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Abstract—Energy efficiency in information and communica- efficiency, can be expected to reduce the number of required
tions technology, and in cellular mobile radio networks in gijtes.

particular, is gaining in importance not only with regard to . , T L
the ecological assessment. Reducing the power consumptiof With regard to a network’s energy balance optimizatiors it i

mobile radio systems has recently attracted attention of rtevork ~commonly expected that a sufficiently dense network deploy-
operators as energy costs make up a vast portion of today's ment consisting of small, low power base stations woulddyiel
operational expenditure. In this regard, it is often talked of strong enhancements compared to conventional low density

deploying small, low power base stations to significantly icrease . : . . .
energy efficiency of cellular radio networks. In this paper we topologies featuring few high power base stations. Thispap

study the efficiency of deployment layouts featuring micro hse addresses the problem in more detail. More specifically, we
stations in comparison with conventional pure macro systemby investigate on the impact of down-scaling the macro cells of
means of area power consumption and system throughput. We a network on the system’s power consumption and throughput
further .introduce t.he notior] of measuring energy efficiencyby compared to the deployment of micro sites only, meaning
ggzlrl:taitr;n?héhre]e:\?\}é?k?f achievable system throughput to powr , f,ther densification of the system. The analysis is com-
plemented by considering heterogeneous networks cargpisti
. INTRODUCTION of both macro and micro sites. In this context, micro sites

Already in 2007, information and communications technofi"® Supposed to exhibit much smaller power consumption
ogy has a share of 2% of the global greenhouse gas emissié’t%‘,@? than their counterparts due to advantageous path los
increasing with each year [1]. Moreover, expanding westefnditions and smaller area of coverage.
standards in mobile telecommunications on a world wideescal The bigger part of contributions concerning cellular netwo
would lead to a power consumption of about 40% of todaydeployment strategies are typically addressing a system’s
capabilities in electrical power generation world wide .[2]performance with respect to common metrics such as spectral
Examining past decades, a doubling of power consumptiefiiciency, degree of coverage, or outage probability, 4f. [
figures of mobile communications almost every 4 years can By applying the metric of area power consumption introduced
asserted. Nevertheless, mobile communications is reégensin [5], we are able to evaluate different network topologies
for 0.2% of the global emissions only, meaning a rathavith regard of their energy efficiency. In this context, we ar
small fraction of today’s total ICT carbon footprint. Fueth specifically interested in quantifying energy saving calfigs
it can be recognized that energy efficiency plays already afpure macro and pure micro deployments as well as hybrid
increasing role in key communications technologies [2], [3scenarios. Heterogeneous systems consisting of macrm,mic
where significant challenges can be expected in the futureand pico cells are studied in [6], where the focus is on cost

Besides environmental aspects, there is a strong econbom#euctures and profitability. In [5] and [7] the notion of are
motivation for network operators to reduce power consuompti spectral efficiency, both mean and quantile based, is inted
of their systems. The major contribution of about 80% ifor homogeneous as well as heterogeneous deployments. In
mobile communications originates from the radio access n#lis paper we extend the investigations on pure micro net-
work, more precisely the base stations [2]. Increasingggnemworks. We introduce the quotient of area spectral efficiency
efficiency of a network can therefore be achieved in at leaatd area power consumption as an ordering relation on simila
two different but complimentary ways. On the one handleployment strategies.

energy efficiency of the individual sites in a network canpe 0 The remainder of the paper is organized as follows. In
timized by utilizing more efficient hardware components, . Section Il we introduce the system model and define rel-
power amplifier, and software modules. Load-adaptivityhef t eyant performance measures. In Section Il we study the

components would further contribute to a lower power cofyerformance of different deployment strategies. Sectién |
sumption. On the other hand, improved deployment stragegteyncludes the paper.

which incorporate energy aspects in addition to conveation

system performance metrics such as coverage and spec rlnthefollowing we Use the Notatiom &, Ly, and\,q: to
Y P verag P ée ote the probability and expectation operator, the aidic

1This work was supported by the German Federal State of Saxsmpart TUNction on the set, and tr_le Gaussian distribution with mean
of the "Cool Cellular” project under grant 14056/2367. w and variancer?, respectively.



