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Abstract—The intrinsic trade-off between the capacity and approach, towards quantifying various aspects of performance.
Quality of Service (QoS) has long been subject of investigation in For example, LTE capacity is not soft anymore as it was
the design of MAC layer scheduling, power and call admission for UMTS and spectrum reuse efficiency is not irrelevant

control mechanisms. However, from prospective of planning a tric either for LTE. Rather i ) ity of ¢
cellular network, while capacity and coverage trade-off has been MEUIC €ther for - Rather Increasing scarcity or spectrum

well studied and capacity and energy trade-off has also received IS pushing towards more aggressive frequency reuse in LTE,
significant attention recently, trade-off between the capacity and leading to intra-cell spectrum reuse [1] and fractional fre-
spatial faimess of service level in the coverage area is relatively quency reuse [2] that has to be incorporated while defining
overlooked. In this paper we identify the increasing importance e formance metrics for future cellular systems from planning
of this trade-off in context of emerging cellular networks and . . . .

present a set of metrics that can be used to quantify and analyze perspective. AI?’O’ _QOS IS getting new assertions fueled by
this trade-off particularly in terms of number of sectors per site Performance criteria set for LTE by 3GPP where fairness of
and frequency reuse factor. The numerical results presented also data rate received among the cell edge and cell centre users
provide insights into the relatively under explored advantages of s being given increased importance [3]. All these changes are
intra-site frequency reuse compared to classic inter site frequency again asking for revamping and revision of metrics to quantify

reuse. The key advantage of these metrics is that they can beth f f . d fut lular tems. A
used as part of the optimization objectives for planning future '€ Performance ol emerging and future celluiar systems.

cellular networks to meet the increasingly pressing requirements Mechanism to precisely quantify the inherent trade offs among
both in capacity and QoS. multiple and mutually contradicting facets of the performance

Index Terms—Cell planning; intra-site frequency reuse; Per- s essential in order to plan future cellular networks that can
formance Quantification; Capacity; Quality of Service; judiciously strike the intended balance among the various
conflicting planning goals.

A number of work have recently embarked on various
Cellular system planning objectives have changed signifispects of LTE planning [4]-[13]. However, each of the
cantly over the past two decades to comply with evolutigorior research works on planning uses different definitions
of the new generations of cellular systems as well as ¢ performance metrics while considering different sets of
meet the changing user requirements. The focus has shiff¢anning parametere. This makes the investigation of the trade-
from coverage only, to capacity, and to capacity and Qaffs among various aspects of the performance and their cross
together, for GSM, UMTS and LTE respectively. The metriccomparison difficult. Furthermore, the capacity and QoS trad-

to quantify these objectives have also undergone revisioni$ although well delved into from MAC layer perspective, is
for each generation and changing socio-economic eco-systeat fully investigated from the planning perspective. Given the
of cellular networks and their users. For example, in classiecreasing importance of QoS particularly in spatial fairness
GSM the planning objective in terms of QoS was to simplgontext, in this paper we investigate how the different planning
ensure the outage is below certain percentage of area liagouts in terms of number of sectors per site and frequency
SINR available in the coverage is above the protection ratieuse, offer a trade off between the capacity oriented perfor-
of about 9dB to ensure that a voice call can be supportathnce and QoS oriented performance.
with acceptable audibility. On the other hand capacity in GSM The contributions of this paper are two folds: First, we
simply meant the number of users that could be supportddrive a set of metrics that can characterise the performance
in the system in conjunction with spectrum reuse efficien@f cellular system plan in terms of capacity, spectrum reuse
that could be harnessed from frequency reuse concept. Wifficiency and QoS. These metrics can be used to quantify the
advent of UMTS the notion of soft capacity came into beingerformance of a cellular deployment plan against number of
and cellular system capacity had to be redefined in terms s&fctors per site and frequency reuse plan. While deriving these
throughput. At the same time classic concepts of spectrurretrics we incorporate the impact of modulation and coding
reuse and threshold protection ratio from GSM also becarsehemes that are used in a particular cellular system. This
less relevant. is to ensue that the metrics reflect the performance by taking
Emerging OFDM based cellular systems such as LTE aimo account the standard specific features of the system under
LTE-A again require significantly different if not totally newconsideration. The main advantage of proposed metrics is that

