniformly within
N¢ is assumed to follow Poisson distribution with the meatihe coverage area.
N = kpm°Ce/Ek. Here kg, is the average number of viewers Flg.2 shows an example of the channel assignment and SFN
per population(, and¢, are the population density and BSassociation. This system consists of 3 BSs, 2 TV channels and



3 frequency bands. TV channgl is broadcasted at B, and

ko2 which form an SFN over frequency barfd. The same TV -
channel is instead unicasted at BSover bothf; and fo. TV Minimize 2 rer Lkew Ak DG/ S
channele, is broadcasted over a single SFN that includes all K> jex Cr/k
three BSs using frequency barfgl Subject to:
With the advancement of cellular technology, the effect of
inter-cell interference can be mitigated by Multi-Cell @ Pt | Y u.i®Su (V1) <min ¢ > ufu 1o Nio® | < 1%;
nation (MCC). It is more effective for improving the signal- fer feF

to-interference-and-noise-ratio (SINR) of unicastimk$ than
broadcasting, but it also helps SFN to suppresses non-SEN | > o555 @S, (mi? 73{,@) <05 0° | < 5%;
interferences. The MCC gain is abstracted by a percentage of \ feF heK;

interference reduction [18].
Zvik -+ min Z ufp, 1o =1

jed FeF
— c C C C .
C. Receivers ark= Z(“M + €8ty | €101
ceC | jed
Vk e K, c e C;

At the receiver side of the converged platform, we have
assumed that the legacy TV reception antennas have beemhe decision variables ,, s ; andu$ , are binary vari-
upgraded to multi-element antennas. They are deployedreitables.vf , represents the BS-SEN assomatmja represents
indoor or outdoor on the rooftop depending on the morpholodiye frequency assignment for an SFd, . is the frequency
of the studied area. In broadcast, the spatial/polariaticer- allocation for unicasting. In the objective functiogy /&
sity gain can improve the SINR. In unicast, multiple-inpntla represents the number of population per BS ané the total
multiple-output (MIMO) can be implemented to improve theéaumber of BSs.
spectral efficiency through spatial multiplex gain. Howgve Among the constraints, the first one defines the blocking re-
this gain can only be achieved if the correlation between tlgglirement for unicast: the probability that the amount aidva
signals received at different antenna elements is suffigienwidth allocated for unicast is less than the required badtiwi
low. should not exceeds 1%. The ternmi‘n{zfeF u%k,l}’

Due to the multi-path fading in indoor environment, it igndicates whether TV channel is assigned for unicast on
easier to avoid any significant spatial correlation for iado any frequency at BS:. S, is the spectral efficiency of the
MIMO receivers. For rooftop antenna which is typically irdnicast link. It is a function of the unicast SINRy ,,
line-of-sight of the transmitter, a spacing of more than 2-gefined in the following subsection. Note that, the temporal
meters between each antenna element is often required [¥@iation in viewing demand is captured by the assumption
We assume that at least a four-element receiver antenna gt the number of active viewers follows Poisson distrdut
be realized by installing two dual-polarized antennas witGiven the distribution of the spectral efficiency for a ramdyp
sufficient spacing in-between. To compensate any possibiéked unicast viewer, the blocking probability could béved
overestimation in the spatial diversity gain, we have alsalen analytically by applying multi-Erlang model and following

very conservative assumptions on the antenna directivity. the Kaufman Roberts recursion method [20]. As long as
the viewing pattern does not deviate far from the Poisson