[I. SYSTEM MODEL AND PERFORMANCEMETRICS ence distance are incorporated in factor The penetration

The focus of the paper is on homogeneous and heterotﬂeis due to transmission from outdoor to indoor is captured
neous networks composed of macro or micro sites, respdtihe termV. The parametelV’ models the antenna pattern,
tively. Homogeneous networks are modeled as infinite reguihich depends on the mobile’s location relative to the base
grid characterized by the inter site distard2e= R, |, yielding Station.
cell structures of equal sized| as illustrated in Fig.1, where
the three-fold sectorized cell structure corresponds tarma
networks and the hexagonal layout to micro layouts. In this Today’s cellular networks mainly consist of powerful macro
paper we use the notiocell sitg or shortlysite, to refer to base stations, employed in rural, suburban, and urban,areas
the geometrical location of a base station’s radio equigmephere in the latter they cover cell radii of about 500 m up to
and its antennas. Further, the noticell is referred to as the 2500 m with a degree of coverage of at least 90%. Typical
area covered by a cell site. antenna heights are well above roof level. In the courseef th

Heterogeneous networks are modeled as homogenebgg rollout, a densification of the network will take place.
macro systems as described above, where a certain nuni@pce, macro site distances of less than 500 m might not be
of micro base stations are placed within the network. TH&USUal. A macro site’s average power consumption is tiyereb
inter site distance refers then to the distance of neighigoridetermined by the cell size and degree of coverage. Further,
macro base stations. In the heterogeneous case, the defin#facro cells are commonly sectorized.
of a cell is more complicated. For our purpose, a cell in a In contrast to this, we consider deploying smaller base
heterogeneous network describes the area covered by a m&aons, which we refer to as micro base stations. These
site plus the area covered by micro sites which are locatBHcro sites are designed to cover much smaller areas, tijpica

B. Base Station Types and Power Models

within the corresponding macro cell. around 100 m cell radius, while consuming only a fraction of
) the power of a macro site. Moreover, they are predominately
A. Propagation Model installed below rooftop and are not as powerful as their eoun

Itis commonly assumed that deterioration of a radio signakerparts, meaning there is no sectorization and no comigarab
quality is due to three different effects: path loss, shadgw transmit power possible due to the design size.
or large-scale fading, and multipath or small-scale fading  The relation between average radiated poRgland a site’s
our simulations we consider all of them, whereas the lattpower consumption is taken from [8], where it is linearly
effect is modeled as a margin in the link budget. The basicodeled for both macro and micro sites by
propagation model we use for our analysis is given by

A Pra= NsecNant(amaPtx,ma‘f' bma) and (3)
Px=Kd "VPx, (1)

P = amiPtx,mi + bmi s (4)
where Py, Py, d, and \ denote transmit and receive power,
denotes a random variable with)log,, ¥ ~ A - . and the number of antennas per sector, respectively. The co-

modeling the shadowing process. Further, we ‘assume ffficientsama andam; account for the power consumption that
parameter to be factorized as scale with the average radiated power. Whilg, computes
from power amplifier efficiency, feeder loss, and site caplin
K=UVW . (2) as well as power supply and battery backup, only the power

The impact of base station and mobile terminal antenﬁénp“f'er and power supply is taken into account . The

heights, carrier frequency, propagation conditions, asfdrf ”af?sm't_ power independent power offsais ar!dbmi are bOth.
mainly impacted by the power spent for signal processing,

whereas in the case of macro sites it is also impacted by site
cooling due to hardware components contributing to thermal
radiation regardless of the transmit power. Micro baseostat

are typically able to scale their power consumption to traffi
load conditions which is disregarded here since we conatntr
on full load scenarios. In contrast, macro sites are assumed
have a power consumption almost independent of traffic load
[9]. From manufactural perspective, hardware componehts o
micro base stations can be expected to be of less quality, e.g
power amplifiers can be assumed less efficient.

