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Abstract—Optimization of the energy efficiency is considered stations [3]. This paper investigates on this issue in metaill
not only to positively contribute to the ecological assessemt, Using the notion of area power consumption we assess the
but gains in importance from operator's point of view as well — anergy need of heterogeneous mobile radio networks featuri
since energy costs for running a mobile radio network have fi | it I dditi I I .
an increasing share of the operational expenditure. From tts cpnven lonal macro sites as well as additional smalfler anicr
perspective, the utilization of small, low power base statins Sites. Compared to the former, the latter cover a much smalle
is regarded as a promising strategy to enhance a network’s area but feature accordingly lower energy consumptiondigur
throughput and to increase the energy efficiency. In this papr we  |n addition, the areas covered by micro base stations giynera
investigate on the efficiency of homogeneous and heterog@s  oniny mych higher average signal to interference and noise
networks consisting of a varying number of micro sites with fi SINRS) due to advant o diti d
regard to traffic load conditions. ratios ( S) ue to advantageous path loss conditions an

shorter propagation distances.
. INTRODUCTION In the following we use the operatdfsE, andQ® to denote

The use and production of information and communicéhe probability, the expectation, and thequantile operator,

tion technologies contributes an increasing share to gloggspectlvely.
green house gas emissions accounting for over 2% already I
in 2007 [1]. Within the communications sector a trend to- '
wards increasing the energy efficiency of key technologiesin this paper the homogeneous macro network is modeled
can be observed. Although mobile radio networks are onis a cloverleaf network layout consisting of three-sezéati

a minor producer of green house gas emissions today [B]acro base stations as depicted in Fig.1. The layout is char-
[3], significant challenges can be expected in the futuracterized by an arbitrary inter site distanfevarying in a
Over the past years, mobile telecommunication networke hasertain range. Each macro base station serves an area denote
shown exponentially increasing energy consumption figurdsy A (corresponding to the grey-shaded region in Fig.1) with
doubling almost every 4 years. Moreover, establishing evest area sizg.4|. In homogeneous networks the atédas referred
standards in communication services on a world wide scateascell, whereas the geographic location of a base station is
would consume about 40% of today’s global electrical powelenoted as cell site or simphite Hence, a macro site serves
generation capabilities [3]. a cell consisting of three sectors.

Besides reducing the carbon footprint of the industry,eher In heterogeneous networks the term cell is understood as
is a strong economical incentive for network operators to réollows. Heterogeneous networks are based on the above
duce the energy consumption of their systems. Currently ovatroduced homogeneous macro networks, where a certain
80% of the power in mobile telecommunications is consumed
in the radio access network, more specifically the basestti
[3]. Improvements can in principle be achieved in two ways.

Firstly by optimization of individual sites, e.g., throutjte use

of more efficient and load adaptive hardware components as
well as software modules. Secondly, by improved deployment
strategies, effectively lowering the number of sites reepli

in the network to fulfill certain performance metrics such as
coverage and spectral efficiency. In principle, gains acite

in one area are complimentary to gains achieved in the other.

With respect to energy needs, it is often believed that
network topologies featuring high density deployments of
small, low power base stations yield strong improvements
compared to low density deployments of few high power base

1Th ‘ ed | by E c N Fig. 1. Regular grid of macro sites and corresponding cell
is work was supported in part by European Community’s e T . .
Framework Programme (FP7/2007- 2013) under grant agreemiezd7733. geometry with inter site distanc® and cell aredr-Al'

SYSTEM MODEL AND PERFORMANCEMETRICS



number of micro base stations is placed within the networkigh load scenarios. In this work the load dependent power
The specific location of each micro base station is accordingpdel is applied.

to the scheme illustrated in Fig.2. For instance, if a micro For macro base stations the relation between average radi-
base station is placed at each corner marked by the greeh sated power and power consumption is modeled as

circles, we have effectively 1 micro base station per maeto ¢

Hence, in this case the notiaell is referred to as the macro Prma= NsecNam(amaPtxyma+ bma) y ®3)