distribution assumption, the blocking probability reguirent
would force the algorithm to allocate sufficient amount of
bandwidth to ensure the quality of service. In fact we have
I1l. PROBLEM FORMULATION applied the peak hour statistics to represent the mostrspect
demanding situation in this study.
Similarly, the coverage requirement for broadcasting is
Due to the interference from neighboring cells and thgignified by the second constraiii, is the spectral efficiency
potential gain from SFN association, the transmission modé the broadcast link. It is a function of the lowest cell-
and frequency allocation at one BS may affect its neighlgorifporder SINR of all BSs associated to that SFN, defined by
BSs. Therefore, the resource allocation must be done for @iniexk; Vj’»k, because the MCS chosen for an SFN must
BSs and TV channels together in order to minimize the overéié robust enough even for the worst case usg% is the
spectrum requirement of CellTV. In particular, we define thieroadcast SINR to be defined in the following subsections.
objective function as the average spectrum requirement ofThe service requirement is defined by the third constraint. |
CellTV per BS, weighted by the number of population in eacknsures that all TV channels are delivered in all BSs by eithe
cell. Thus, the spectrum in areas with a potentially highéroadcasting or unicasting, without any service dupliati
demand for wireless services are given more weight. THénally, the spectrum usage is restricted by the last caimdfr
optimization problem is formulated as follows: such that the same frequency could not be allocated to tiatnsm



more than one TV channel at a given BS. TABLE I: Spectral efficiency for SFN and unicasting [26].

Note that, if we remove the BS/SFN association decision Broadcasting Unicasting
variable from the above formulation, it reduces to a freqen Rufalésggufban %fl;%” Ruf%/guzufban g%baz
assignment problem. As indicated in [21], the frequency as- 3 T 1/ T 1/3 05 05

signment problem itself belongs to the NP complete category
A frequency allocation problem for SFNs in an homogenous

environment was discussed in [22] as NP complete. Since @|ITv unicast traffic load by solving the following fixed
problem includes not only frequency allocation but also t%im equation numerically [16]: Her&;, is the radius of
resource allocation between unicast and broadcast oféliffe the cell. X’f_k is the collision vector made up by(; . of
modulation orders in an inhomogeneous world, it follows thghe imerferi'ng BSs around B%. Assuming the users are
our problem formulation is also NP complete. uniformly distributed within the circular cell coverageewan

In this study, the numerical results in the following sestioyse this integral to calculate the ratio between the exgecte
are obtained directly through exhaustive search to presepandwidth consumption and the allocated bandwidth. This

its accuracy. We are more interested in the implicationmfroratio converges to the expected CellTV unicast traffic load
the quantitative results rather than the solution procéssed as proven in [13].

optimization problem itself. Because the primary objextiv
of this study is to evaluate the feasibility of the converge
platform in terms of the minimal spectrum requirement. This" Broadcast SINR

framework should be used as a dimensioning tool for network The broadcast SINR/ , is always calculated for the user
planning based on long-term statistics of the viewing dednatpcated at the edge of the cell. The border SINR is defined in
and infrastructure availability, rather than for real tinesource (8).

allocation. To achieve the latter objective, we need toegitte- ~ Here gy ;. is the pathloss between B to the user at the
velop a heuristic algorithm to solve the optimization peshl coverage border of B%. w(7) is a weight function of the

or apply approximations to simplify the formulation, whiish constructive portion of a received SFN signal defined as:[23]

beyond the scope of this study. 0 r< T
1+ -, ~T, <1 <0;
A. Unicast SINR w(r) = 1, 0<7<Tcp; 9)
For a random user located atwithin the coverage of BS %7 Tep <7 <Tocp+T,,
k, its unicast SINR on frequency is given by (5). 0, otherwise.

Here g (r) is the pathloss from the user to BS 6 is
the MCC gain § < 1) and N, is the noise power. The
interference accounts for both broadcast transmissians fr
neighboring SFNs and unicast transmissions; ;s is the

coll;smn mdlcatt;)r.t Its valggfequ;lj o 1dv(\ghetrr11 coII!S|ort|:tu_rs the SFN and the external interference from other SFNs and
on frequencyf between andk’, and O otherwise. Itis & | i 4oncmicsions.