C. System Spectral Efficiency

) ) ) ) As described in [7], the spectral efficiency in a cell (which
Fig. 1. Regular grid of base stations and corresponding cgll served by one macro site plus one or more micro sites
geometry with inter site distance and cell areg.A|. in the heterogeneous case) corresponds to the weighted sum



of the spectral efficiencies in the individual sectors. More@here the power consumption portidf of the site serving
precisely, letZ, denote the index set of sectors belongingector.A; is determined by means of (3) and (4) according to
to the typical cellA of size |A]. In this context, affiliation to 1 . .
a sector corresponds to highest expected receive power from p. _ ) nzfma if A; is a macro sector, )
the corresponding base station. Consider now a point patter P if A; is a micro sector.

which generates a random number of users withirFor any note that in (8) only the power consumption figurgs of

sectorA; with i € Z4 let N; denote the number of usersgjtas serving the sectors belonging to the reference cell ar

located withinA;. Here, we proceed on the fact that the cll considered, in the same way as the akdé corresponds to
is partitioned into the sectotd,, i.e., it holdsA = UiGIA A; this reference cell.

with A, N A; = 0 for all ¢ # j. Let further X; denote the
coordinates of a single user withid; according to the point E. Spectral Efficiency per Power Consumption
pattern. The spectral efficiency; is calculated based on A mobile network operator is interested in optimal spectral
) efficiency figures in conjunction with minimal power con-

§i(Xi =) := min [bg? (1+7i(), Smax} IO sumptior{. T%ese are obvjiously two different desFi)gn goals fo
where~; denotes the average SINR with respect to sectorPlanning cellular networks. For instance, achieving a high
The termSmax contributes to practical aspects of finite modusPectral efficiency in a network comes along with a suffidient
lation schemes. The distribution &f; induces a distribution of dense placement of base stations equipped with high-grade
S;, which thus provides the distribution of the overall systefignal processing technologies, which in turn is respdesib

spectral efficiencys with for _a_h_uge amount of power spent in the netV\_/o_rk. Hence,
optimizing a network with regard to energy efficiency and
S = ZieIA Si(X:)-P[N; > 0], spectral efficiency is a multi-objective programming peotl

which is not easily solved. One way to circumvent the problem

where the w_eightﬁD[NZ— > 0] constitute the probability of of maximizing spectral efficiency while minimizing power
sector . A; being nonempty. This approach is motivated bléonsumption is to optimize the quotient thereof,
the spatial reuse since the same resources are allocated in S

each sector. It is also assumed that all resources areedtiliz Q:=——, (10)
provided there is at least one mobile terminal requestirig.da |A[P
The average SINR; in (5) computes based on the assumpgvhere S = E[S] is the mean spectral efficiency or
tion of uncorrelated shadowing in a simplified manner (witlg — stl(a) the a-quantile of the spectral efficiency with
regard to the computation) as Fs denoting the cumulative distribution function ¢f The
E[Rx.i] ratio (10) is measured in bit per second per watt. Of course,
: 5 (6) the quotient can by adapted to a more general case, e.g.,
jeI\{i}E[Pfx’j] to by weighting numerator or denominator. Moreover, in the
which constitutes a lower bound to the non-simplified averagpllowing section we will make use of the scaled versiggn-Q
SINR, where the latter calculates as the expectation of therresponding to the system throughput per subcarrier.
fraction in (6). Note that the expectation is due to the shad-
owing process. Further, the SINR corresponds to a maximal i
interference scenario, where a mobile terminal receivegepo A Simulation Setup
from each base station in the network. In (6) the Bets The simulation setup for homogeneous networks consists
referred to as the index set of all sectors in the network. in each case of one reference cell and two tiers of intergerin
As a more practical measure we use the terminology of sygites, placed on a hexagonal grid as depicted in Fig.1. &iteer
tem throughput per subcarrier, defined by scaling the systelistances of interest range from 300 m to 1730 m for macro
spectral efficiency by means of the subcarrier bandwigth deployments and from 50 m to 350 m for micro scenarios.
(see Tabh.2), i.e., In the heterogeneous case, the macro sites exhibit distance
T:=Bs-S . (7) ranging from 1000 m to 1730 m, where also two tiers of
interfering sites are considered. Within each macro cell, 3
6, and 9 micro sites are uniformly distributed in proximitly o
Since we want to compare networks with differing sitéhe border, all with equal distance to the macro base station
densities, we need to normalize the mere power consumptigie assume a Poisson point pattern implicating a uniform
This can be done by assessing the power consumption of gfigtribution of mobiles within the reference cell. Our fads
network relative to its expansion, leading to the notionmaiaa on the downlink of an OFDMA system where in each sector
power consumption, which is typically measured in watt p@he same resources are allocated.
square kilometer. The area power consumption of a networkThe transmit powers of the individual sites are calculated
is calculated based on by setting a coverage degree 6f = 95%. The coverage
1 is referred to exceeding a minimal receive power threshold
Pi= W ZieIA B 8) defined by the receiver sensitivity (see Tab.2). This cayera