I. INTRODUCTION



TABLE |

they can be evaluated semi-analytically through a simple static NOTATION FOR SYSTEM MODEL
simulator. Their use can substantially reduce the solution timg Symbol Description
by avoiding the need for classic dynamic simulators to evaluate b b'" base station
. - . B set of all base stations in systems
metrics such as throughput and rate fairness etc. Second, usirg—g total number of BS 1.e]B] = B
our results and subsequent analysis we provide useful insighis A Total area of interest
that can help to address the time-persistent cell edge and—< ___S& of Q bins that constiiute A
cell centre throughput differences by making use of intra-sit¢__9 g bin 3 7 ai=A&§5=qY€Q
f - d of or in addition to int ite f O set of bins in which BS are locate@, C Q
requency reuse instead of or in addition to inter-site frequency—szg set of all sectors in the systems
reuse. S total number of sectors in system i[&] = S
The rest of the paper is organized as follows: Section___3 | di”OtefSS”L SeCttf}’Lf -
Il describes system model and derivation of the metrics gb 5 {tgta ;urg erso ;egorhls‘ssfsB 3
H H H b b — 1,02,03---OB [ = - b=1 b
In Section II! we present numerical results and section IV T, Number of fimes spectrum s eused Wi & given afea
concludes this paper. Gs gain from thes™ sector antenna tg*® bin.
« ath Toss co-efficient
Il. DERIVING METRICS TOANALYSE CAPACITY AND QOS B ppathloss exponent
TRADE OFF o8 horizontal beamwidth o™ sector antenna
. - . . . T capacity wise metric
Using the definitions given in Table | we consider a syste A Service grea}éa,mess Wise metc
model in which area of interest is divided into bins of | o2 noise power

equal sizes. The first step to quantify the capacity and QoS

related performance of cellular system is to assess SINRarameters we are interested in i.e number of sectors per site
geographical distribution in the system as this not only camd frequency reuse. Note that, (3) can be used to calculate
help to calculate the achievable link spectral efficiencies bBtNR anywhere in the area of interest with respect to a best
also can be used to determine the spatial fairness among dateving sector denoted by, therefore to mark its generality
rates achievable in the service area. Therefore, it is ratiofat onward use we have dropped the superscirfitom the

to start with derivation of the SINR as function of number o8INR symbol in (3).

sectors per site and the frequency reuse, that can then be used

to derive expressions for these metrics. The SINR perceivAd Quantifying Capacity from Planning Perspective

in the ¢*" bin from fthg sector, gan be given as: Our basic aim here is to assess the long term performance
NS = PGha (dq) s,6€8,q€0 of a cellular system plan by incorporating its dependencies
Y s (pégga (dg)‘f‘u('rf))’ ’ ’ on the planning parameters listed above rather than short

1) term dynamics of cellular eco-system. Therefore, conventional

Where u () is a unit function that determines wether offifoughput based metrics are not exact match to our purpose
not the ¢* bin will receive interference from a particularMainly because of their dependency on short term dynamics
sector depending on the frequency reuse. Note that we assieh @s scheduling and fast fading, as well as their complexity
full load scenarios, i.e. each sub-carrier allocated to a cell§5 €valuation. To this end, here we present a metric to
simultaneously under use. Therefore, in calculating SINR v&iantify the capacity wise performance of cellular system
have omitted the impact of dynamic scheduling and only staff®™ Planning perspective, denoted B/cx. This metric
frequency reuse is used to determine the inter carrier collisiBS Semantics similar to the area spectral efficiency but it does
and hence interference at given location. Afjdis distance not require thrqughput estimation for its g:alculatilon, rather it
between thes*” sector antenna ang” bin. The antenna gain €&" be determined through simple semi-analytical approach

can be modelled as proposed in [14] and with simplificatioffith help of static less time consuming simulator. A key
introduced in [15] as: advantage of this metric is that it can also serve as the basis

o5 — 6%\ 2 for calculation of QoS wise metric for planning i.A.as we
G =G(p,D) x 107" (qs> (2) will show later. Below we explain calculation &f ;¢ 5.