cell plus the area served by the one corresponding micro bgggare V.. and Nan denote the number of sectors and antennas
station. The definition for the other considered heterogaese per sector, respectively. The transmit power of macro base
networks is straightforward. stations is such that cells of radius of 500 m up to 2500 m
are served with more than 90% coverage. Also, cells with
radii lower than 500 m are not unusual, especially with rdgar
In wireless communications, signal quality between base the coming LTE rollout. The coefficienin, accounts for
station and mobile terminal is mainly affected by the follow power amplifier efficiency, site cooling, power supply, and
three effects: path loss, shadowing or large-scale fadind, battery backup. The power offskt, takes into account signal
multipath or small-scale fading. The first is usually subjegrocessing as well as the transmit power independent psrtio
to some inverse power law with a power exponent deviating site cooling, power supply, and battery backup. Typicall
in a range of 2 for free space propagation and 4 (amgacro base stations are mounted well above rooftop level and
more) reflecting environmental issues. Shadowing or larggerve three sectors, each with a certain number of antennas.
scale fading is typically modeled as a log-normal dist@olit  The macro base stations’ counterparts, the micro base sta-
attenuation factor with variance according to the envirentn tions, are designed much smaller in dimension and fundtona
Multipath or small-scale fading can be taken into accouat Vity. For instance, micro base stations serve only a singitose
a Rayleigh or Ricean distributed attenuation. Alterndyivé typically with a single omni-directional antenna. Furthizey
can be included in the link budget as a margin which is doRge mounted below rooftop level on building walls, lamp ppst
here (refer to Tab.2 used in our simulations). The link btidggr traffic lights. Due to their smaller design size, they aaeli
accounts for all gains and losses from the transmittermjﬂno much less power and consume 0n|y a fraction of the power
the medium, to the receiver. The relation between radiateld a&ompared to macro base stations.
received power can hence be written as Micro base stations are further considered to be able to
P — Kd 0P (1) scale their power consumption to _traffic load conditions in
E o contrast to macro base stations, which have an almost ednsta
where Py, Py, d, and X denote transmit and receive powerPower consumption regardless of the traffic [9]. The power
propagation distance, and path loss exponent, respacfifeé model for micro base stations relates transmit power ancepow
random variablel accounts for the shadowing process. Theonsumption via

arameterk’ is written as
P Pi(L) = ami(L) Pocmi + bmi(L) @)

K=UVwW. @) with coefficientsan, andby,; depending on the loadl € [0, 1].

Here, the factol/ accounts for base station and mobile termil e load L describes the portion of resources which are
nal antenna heights, carrier frequency, propagation tionsi allocated for transmission, where zero and full load cqoes!

and reference distance. The attenuation for outdoordoen 0 no active user in the cell and providing one or more
propagation is captured . The parametei¥ describes USers with all resources available, respectively. Withardg
the antenna pattern, which depends on the mobile’s locati$hOFDM systems considered in this paper, the load indicates
relative to the base station. For omni-directional anterthis the number of allocated time-frequency resource blockseSi
parameter is simply 1. With regard to empirical propagatidﬁicro basg stations are assumed to lack any cooling uniFs the
models the parameters in (1) also depend on line of sigREtOr ami includes only the losses due to power amplifier
conditions. Due to flat plane considerations in our modégfficiency and power supply, whereas the offsgt includes
and, thus, the lack of a concrete environment, we follow the
approach in [4] where line of sight between transmitter and
receiver is modeled via a 0-1 random variable.

A. Propagation Model

B. Power Consumption Modeling of Base Stations 1 Micro site per macro cell
2 Micro sites per macro cell
3 Micro sites per macro cell

2:2 5 Micro sites per macro cell

In order to quantify the energy need of a cellular system
we have to study the power demand of each element in the
network. In our considered scenarios, we employ macro and
micro base stations. In [5] a linear power model (linear with

respect to the average transmit power) is developed, whkich i _ ) ) . o
already applied in [6] and [7] as well as in [8] focusing orfig. 2: Location of micro sites within the macro deployment.
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the signal processing overhead as well as a portion of theWe now define a traffic dependent notion of spectral effi-
power supply loss. ciency as follows. Consider a random point process, gengrat
In contrast to powerful macro base stations, the hardwaaerandom number of coordinates (mobile terminal positions)
components built into micro base stations are of signifigantin a reference celld. This point process induces a set of
less quality, e.g., power amplifier efficiencies are muchllema random variablesV; with ¢ € 74 which count the number
Thus, it can be expected that the relatiep, < ami holds. of realizations of the point process in the sectots Let
Due to necessary site cooling and higher signal processiiugtherX; denote a random variable with realizations being the
capabilities of macro base stations, the power offset figureoordinates of a single mobile terminal position withintsec
will satisfy bma > bmi. In [5] the following figures are derived A; as generated by the point process. The mobile terminal
for the power model parameters which are employed in olacation’s distribution thus induces a distribution of ¢pterm
analysis: average SINR and average spectral efficiency figures in the
) corresponding sector according to (10) and (11). The total
Macro base stationima = 3.77, bma= 68.73 W, (®)  average spectral efficiency in the cellis now defined to be
Micro base stationami(L) = 4.44+ L - 1.11, (6) the sum of the average spectral efficiencies in the inditidua
bmi(L) = 16.65 W+ L - 15.26 W. (7) Sectors, where each such spectral efficiency is weighted by
the probability of the corresponding sector being nonempty