vi(zx) == >

IIl. NUMERICAL RESULTS

D. Area Power Consumption



Tab. 1: LTE-based link budget (1) Tab. 3: Transmit power figures in homogeneous networks

Parameter Macro BS  Micro BS MS D 300 m 500 m 1000 m 1500 m 1730 m
# Antennas (per sector) 2 1 1 Byma 40mwW 310mwW 47W 23.9W 40.0W
# Sectors 3 1 -
Antenna gain (main lobe) 15 dBi 2 dBi -1 dBi D _ 550 % 2180 n\1N iofvr\? 1:;02 Vn\]/ ;fg Vn\}
Noise figure 4 dB 4 dB 7 dB P mi m m : : :
Tab. 2: LTE-based link budget (2) B. Network Performance Evaluation
Relevant LTE system parameters a) Area Power Consumptiontn Fig.2, the area power
gzxﬁi;&f‘q“ency ",:_;OMEEZ consumption figures for the different deployment strategie
FET size 512 are depicted. As observed in [5] and [7], there is an area
# Subcarriers occupied 300 power consumption minimizing inter site distance for each
Subcarrier spacingse 15 kHz strategy. It can be observed that homogeneous micro neswork
Ead{nfgdr_nargins _ ) 4B have a much larger power consumption per area compared to
ast fading margin . .
Inter-cell interference margin 3 dB homogeneeus macro arld heterogeneous networks with typlcal
, , — inter site distances. This simply results from the denseanic
Mobile terminal sensitivity K | h h d d . d
Thermal noise 174 dBm/Hz network topology, where the reduced transmit powers and,
SNR required 0dB thus, reduced power consumption figures can not compensate
Noise per subcarrier _ -132 dBm for the multiple of base stations compared to macro deploy-
Receiver sensitivity per subcarrier -120 dBm

ments with sufficiently large inter site distance.
) ) ) ) By having a closer look at Tab.3, we see that the required
degree is applied with the relation between coverage apgdnsmit powers for micro sites with inter site distance of

transmit power provided in [7], considering an additionallp 500 m and larger are not feasible subject to the design sgiace o
loss due to an outdoor-to-indoor penetration losE'ef 20dB ey hase stations. From area power consumption perspec-

and applying a typical horizontal three-sector antenn&pat tje such networks are not worth of further considerations

for macro sites (cf. [10]) via anyway. We also observe that a densification of homogeneous
é 2 macro deployments beyond 1000 m inter site distance yields
W(¢) = —min (12(7—00) dB, 30 dB) , ¢ € (—m,m] a considerable increase in power consumption in the network
which should only be put up with for a significant gain in
with a 3 dB beamwidth of 70 and a maximal attenuationspectral efficiency.
of 30 dB. The parametef denotes the angle between mobile We conclude that a homogeneous network densification,
terminal and boresight direction of the major lobe. Micre®a even with micro base stations with their comparably low powe
stations are assumed to be equipped with one omni-diredtiosonsumption figures, comes along with a significant increase
antenna. In heterogeneous scenarios, the micro site’'ateatdi in area power consumption. This leaves the question what gai
power calculates with regard to a circular area of coverdgeia spectral efficiency can be achieved by employing dense
radius 100 m. Further, the calculations are based on a LKE linetworks and, hence, allowing larger power consumption
budget provided in Tab.1 and Tab.2 as well as on propagatiigures.
models taken from [10] which are summarized in Tab.4 for
a carrier frequency of 2 GHz and for macro and micro ba: oo