“h Since the sub carrier bandwidth in emerging cellular system
The ¢; is horizontal angle in degrees aff* sector tog”" bin  (e.g. LTE) is fixed so the throughput on single sub-carrier in
with respect to positive x-axis. As indicated the maximura given BS-user link and hence the total throughput of the
antenna gainG is a function of efficiency of antenna, system depends on Modulation and Coding Efficiency (MCE)
and directivity D and can be written a& = pD where D on each link. The MCE in turn depends on SINR available
can be further approximated asD. = i";v. Note that for on that link given by (3). Thus, with total bandwidth fixed,
the practical cellular antennas the reléitionship between tthe actual long term average spectral efficiency of a BS-
horizontal beamwidth of sector antenna and the number sectassr link depends on the SINR’s geographical distribution in
per site can be modeled ag = f’fgb. Wherey is a factor the coverage area that in turn depends mainly on planning
representing overlap between the sectors. Thus using (2) in ffdyameters as given by (3). Therefore, the long term average
the SINR perceived i’ bin can be determined as in (3).SINR available at point is mainly dependent on the location

As desired, the SINR derived in (3) is function of the keypf n. Thus, the SINR in (3) at a point can be abstracted as
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function of point’'s distancel! and anglep? from the BS in LTE with L=15) andM C E; denotes the respective modulation
cylindrical coordinate system and can be simply written as:and efficiency ofi*” scheme. Wheré = 0 means modulation
_ s s 4y and coding scheme with zero spectral efficiency i.e. no link
representing outage and is modulation and coding scheme
This SINR then can be mapped to MCE using theoreticalith highest spectral efficiency. Now the pdf of MCE can be
Shannon bound or using practical SINR thresholds of thkgtimated as:

MCSs used in LTE as given in Table II. f(MCE) = @ (8)
TABLE Il Q
MODULATION CODING SCHEMES INLTE ALONG WITH THEIR h
RESPECTIVEMCES AND SINR THRESHOLDS[3] where
MCS Index({) | Modulation | Coding Rate| SINR | MCE(b/s/Hz) Q= Z Ui ('Yq) (9)
0 N/A N/A 51> 0 VgeQ
1 QPSK 18 51 0.25 ) ,
5 QPSK 175 29 04 andU(v,) is defined as follows.
3 QPSK 174 17 0.5 1 To<~ <T
4 QPSK 173 1 0.667 Forie L\{0,L} L : Ui(r,) = ! %" b
5 QPSK 12 2 1 0 otherwise
6 QPSK 2/3 43 1.33
7 QPSK 3z 55 15 Forl=L:Uj(v,) = 1 Ti<q
8 QPSK 4/5 6.2 1.6 0 otherwise
9 16QAM 172 7.9 2 | 4 < T
10 16QAM 213 11.3 2.667 —_0- _ q 0
11 16QAM 3/4 12.2 3 And for 1= 0: Uy(7) {0 otherwise
12 16QAM 4]5 12.8 32
13 64QAM 213 153 4 T; is the threshold SINR required to u&& modulation and
14 64QAM 3/4 175 4.5 coding scheme from sét as given in the right most column of
15 64QAM 475 18.6 48 . I o
Table II. T} is the threshold of minimumy below which link
Now the average modulation and coding efficiency theocrafannot be maintained with pre-decided performance criterion
ically achievable in a cell can be given as: and all such points in coverage area constitute the outage area.
_ 1 Similarly CDF of MCE can be given as:
MCE o = / /log2 (1 4+ v (¢S, d2)) depdd  (5) .
Acell ¢ Jd Z =0 Q;
] F(MCE)) = === (10)
Where A..;; is the total coverage area of a cell. In order to Q