C. Traffic Dependent Spectral Efficiency i.e., that there is at least one mobile terminal requestitg.d
A network’s spectral efficiency is mainly determined by th&lence, we have the random variable
SINR distribution over the cell area of the served users. In S .= Z Si(X:)P[N; > 0] . (12)

this paper, the SINR computation is modeled as followsZ et
denote the index set of each_ sector in the considered netw%lc()te that this definition is based on a full buffer assump-
regardless whether a sector is served by a macro or micro base ™. ) .
station. For instance, the index setof the network depicted ion, i.e., all resources (subgarrlers qnd .transmlt poers .
in Fig.1 would consist of - 3 = 21 elements. Consider r]owalloc:ated to the mobile terminals active in the correspogdi
a single cell of the network, denoted by, This cell consists sectors.

A . . In the network model considered here, the traffic demand
of a certain number of sectors, described by the indeZ get . . . ) .
L . ) in the system is determined by the intensity of the un-
Such a secto; with ¢ € 74 is defined as

derlying point process. For simulative analysis we apply a
A = {x\]Eq, [Pui(2)] > By [P ()] Vj # Z} . (8 _homogeneogs Poisson p_oint process. S_uch a point process
is characterized by a uniform user distribution in the area.
i.e., it consists of all locations in the plane where the coHence, the intensity of the point process can be identified
responding base station provides the largest expected/eecdy the user density (usually measured in users per square
power compared to other base stations in the network. Henkiéometer), which we will vary in order to study low and
the cell A can be regarded as a partitigh= UiGIA A; since high load scenarios. For more information on (Poisson) tpoin
the intersection of the sectors; is a Lebesgue null set. Theprocesses refer to [10].
expected receive power in (8) computes via

€T 4

D. Area Spectral Efficiency

Ey [Prx,i(:v)] = Kd*AIE[\I/] P 9) In [11] the notion of area spectral efficiency is introduced
for homogeneous networks as mean spectral efficiency divide
by the corresponding area of a cell. The extension to regular

' heterogeneous networks is conducted in [6]. In [7] the area
spectral efficiency is considered as theuantile of the total

whered is the distance between the mobile at locatioand
the base station serving sectdf. By means of this formula
we define the long term average SINR at locatioa A4; as

() Ew[Px.i(z)] (10) spectral efficiencyS of a reference celld defined in (12)
Yilz) = . . Wi i ie.

e Ev [P ()] + 02 divided by the cell sizeA|, i.e.,
From this definition follows that the long term average SINR S = Q°[5] , (13)
underestimates the actual average SINR for independedt sha A

owing processes due to Jensen’s inequality. Further, thrstwoneasured in bit per second per Hertz per square kilometer.
case interference is considered, i.e., each base statitirein Typically, for « lower values, e.g., 5 or 10, are considered

network contributes to interference power and no interfeee when focusing on fairness in the system. Results in thispape
mitigation is applied. The average spectral efficiencycits are based on the latter definition of area spectral efficievitty

then defined to be a = 10. As a more practical relevant measure we define area
throughput per subcarrier as scaled version of area spectra
S;(x) := min [logQ (1+7i(z)), Smax} , (11) efficiency by
T% := BsS“ (14)

where the parametefnax models the application of finite
modulation schemes in practice. where B denotes the subcarrier bandwidth.



E. Area Power Consumption Tab. 1: Transmit power figures of macro base stations

The power consumption of a single macro and micro base p 500m 1000 m 1500 m 1900 m 2500 m
station is given by (3) and (4), respectively. Summing up the Fxma 222mW  34W  17.2W 41.7W 126.0 W
power consumption figures of all elements in a network would
then yield the total power consumption of the network. ladte
one could determine the power spent for serving a typical cél D* is not feasible with regard tdge, i.e., D* ¢ (0, D).
in the network which is then scaled by the cell area. Mor®therwise, the solution of (18) equals the solutioh of (19).

precisely, consider a typical cell. The power consumption  The optimization problem in (18) depends significantly on

for serving this cell calculates as the target area throughpf;5., We can see that the notion
. of a dense network as a solution of problem (18) is equivalent
Pi= ZieZA P, (15) to the constraint to be active.
where the individual power figureB; correspond to For the system model considered here, we definaliffier-

_ . ~ ential network energy efficienag the inverse of the derivative
P - ~—Pma if A; is served by a macro base station, of the optimal area power consumption of problem (18) with
’ Pmi(L;) if A; is served by a micro base station. respect to the target area throughput, i.e.