station antenna heights of 25 m and 10 m, respectively. 8- Homogeneous macro
i 1 1 -#-Homogeneous micro
The computed transmit power figures of macro and miC 5o +Heter§geneous’ S a—
base stations in homogeneous networks are summarizec -A-Heterogeneous, 6 micro site

-»-Heterogeneous, 9 micro site

Tab.3. The transmit powers of macro base stations in h 2000 ]

erogeneous networks correspond to the ones calculated—~
homogeneous scenarios, whereas the transmit powers of§
micro sites are found out to be 2.3 W for each network sizE3
Although the transmit powers are designed such that ind&
areas are covered to a certain degree, the following rest 2000
are based on users located outdoors only. For evaluat
the spectral efficiency figures we applmax = 6 bit/s/Hz ~ 100q-
according to (5). Further, we study full load scenarios pnl
i.e., each sector contains at least one mobile requestitag d.
with all resources allocated. For applying the introducewgr
model, we make use of the values derived in [8], that is,

000"

100200300400 500 1000 1500 1730
Inter site distanceD (m)

Fig. 2: Area power consumption as function of inter site
ama = 3.8, bma = 68.8 W, ami = 5.5, bmi = 32.0 W . distance for different deployments.



b) System Spectral Efficiencithe cumulative distribu- ~ 1aP- 4: Effective propagation parameters based on [10]
tion functions of the system throughput per subcarrier are

. S Urban macro cell A —101log,4(U) T10log; o ¥
depicted in Fig.3 for homogeneous macro and heterogeneous.os ( <320 m)  2.20 34.0 4
deployments. The arrows indicate increasing inter site dis LOS (@ >320m)  4.00 —11.0 4

tances according to our simulation setup. In each scenario NLOS 391 15.8 6

- . _d _d
the spectral efficiency can be improved by decreasing inter LOS probabilty  Ros=min {4} 1} (1 —e “’3) te 8
site distance. This is a consequence of enhanced propagatio - "micro cell X

- X i —101log,4(U) T10log; o ¥
conditions due to smaller distances between base statidn an Los @ <120 m) 2.20 34.0 3
mobile terminal. Introducing micro base stations within a LOS @>120m)  4.00 -3.4 3

NLOS 3.67 30.5 4

macro network further enhances system throughput, where - i . .
the higher the number of micro sites the higher the gain. LOS probabilty — Pos=min {4} 1} (1_6 36) te
Moreover, not only the mean throughput increases but algo an

quan.t|.le of it. Of course, d_u eto geogrgphmal limits, thisra follows from the fact that for mobiles located near the cell
specific number of micro sites (depending on the layout) abo%J/order the increase in receive power compensates for the

which deploying further micro sites will decrease the S'the'ncrease in interference power for decreasing cell sizes du

throughput, an effect which can be observed for suff|C|en_t the nonlinearity of the propagation conditions.

dense pure micro networks. We also see that the more micro - . .
P c) Spectral Efficiency per Power Consumptidn:Fig.5,

sites, the larger the variance in the throughput, altho t . .
difference is ?elatively smal. ghp Ingh the ratio Bs. - @ of mean system throughput per subcarrier

i . to power consumption in the network is depicted. We already
In contrast to that consider the system throughput figurg§<erved the comparatively high power consumption in pure

illustrated in Fig.4 for homogeneous micro networks. Hergicrq networks due to the high number of sites. Regarding the
we can clearly observe that a network densification beyopel ;- O, we can conclude that the higher amount of power

a certain size does not necessarily provide higher syst@@lnt in a dense micro network can be easily compensated for
throughput capabilities. In our example we have an mcre&seby the significant increase in mean area system throughput.