evaluate the system wide theoretical area spectral efficiencyyhile (8) and (10) give PDF and CDF of MCE achievable
in more practical manner, let's consid&f = {1,2,3..N} is with given plan, a numeric metric is also required to quantify
set of all points in the coverage area. Then (5) extended f@fs MCE. We define this metric to quantify the spectral effi-

whole coverage area can be written as: ciency achievable through MCE for a given SINR geographical
) ;XN distribution , as follows:
MCE4req = W Z 10g2 (1 + ’Yn) (6) L Q
= Tace =Y <MC’El x Q’) (1)
In order to have an actual area measiire— oco. For ease of 1=0

evaluation we invoke our bin-grid Concept introduced above Wherte is the number of bins in coverage area in Wh-')gh
i.e. area is divided into finite set of Q virtual bins of equal sizgpeets the threshold required to u&e modulation and coding
so small that within each bin the long term average SINR cagheme.

be assumed to be constant. Now (6) can be written as:  Note thatY ;¢ reflects average BS-user link spectral effi-

_ 1 & 1 ciency achievable with a particular cellular plan/design and can
MCEarea = Q Z 083 (1 +74) @ be used as capacity wise metric. However, for holistic quan-
e=1 tification of capacity from planning perspective, an important

Let £ = {0,1,2,3,...L} is set of modulation and codingmeans of cellular capacity i.e. spectrum reuse also has to be
schemes available to be used in the given standard (e.gtdken into account.



TABLE Il
MODELLING PARAMETERS

Parameters Values I11. N UMERICAL RESULTS AND DISCUSSION
System topology 19 sites (1-6 sector/site
BS Transmission Power 39 dBm . . .
BS Inter site distance 1200 meters Figure 1 plots CDF given by (10) for the geographical
UBS height - 032 mectjers ; distribution of SINR using the system model parameters listed
ser antenna mini directional . f . .
BS anteRna Maximum Gt mas 15 dB in Tgble lll. The SINR is obtained through (3) as function of
BS antenna maximum aftenuatiof,ax 20 dB two important planning parameters i.e. ‘number of sectors per
Frequency 2 GHz site’ S and the ‘number of times spectrum is reused per site’
Pathloss model Cost Hata . . . A
Shadowing STD 8 dB i.e Ty. Thus, for example the notation '11. S¥6,=2’ that

- ] ] ] denotes plan number 11 means there are six sectors per site
B. Quantifying Reuse Gain from Planning Perspective and spectrum is used two times within a site. i.e. the spectrum

In the backdrop of need for aggressive frequency reuse ¥Wedivided in three equal parts, each part is allocated to three
propose to reuse spectrum within a site. By exploiting the fag€ljacent sectors and the pattern is repeated for other three
that sectorisation provides significant isolation among cef&ctors on the site such that sectors using the same spectrum
projected from same base station, spectrum can be reud&giapposite to each other. A comparison of SINR distributions
within a site among sectors pointing in opposite directiorfér range of possibleS and Y; is made. First observation in
as well as among alternative sectors pointing in differefiigure 1 is quite intuitive that with less aggressive frequency
directions. To quantify the spectrum reuse gain in capacit§use SINR distribution improves. For example, plan no. 12
obtained from such intra-site spectrum reuse we défipeas (S=6,Yy=1) has much better SINR distribution and thus is
‘number of times spectrum is reused within a site’. Thlis expected to have capacity wise better performance compared
can be calculated as: to plan no. 9 (S=6f y=6). However, two important underlying

g trade-offs are to be observed here. First, obviously, plan no.
= — . (12) 12 (S=6Y=1) has too low spectrum reuse efficiency that will

Number parts spectrum is divided in undermine the over-all capacity of cellular system for given