:Ber;otlélh random van?_ble V\;'tth mefan value equal to th;t;?:h It should be noted that this SINR calculation may lead to
oad (the average portion of time-frequency resources optimistic results as pointed out in [24] [25]. The perfomoa

o;;(i;:tpﬁdzigt thr?i |ntetrft(rar|ﬁnig Ce&fh].c]/. Dtepke”O‘:Ii'frf“?’r o:tt\r/1e| %P 4t SEN in a realistic scenario would be less homogeneous and
ot interiering unicast traflicy s, may take cilerent Vailes: -t cted by a non-ideal receiver response function. To @mp

Here = (r; — r,)/c is the propagation delay difference,
with ¢ being the speed of light, is the length of the useful
signal frame and’¢p is the length of the cyclic prefix. The
interference accounts for both the self-interference fvathin

X}nzlgj fok tapp =0; sate any potential overestimation of SINR performance, we
Xfk = X?:k/, fK u$, =1, Vee C, ®)  have made conservative assumptions on the loss factor in the

calculation of the spectral efficiency.
where x7'7 is the MBB data traffic load and},, is the

CellTV unicast traffic load. Even though both are unica% Effective Spectral Efficienc
traffic, we made this distinction in order to model the ptipri Ve Sp iclency
of CellTV traffic and to regulate the MBB traffic admission. The spectral efficiency is defined as a function of the SINR:
According to the above definition, any frequency not alledat o
for CellTV service is locally accessible by MBB traffic. § = alogy[(1+ Bv/e)); (10)
However, to avoid causing excessive interferences, warassuvheree is a margin of 5 dB to account for fast fading [27]. The
that the amount of admitted MBB traffic is proportional to th@arameterr represents the bandwidth efficiency, determined
amount of available spectrum after CellTV usage, such tieat tby protocol overhead and the adjacent-channel-leakag&s-r
MBB traffic loads on these frequencies equal to a constant(ACLR) requirement. It also includes the spatial multiplex
On the other hand, the unicast traffic loagd; ., is cal- gain from MIMO in unicast links3 corresponds to the SINR
culated based on the actual viewing demand. To keep tingplementation efficiency which is mainly affected by the
problem tractable, we assume that the differences in tiffiictramodulation and coding [28]. For broadcastifigalso accounts
load and cell radius are negligible between BSand its for the spatial/polarization diversity gain (see Table The
dominant interfering neighborg’. Then we can obtain the maximum modulation order is assumed to be 512QAM.



() = UPox(r) | ©)

Yo 0D D W+ €SS maw (1) + X ubgw (r) | + No
k' €K, k' £k cecCjed,

. /Rk uG AL 2r dr
Xf,k‘ = min — = =
0 ZfeF U?,k“’RkZ)@’k {Pr (Xf,k|x}‘,,€) Su (7}% (7”7 Xf,k))}

L (7

78 (Ry) = Z@;,k/+e5,kf>s;,jw<fk'>pgk'k/ > [sm;ikf+e;,k/><1—w<w>>pgk,k+

kK eK k€K, k' £k
9( Z Z 5?’,]” (’U;/,k:/ + e;/’k/)pgk/k + Xf,k:/pgk,k> + N() . (8)
ceCj'ed,j'#j
TABLE II: Scenario parameters.
Morphology Dense Urban Urban Suburban| Inner Rural Outer Rural
Distance from city center (km) 0-4 4-12 12 - 32 32 -48 48 - 80
DTT service penetration%) 15 15 30 45 60
Propagation: Hata model variatgs Urban (large city) | Urban (medium city)| Suburban| Open area Open area
Tx antenna height (m) 15 15 30 45 90
ISD (km) 0.2-0.7 0.8-1.2 15-3 4-55 6-75
Transmission power 46dBm/20MHz/antenna
Tx antenna type 15 dBi, 3-sectorized, 4 elements
Rx antenna type 0dBi indoor gateway with 4 elements | 9.15dBi rooftop antenna [32] with 4 elements
Rx antenna height (m) 15 10
Rx noise figure (dB) 10 7
Wall attenuation (dB) 10 0

TABLE Ill: TV channel types and popularity ratios.