low quantile-based throughput figures for decreasing Siter Tis js also true for any quantile of the system throughput in

dist_ance. On t_he other hand, the peak th_roughput decreasgss of very small inter site distances (in our scenario fabou
noticeably. This follows from two facts: firstly, the nearegg 1 to 130 m) due to the high fairness in such networks
the base stations, the higher the probability of line of Bighys conclusion is reasonable since although the throughpu
between mobile and its associated base station. Secohdly,f, 5 ,re macro and hybrid networks is larger due to the higher
same hoIQs for line of sight between mobﬂe .and 'n,terfe”nﬁ)atial reuse within the cells, the area throughputin pucean
base stations. Hence, the_ SINR ata mobile is getting Wolsgnyorks is much higher due to significantly smaller celésiz
the smaller the base stations’ distance due to an increasingna 1\otion area throughput or area spectral efficiency, es-
number of base stations generating significantly high 4int ecially of heterogeneous networks, was introduced in ] a

fere_n<_:e POWE. _Obv_iously, therg is a maximal peak through 9] for mean and quantile-based throughput considerations
realizing inter site distance, which corresponds to ab60tra respectively. With this, the measure (10) can also be writte

|r}?u.r example. Vr\]/e l;lurtf}ertake frc(;m the resultskthat thhedggr s the ratio of area spectral efficiency or area throughput to
of fairess gets higher for more dense networks. This simplye, nower consumption. Hence, we end up with much better
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Fig. 3: Distribution of the system throughput per subcarfoe Fig. 4: Distribution of the system throughput per subcarrie
homogeneous macro and heterogeneous deployment steatefiie homogeneous micro deployment strategies.



performance of pure micro networks compared to pure macro V. SUMMARY AND CONCLUSIONS

deployments with regard to the ratio of area throughput and|p this paper the densification of cellular networks with

area power consumption. High performance regarding (1f3spect to different deployment strategies including poiero

is also achieved by heterogeneous deployments due to thgifi macro as well as heterogeneous networks was investi-

significant increase of system throughput and comparalaly Iyated. Concerning system throughput figures, a densificatio

increase in power consumption due to the manageable nUMREE certain degree is beneficial, whereas homogeneous micro

of additional low power consuming micro sites. Eventuailg, deployments can be regarded to be superior. From energy per-

can state that a high spatial reuse contributes significémth spective, deploying simply micro sites results in signifity

small cost-benefit ratio described by (10) for cellular r&#®. higher area power consumption figures, thus being not of much
A comparison of pure macro and heterogeneous scenariggrest.

yields that the introduction of micro sites in a macro nekwor We also introduced the measure of system throughput

is beneficial since the increase in system throughput istargchievable per power spent in the network, which is highest

than the increase in power consumption. Our example previder homogeneous micro networks, followed by heterogeneous

further that this gain gets smaller with each additionalrmic networks’ throughput figures. As a conclusion, a network

site. densification using both macro and micro base stations is
However, a fair comparison using this metric should b@ each sense to be preferred compared to homogeneous

based on deployment strategies having some performancedaployment strategies due to several reasons. Among them,

dicators in common, e.g., power consumption figures feasitihe allocation of suitable locations for micro base statjon

subject to some maximal power consumption specificationdich might proof difficult for sufficiently many micro sites

or a system throughput in a predefined domain. Clearly, thebe placed in a network.

scenarios studied in this paper vary significantly regaytioth The presented results are based on full load conditions

throughput and power consumption capabilities. Hencey thtor each network regardless the individual cell sizes. More

should not be evaluated on the same level with respect ganingful results should be obtained when considering the

the metricQ. For instance, the smaller the inter site distancéifferent networks under varying traffic conditions, eigsing

the smaller the number of users requesting data within a céifferent user densities. In praxis, the irregular shapg., ®f

and, thus, the higher the number of resources availablééor tirban areas, prevents from deploying hexagonal-like nédsvo

users. Indeed, users are not capable of processing dasa reience, the simple models and concepts presented in this pape

larger than a certain threshold or users are not interestedshould be translated to real scenarios, e.g., the downtéwn o

them at all. That is, a high throughput can be provided battypical European city.
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