Although intra-site spectrum reuse is expected to increasgectrum. Second, and relatively less intuitive observation is
interference thus decrea&,, ¢ it would be interesting to that the spread of CDF curves for plans with Highi.e
investigate how gain in capacity through high¥r trades aggressive intra-site reuse is much narrower then those with
against lowerY ), as well as the QoS wise performance.low Y;. The reason for that is, with intra-site frequency

reuse, the cell centre users are also interfered with almost
C. Quantifying QoS from LTE Planning Perspective same magnitude as cell edge users, compared to conventional

A measure of QoS from planning perspective needs ilr&ter—site reuse where cell edge users are interfered much
capture the data rate levels offered by a cellular system desl gre gggfresswely than cell cerr:trle USErs. In othelrl words th|?
to users in the coverage area in both the spatial and tempd rla-sn;:_ requency reuse can help to |mpr(|)ve_ce I edge ce
context. However, while planning a cellular system, all shofNre disparity to some extent. For example, in plan no. 12

term temporal dynamics that impact data rates such as fasron s=1) the range of SINR a user perceives, varies from

fading can be neglected as they are averaged out. The lon dB to 60dB leading Fo huge spatial disparity in se_rvice
a. On the other hand, in plan no. 9 (SEG76), SINR varies

term average data rates are already captured in calculaty ;
of Taor. However, one key aspect of QoS remains urﬁ[om —20dB to 20dB only. For planning cellular networks

captured that is increasingly becoming very important frofi{diciously an(;jd_o_pnmal!g W'th re_SPGC; tr? QoS an :fapa;]clty
planning perspective i.e. service area faimess or in other wofJi"1ties, In addition to identification of these trade-offs, their
homogeneity of the level of service that can be provide‘?fec'se quantification is also required. This objective can be

throughout the coverage area. Building on above derivatiop&hieved bly usmg} the rr;etk?cs proposed in previous section.
and we define a metric for the service area fairess as:  F19Ure 2 plots values of these metrids Trcp and 1.

Trade off among the average link spectral efficiety;cg,
Q I 2 spectrum reuse efficiency ; and the spatial fairness can
A=1/ lz (MC’Eq — Z (MCE; x Ql)) (13) be clearly observed in Figure 2. For example, plan no. 9
Q s —0 Q (S=6,Y;=6) offers the maximum service area fairness and
The advantage of this metric of QoS is that it exclusivelllighest spectrum reuse efficiency but the average BS-user link
captures geographical variation of the BS-user link spectisgectral efficiency achievable with this plan is the worst among
efficiency and hence achievable data rates in area of coverafighe twelve plans evaluated. On the other hand, plan no. 12
which is key factor to be considered in cellular systerf6=6Y ;=1) offers maximum average BS-user link spectral
planning. Furthermore) is also capable to implicitly take efficiency but with lowest service area fairness and spectrum
into account the cell-center and cell-edge rate differences. Thésise efficiency. Whereas, plan no. 10 (S5673) does not
is because, having spatial connotation instead of temparalmaximise performance in any of the three aspects but rather
gives the cell edge users higher importance because areafisrs medium level performance in all the three metrics. The
square function of radius, thus more area lies farther from thetailed analysis of these tradeoffs is beyond the scope of
cell center. this paper and will be covered in future work. Here, the key

Ty




observation to be made is that the proposed metrics’ capabiliyrness. Particularly, the analysis presented have helped to
to precisely quantify this tradeoff with computation efficiencydentify and quantify, an otherwise non-intuitive advantage the

can actually help to design a cell plan that is optimal tmtra-cell frequency reuse offers compared to classic inter-site
simulatnesouly meet the multiple planning objectives closelyequency reuse, i.e. potential to obtain better balance between
Also insights obtained through presented analysis, particulagil edge and cell centre prefromance. The extension of the
the identification and quantification of trade-offs of intra-sitpresented analysis to relay enhanced cellular networks in the
frequency reuse can help to plan better cellular system desggmtext of LTE-Advanced will be the focus of our future work.

in future to cope with cell-edge and cell centre disparities.
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