Channel type Popular HD | Niche HD | Niche SD
Number of channels 4 32 24
Popularity ratior;, (%) 125 0.9 0.9
Bit rate g, (Mbps) 7.14 7.14 1.83

populated areas. In contrast, this study includes the whole
area within an 80 km radius from Stockholm city center for
the quantitative analysis. The selected area covers diisgn
morphologies and has a good coverage of both DTT and
mobile services. The Swedish scenario is of interest bedtis
DTT service penetration is similar to the average level of EU
member states which is around 40% [33]. Thus, implications
for the general pattern of the CellTV spectrum requirement
can be drawn from this case study. For countries with distinc
DTT service profiles, this methodology can be directly agbli

to country-specific analysis.

In our model, this circular area is divided into multi-
ple rings. The transition from dense urban to rural area is
characterized by the gradual changes in BS densjtyand
population density;, in each ring. We further assume different
propagation conditions, transmitter/receiver types amdr-o
the-air TV service penetration ratios associated withedéfht

As mentioned earlier, previous study [16] considered oniyiorphologies (see Table Il). We assume that the cellular
two representative cases: dense urban areas and spansetwork would be equipped with significantly larger backhau

B urban 00 industrial Agriculture [l Forest Water

Fig. 3: Studied area in greater Stockholm region [29].

IV. EVALUATION SCENARIO
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Fig. 4: Number of inhabitants per BS at different locations iFig. 5: Achievable local spectral efficiency of CellTV in
the Greater Stockholm area [30], [31]. greater Stockholm region.

V. NUMERICAL RESULTS

capacity than it is available today to support the growingda® Case study: the Greater Stockholm region

traffic including the provisioning of audio-visual content As a numerical example for the proposed framework for
) ) ) ) CellTV resource allocation, we first show the results of the
It is worth noting that, while both the BS density and popzase study on the Greater Stockholm region. In this study,
ulatlon.densny ty_pmally decline mopotonously as theatise ‘we assume an MCC gain of 6 dB and two-tier assisting
from city center increases, the ratio between these twa, i-€q|is around each SFN. The transmission modes are optimized
the population per BS, is more intricate. We found that it ifaseq on the viewing demand, the local infrastructures and

the lowest in urban areas and the highest in suburban argasyagation conditions. The local achievable spectrat effi
as shown in Fig 4. The same trend has also been |dent|f@gncy is shown in Fig. 5.

around several other Swedish cities. This is probably b&€au |, \ian areas, the achievable spectral efficiency for srica

the population density is based on the residential data, by is jimited by the use of omnidirectional receiver amtas
more BSs are built in the urban area to meet the peak capag% high inter-site interference, while broadcasting gsjtgh

demand during working hours. SFN gain from high BS density. Therefore, even though the