The parameter&,; denote the average load in the correspond- P < dp* )—1 20)

ing sectors. With regard to the spectral efficiency defined in Wt
(12), it is convenient to identify the average load in secdgr age
with the probability that this sector is nonempty, i.e., measured in bits per Joule. It follows from the definitionttha
the differential network energy efficiency tends to infinity
Li= ]P)[Ni = 0] : (16) the system is not dense. In other words, the network is dense
The area power consumption of the network is then definédhe derivative of the optimal area power consumption with

as respect to area throughput is greater than zero £&+ > 0.

P target
Pi=—. a7
| Al IV. SIMULATION RESULTS

[1l. DIFFERENTIAL NETWORK ENERGY EFFICIENCY .
In this work homogeneous macro and heterogeneous net-

In order to find the minimal area power consumptioRorks with 1, 2, 3, and 5 micro sites per macro cell (as
required for a certain target area throughput, we apply ti@picted in Fig.2) consisting of 2 tiers of interfering base
optimization framework presented in [6], [7], which works astations are considered. Inter site distances of interestna
follows. a range of 500 m up to 2500 m. The mobiles are assumed to

For a given target 10-percentile area throughput figug uniformly distributed within the network, where network
Trarger and for a fixed deployment strategy we determine thgze independent user densities of 10 up to 130 users per
respective maximum inter site distanée achieving at least square kilometer are employed. The user densities prokie t
Tuargee Note at this point that area throughput is a strictlintensities of the corresponding Poisson processes. iy stu
monotonically decreasing function of the inter site dis&@an the downlink of an OFDMA system where the same time and
D. Thus, each network with the same deployment strategy afréquency resources are allocated in each sector. Further,
inter site distanceD < D provides throughput figures largerbase station cooperation is assumed. The transmit powers of
than the target. We call such distandeasiblefor 730 [7]. macro base stations are calculated based on the link budget
In order to obtain an optimal inter site distance with regargiven in Tab.2 and Tab.3 as described in [6] with a given
to minimal network power consumption figures, we can nodegree of coverage of 95%. The calculated transmit powers
optimize the area power consumption over the feasible regirre summarized in Tab.1. Micro base stations’ transmit pswe
(0, D] of inter site distances, i.e., we solve the problem  are computed in the same way yielding 1.9 W, where a cell

min P(D) stTO(D)> Z;%et (18) radiu.s of aroun.d 100 mis assumed_. Further, micro.sites dre no
De(0.D) considered to improve coverage, i.e., the transmit powérs o

) macro base stations are determined regardless of the number
for each deployment strategy. In [6] it was shown that the[ﬁ micro sites in the system. The propagation between base

is_a_n (unconstrained) optimal _inter_ site distarige realizing station and mobile terminal is modeled by the urban macro
minimal area power consumption, i.€)" solves the problem and urban micro scenarios taken from [4] for antenna and
min P(D) . (19) average building heights as considergd in [7]. The typical
D three-fold sectorized antenna pattern is also taken fraah th
If the inter site distance solving (19) is larger or equahttize document. For calculating the spectral efficiency defined in
target throughput achieving inter site distance, ilg?,> D, (12) we assume a maximal spectral efficiency of 6 bit/s/Hertz
than the solution of problem (18) yield®. In this context, The probabilities of sectors being nonempty, i.e., the lvad
we call the network (with fixed deployment strategignse the sectors, correspond directly to the user densitie®itiher



Tab. 2: LTE-based link budget (1) Tab. 3: LTE-based link budget (2)

Relevant LTE system parameters Parameter Macro BS  Micro BS MS
Carrier frequency 2.4 GHz # Antennas (per sector) 2 1 1
Bandwidth 5 MHz # Sectors 3 1 -
FFT size 512 Antenna gain (main lobe) 15 dBi 2 dBi -1 dBi
# Subcarriers occupied 300 Noise figure 4 dB 4 dB 7 dB
Subcarrier spacindsc 15 kHz
Fading margins
Fast fading margin 2dB . .
Inter-cell igterfe%nce margin 3 dB or heterogeneous deployment, is the network of choice degar
, , — ing area power consumption, where in a certain regime this
Mobile terminal sensitivity . .
Thermal noise -174 dBm/Hz network is also dense. For instance, for very low area threug
SNR required 0dB put targets the pure macro deployment is most efficient. This
Noise per subcarrier -132 dBm ; ; ;
Receiver sensitivity per subcarrier 2120 dBm simply follows from the strict monotony (with respect to the

number of micro sites in the network) of the optimal inteesit
distance solving (19). Secondly, for increasing area thinqut
targets, the more micro sites installed, the more efficibat t

network becomes. As a result, it is always beneficial to egnplo
In Fig.3 we see the relation between target 10-percentiicro sites for sufficiently large area throughput requieets.