On average, we assume that each Swedish household ¢¥f1Per of viewers per BS is the lowest in urban areas, SFN
sists of 2.1 inhabitants with two TV sets, and the average tirfp Still considered as a more efficient way for distributirig a
a viewer spent on a given channel is around 30 minutes. THE TV channels. o
TV viewing ratio during the peak hour is %0 In combination [N suburban areas, the deployment of directional rooftop
with the DTT service penetration ratio at different locagp 2nteénna provides a notable improvement on the achievable
v, We can derive the average number of viewers per popug)_egtral efflc_:lency for umcz_astmg. In contrast, the SFNngai
tion asky, = 2/2.1- 0.4 - v,. We assume 60 TV channels are.decl_mes_ rapidly as the ISD increases. Nevertheless, bas&d
offered by CellTV (currently, there are 54 channels prodiddnd 1S still the preferrgd option in suburban areas becatise o
by DTT in the Stockholm region). Both standard definitiof?® high number of viewers per BS. Note that both popular
(SD) (576i) and high definition (HD) (1080i) programs emand niche TV channels are delivered by continuous SFNs
ploy H.264/AVC (MPEG4) coding format. Four of these T\that spans frqm qrban to suburban areas; therefore, thalactu
channels are considered as the most popular ones, reprgseﬁhoec”al e_ff|C|enC|es of the SFN are limited by the suburban
50% of the total viewing share. The remaining TV channelSPS- While @ smaller SEN that covers only the urban area
are denoted as the Niche channels with a much lower viewiffy €nioy a higher spectral efficiency, the spectrum cost for
share per channel. Details about different TV channels &8ding extra assisting cells between these smaller SFNd cou
summarized in Table I1l. The TV consumption pattern is bas&@ise the overall spectrum requirement unnecessarily.
on the data from the Swedish national regulator [34]. The In rural areas, the SFN gain further diminishes and the
channel popularity is approximately divided into only twdoPulation per BS slowly declines. Therefore, all the niche
categories to keep a clear presentation of results. channels switch _to umcasfc mode, whose performance is less

affected by the increase in ISD. However, the popular TV

The traffic load for MBB is assumed to be a constant of 0.6hannels, still holding considerable viewing demand, are i
We consider a three-sectorized configuration for unicgstirstead broadcasted over a new SFN with a lower modulation
For broadcasting, the same contents are transmitted in @iler. It has continuous coverage over the rural area.
sectors over the same spectrum band. The resulting overall spectrum requirement for CellTV is
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Fig. 6: Local spectrum requirement of CellTV in greatelFig. 7: Sensitivity analysis of CellTV spectrum requirernen
Stockholm region.

[ IBW Req > 200 MHz

185 MHz and the local spectrum requirement is illustrated
in Fig.6. As we can see, the amount of required spectrum in
urban areas is only around 110 MHz thanks to the SFN gain.
However, when the transmission modes inevitably switchied a

2

[ 1BW Req > 160 MHz
[1BW Req > 120 MHz
I BW Req > 80 MHz
I BW Req > 40 MHz
I BW Req > 20 MHz
© Stockholm Statistics

the border between suburban and rural areas, a local ‘spectr
bottleneck’ is created due to the combination of high speatr
requirement for unicasting and spectrum occupied by &sgist
cells in that area. The amount of spectrum could be releaset
in rural areas is limited due to the relatively large number
of inhabitants per BS and a higher reliance on over-the-
air TV reception. The improvement in MCC could alleviate
the ’spectrum bottleneck’ and make unicasting in rural rea
more efficient, but the general trend of spectrum requiremen 107000 2000 3000 4000 5000 6000 7000

distribution would remain the same. 1D (m)

There are essentially two main causes behind the 'sp_ectr*gia. 8: Spectrum requirement of CellTV with mixed morpholo-
bottleneck’ in the suburban area. First, the number of viewe,;o
per base station is larger in suburban areas. As we have seen
in Fig.4, the population per base station in suburban areas i
the highest in the studied region. Besides, the DTT servigg|ow.
penetration is also higher in suburban areas than in urban
areas. The second reason is the fact that urban areas and o i
rural areas require different transmission modes to etifie  B- Feasibility Analysis
spectrum efficiently. The switching from SFN to unicast, or To gain a deeper insight into the performance of CellTV
to another SFN with different MCS would increase the localervice in different environments, in Fig. 8 we present the
spectrum requirement. Because part of the spectrum mustféasible region of CellTV service. The contour of different
reserved for assisting cells near the border of an SFN torensgrey scales shows the feasible combinations of population
an acceptable broadcast spectral efficiency. The optimizatdensity and cellular infrastructure availability that carpport
algorithm decides that it is the least costly in terms of th€ellTV service with certain amount of spectrum. For insgnc
overall spectrum requirement to implement the switching if the amount of spectrum available is less than 40 MHz,
suburban areas, but this leads to an increased spectrunmdenthen the converged platform can serve a population density
locally. of more than500/m? in urban areas (e.g. 1SD 1000m),

As a sensitivity study, we show the impact of MCC gaimnd a population density of less than/m? in rural areas
and assisting cells on the overall spectrum requirement (@.g. ISD> 5000m). Some contour have vertical outlines. It
CellTV in Fig. 7. Apparently, both MCC and assisting cellsuggests that an infinite population density can be supghoste
are indispensable against MBB interference. Without eittie broadcasting all TV channels if the ISD is sufficiently small
them, the overall spectrum requirement would be considigrab Fig.9 illustrates the optimal transmission configurations
higher as the MBB traffic load increases. Besides, it is alsorresponding to different morphologies. For instancehim
worthy noting that the implementation of assisting cellad region with high population density and large ISD, all TV
the most spectrally efficient measure if the MBB traffic loadhannels should be allocated to broadcast mode. In the eniddl

Population Density per Km
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Fig. 9: Optimal transmission modes for TV content deliverfig. 10: Spectrum requirement for CellTV in the Greater
with mixed morphologies. Stockholm region with different numbers of TV channels.

C. Flexibility to adapt to future changes

p_art, only the popular cha_nnels are broadcasteq while theFig.lO demonstrates the inherent advantage of CellTV in
niche ones are unicasted. Finally in the bottom region, ¥l T,

channels are delivered through unicast. The borders betwadaptmg o the growing diversity of TV content. This figure

. ) icts the spectrum requirement of CellTV for distribgtin
these regions move downwards as the ISD increases. Beca(ﬂ P q Y

. . . rent numbers of TV channels, starting from 60 channels
broadcast is more efficient to handle the increased number

) . Ig in the assumption used above) to more than 120 channels. |
VIewers inside the Igrg_e.r cell coverage, even though the Si ssumed that the increase in the number of TV channels does
gain has dropped significantly.

not affect the total number of TV viewers, but the number of
Another interesting observation from Fig.9 is that the spegiewers per TV channel reduces as the channel number grows.
trum requirement is more sensitive to population densianth Two different assumptions were made about the properties of
ISDs in rural areas (lower right corner) and vice versa iraarb these new TV channels. In the first case, all of them are VoD
areas (upper left corner). This is due to the fact that mastannels, i.e, they must be delivered by unicasting; therskc
TV channels are delivered by unicasting in rural, as cleartase assumes they are traditional linear channels, ancths su
indicated in Fig.9. On the other hand, as the ISD decreassth be delivered by either unicasting or broadcasting.
and population density increases, more TV channels are deThe result shows that the difference between linear and
livered by broadcasting. Eventually when all TV channets avoD channel assumptions is relatively small, as all the TV
allocated for broadcasting, the spectrum requirementrneso channels start to be delivered by unicasting as the number of
dependent on ISDs only. channels grows and the viewer number per channel declines.

It is worth noting that the spectrum requirement illustdateCOnsequently, the overall spectrum requirement for CellTV
in this contour plot represents the ‘lower-bound’ value fu t flattens out around 220 MHz when the number of TV channels

spectrum requirement because it is not possible to include S Sufficiently large. For comparison, we also plotted the
spectrum cost for the switching between different transiois  €Stimated spectrum requirement for DVB-T2 to broadcast the
modes in this presentation. As such, Fig.8 should be used a$@Me number of linear TV channels. Note that 3 SFNs are
indicative mapping between the demographic conditions af@nerally regarded as the minimum to provide a national DTT

the CellTV spectrum requirements. Network planners coufverage even with the optimal frequency planning. At least
rely on a graph similar to Fig.9 to quickly determine thé SFNs would be needed if the cross border interference is

resource allocation for each TV channel. considered. The advantage of CellTV is clearly illustraigd