area throughput and optimal area power consumption with

regard to optimization problem (18) for the different netwo B. Load Sensitivity

topologies based on a user density of 130 users per squarg

kilometer, exemplifying a high load scena_rio. For each tqp hroughput target for different load conditions is depicta
0gy we can opserve an almost equal relation, although ghgh ig.4. Also, the differential energy efficiency is providémt
sh|fted.- That is, for very low target area throughpgt f!guregach network topology and user density. It can be obsenad th
the optimal area power consumption is constant until a n:ertq

opology dependent roughput s eached. Tis i ased (<2 CePVment Ssteoy e it eneroy el
the fact that the inter site distance solving (18) equals the '

. . . o . improvement in spectral efficiency due to larger probabgit
solution of (19), i.e., the inter site distance realizing #xact of sectors being nonempty easily compensates for the iserea

irinr'?] gﬁ:glrogrgegpugtaé?itovr\]’surlg tt’.ir:ar\?vir ég?]n;gi %%zgfgehzt'f}u total power consumption due to additional micro base
n! pow umption. v r:é"f‘};ltions in the heterogeneous case. That is, the optimel int

for increasing number of micro sites the optimal area POWEfte distance for larger user densities increases as wedreas

consumption increases, which was already shown in [7]. . : S bl I Thi
For sufficiently large area throughput targets the optimt € Increase In power consumption is comparably small. This
sults in a larger regime of area throughput targets where a

area power consumption increases almost linearly. In tI]{%terogeneous network is not dense. Since in homogeneous

(topology—c_iependt_ant) regime the network is dense, sinee I}i]etworks the power consumption is not affected by the load
constraint in (18) is active. We can also conclude the follow

) . . Situation, the increase in differential energy efficiensyob-
ing. Firstly, each network topology, i.e., homogeneousnmac . . i
vious. Furthermore, in the regime of non-dense homogeneous

networks an increase of user density has almost no effes sin

A. Optimal Area Power Consumption

he optimal area power consumption as function of area

1800~ -e-Homogeneous macro . 8 200Q T .
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-+ Heterogeneous, 2 micro sites | 1800- > Heterogeneous, 5 micros i
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Fig. 3: Optimal area power consumption as function of targe. Tiaiger (Kbit/s/kn?)

10-percentile area throughput per subcarrier for useriggensrig. 4: Load sensitive optimal area power consumption as
of 130 users per square kilometer. function of target 10-percentile area throughput per strimra



the greater part of the area features rather low SINR valuasea throughput. In this regard, we applied the framework de
hence the throughput does not significantly increase. veloped in [6] and [7] in order to obtain a relation betwees th

We conclude that for higher load conditions the deploymetwo efficiency measures. Further, we extended the framework
of micro sites results in an efficiency improvement as long &g load considerations, expressed by means of different use
the target area throughput requirements are sufficiengf.hi densities. Here, we also adapted the power model of micro
We further conclude that for each area throughput target abase stations to take load variations into account. Mongove
for each user density there is an optimal number of micre sitee defined the notion of a dense network in conjunction with
achieving minimal area power consumption. the term differential energy efficiency, the last defined & b

o ) ) the inverse slope of the optimal area power consumption as
C. Minimal Area Power Consumption and Optimal Topology,nction of target area throughput.

The minimal area power consumption as function of areaThe results show that differential energy efficiency as de-
throughput targets and without consideration of a fixed ndined in our model significantly depends on the throughput
work topology is depicted in Fig.5 for different user deiesit target, where in the low area throughput regime the consitler
More precisely, the minimum of the curves depicted in Fig.Bietworks have been identified to be dense. For higher area
as example for 130 users per square kilometer, is taken dhepughput targets we have seen that employing additioral m
illustrated in Fig.5. l.e., each point on one curve corr@gjso Cro sites is always beneficial, where the higher the throughp
to exactly one deployment strategy and one optimal inter sitequirements, the higher the number of micro base stations.
distance. We observe that networks operating with highaat loFurther, we have seen that differential energy efficiensp al
dominate low loaded networks regarding energy efficiency #lepends significantly on the load conditions. It could be
the sense that they achieve smaller area power consumptserved that higher user densities require more micrs site
figures and that their differential energy efficiency valags order to achieve better area power consumption figures.
larger. Of course, the improvement saturates for larger use

densities since the load factofs converge exponentially to
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