) ) o ) ) the savings in spectrum requirements.
A direct example of their applications is by mapping the

statistics of the Greater Stockholm region onto the contour
plots. As marked by the red circles in Fig.8, the spectrum
requirement for CellTV deployment in Stockholm continues In this paper, we have investigated the spectrum requiremen
to increase from less than 100 MHz in urban areas to mavéa converged platform for TV provisioning based on cellula
than 200 MHz in rural areas (the ’'spectrum bottleneck’ itechnology and infrastructure, referred to as CellTV. The T
suburban areas observed in earlier results is not refleateddistribution in CellTV adapts the transmission mode of each
this figure for reasons explained above). Fig.9 also cdyrecTV channel to the local viewing demand and infrastructure
predicts that all TV channels should be broadcasted insideailability. For instance, less popular TV channels aré/de
Stockholm city and only the niche channels are delivered leyed via unicast in area with lower base station and viewer
unicasting in rural Stockholm. densities, while popular TV channels are broadcasted ia are

VI. CONCLUSION AND FUTURE WORKS



10

with small inter-site distance to utilize the SFN gain. Bualso develop an algorithm that can solve the optimization
different transmissions at neighboring areas may affech egproblem in a time efficient manner, so that this framework can
other’s spectrum requirement, due to interferences and ghe implemented for real-time resource management in future

from SFN associations.

We have formulated the resource allocation for CellTV as
an optimization problem to minimize the overall spectrum
requirement for providing a seamless coverage from urban tg1]
rural areas. We have applied this framework to a case study
of the Greater Stockholm region and obtained the optimal
solution. It shows that the spectrum requirement for CellTV [2]
is only around 110 MHz in urban area by broadcasting all
the TV channels over a continuous SFN. Most of the TV 3]
channels switch to unicast mode and a few popular ones to
another SFN with a lower modulation order at the border
between suburban and rural areas. As parts of the spectru#i]
are occupied by assisting cells deployed next to the border
of the SFNs protecting them from harmful interferencess thi [5]
switch of transmission modes causes a spectrum shortage in
the suburban area. In rural areas the spectrum requiremerd]
is less critical but still considerably higher than that et
urban area, as the number of viewers remains high in each
cell but a larger inter-site distance neutralizes the btnefi
SFN. Although the implementation of assisting cells next tol’]
the border of an SFN is costly in terms of the local spectrum
requirement in suburban area, it is an indispensable measur
to ensure an acceptable level of the SFN spectral efficiencyfl
and reduce the overall spectrum requirement. In addition,
CellTV transmissions could benefit considerably from multi [9]
cell coordination.

One interesting observation is that the spectrum bottleneg,
lies in the suburban area rather than in urban or rural areas
which were typically assumed to be the worst-cast scenarios
One cause to this phenomena is the inherently high numb[er
of users per base station in the suburban region. Its papulat
density is higher than the rural area but the infrastructurg?]
density is much lower than the urban area. Another critical
reason is that the switch from one transmission mode in the3]
urban area to another one suitable for rural areas happens
in the suburban area, leaving a significant amount of thﬁ4
spectrum unavailable for any other services. In other words
the spectrum shortage in the suburban area is the result Bl
the opposite conditions in rural and urban areas. Thussd al
highlights the importance of analyzing the complete trémsi
from urban to rural areas, instead of an isolated study of &6l
particular morphology.

We further extended the case study to a more generalized
setting with mixed morphologies. These results provide il{17]
lustrative examples for identifying the feasibility of CeV 18]
service in various environments and the design principée th
could facilitate the network planning. Lastly, we also demo
strated the advantage of CellTV in adapting to the growinélg]
diversity of TV content by comparing its spectrum requireine
to that of an optimized DTT network for delivering over 120

[20]
TV channels.

In the future studies, we plan to investigate the coexigenc
between mobile broadband and CellTV with detailed mobilé?1]
broadband traffic modeling and identify the capacity Iimit[ZZ]
of such a converged platform for content delivery. We will

CellTV deployment.
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