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Energy consumption of mobile access networks heantly received increased attention

research carried out in both industry and acadeifie cellular networks do not have

considerable share in the overall energy consumptd the ICT (Information and

Communication Technology) sector. However, reductio energy consumption of mobile

networks is of great importance from economicals{coeduction) and environmenta

(decreased CO2 emissions) perspective.

n

The Thesis work has investigated the different rme@anenhance the capacity of evolved

mobile networks and discussed the related chalkefrgen energy consumption perspective;

this discussion is followed by a simple radio nekwpower usage model. Based on the

model examples are given where two different dapleyt scenarios have been compared,

Further the work focused on the WCDMA energy sauwimgugh femtocell deployment. A

simple model for the energy consumption per ureadras been derived based on WCDM

A

downlink load equations. Based on the model, tWieidint deployment scenarios have been

compared to make the conclusion from energy consamperspective.

In the end, the impact of femtocells to the eneffigiency of the WCDMA network has
been studied under the consideration of a valyadaieer save feature of femtocell.
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1. INTRODUCTION

Deployment of increasingly powerful mobile netwddchnologies has taken place
within the last decade. Although network efficiencgs been growing, the higher
access rates have inevitably led to increased gnewgsumption in base stations

(BSs) and network densities have been constarhyigg [1].

Recently, the mobile communication community hasobge aware of the large and
ever-growing energy usage of mobile networks [ZsiBles industry, the awareness
of the ever-increasing energy consumption has &ited research in academia,
particularly on issues addressing the BS site gneogsumption [3] [4] [5] [6] [7].

Yet, the work on the reduction of energy consumptias been mostly carried out by

BS manufacturers [8] since high power efficiencgvdes a competitive advantage.

Today one of the most discussed topics is the glalaaming, which is due to
increment of CQ@ (Carbon dioxide) and other green house gases otaten levels

in atmosphere. To decrease the,@issions the consumption of fossil fuels has to
be decreased [9] [10]. Thus the research has eed out in the ICT (Information
and Communication Technology) sector to reducectmsumption of fossil fuels to

make the environment clean and green.

Mobile networks do not have considerable shar&éenoverall energy consumption of
the ICT sector, which itself is responsible for 28010 % of the world energy
consumption. However, reduction in energy consuompbdf mobile networks is of
great importance from economical (cost reductiom) @nvironmental (decreased £0

emissions) perspective.

1.1. General Energy Saving Aspectsin Mobile Networks
Two following approaches towards Energy Efficientoldle Networks are the

following:

* Find appropriate solutions to the energy efficieraballenges for already

existing networks (Brownfield).



» Design future networks from energy (and cost) gffit perspective

(Greenfield perspective).

For the future Telecom’s energy consumption, diffies and uncertainties exist in
estimating the potential energy savings due todifferent methodologies, that is,
how to define energy consumption or which elemesuld be considered in the

energy efficiency calculation [11].

Furthermore, energy savings depends significantliitonan behavioandutilization

of resulting financial savinggs any energy saving is followed by cost saviRgsm

a network operator or infrastructure owner’'s bussnperspective, the cost saving
factor in many cases is of more importance tharirenmental protectionMoney
saved by reducing energy consumption is availabteother expenditures.If the
saved cost would be invested in a proper way,dhedarbon society will be created.
Alternatively energy savings could be affected ®paund effect in which the
improper utilization of the saved cost might givefartunate results of potentially

additionalCO, emissions.

Travelling by car is one of the most effective @mf global warming. Thus
substitution of the office work with remote workavibroadband network connectivity
has the potential to significantly reduce the carbmxide emissions [11]. In a similar
way business travel can be substituted by vide@renting and electronic billing

instead of paper bills would also contribute in mgkan environment green.

1.2. Energy Consumption in Cellular Network

A typical mobile network consists of three main neémts: core network, base
stations, and mobile terminals as shown in FigurBake stations contribute 60% to
80% of the whole network energy consumption [12jud the efforts in the reduction
of energy consumption focus on the BS equipmenighvimcludes the minimization
of BS energy consumption, minimization of BS dengBS density is inversely

proportion to cell area) and the use of renewaldégy sources.
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Figure 1: Energy contribution of main elements of mobile oeks

1.2.1. Minimizing the BS Energy Consumption

The ways to minimize the BS energy consumptionuides improvement in BS
energy efficiency through better performance of ia®dware, usage of system level
and software features, and usage of BS site sokifit?].

Figure 2 gives some brief idea about the energguwmption in a typical macro BS
site.

Rectifier (+20%)

Feedar (+100%)

Transmission

Figure 2: Energy consumption in a typical macro$s [8]



A. Base Station Hardware Efficiency
For the improved performance of BS hardware; tleeigoshould be on boosting the
efficiency of power amplifier because power amplifand its associated components
can consume up to 50% of the overall power [13].

The current radio modem design paradigm requirgd hinearity from the radio
frequency (RF) components which allows one to sdpathe RF design and digital
signal processing design. The classic Class AB ifiemptechnology offers efficient
operation when the RF envelope waveform is clospe@ak power. Unfortunately,
most of the modern waveforms have high peak-toegepower ratio (PAR) forcing
the power amplifier to operate most of the timdess efficient operation point. As a
result efficiency around 15-25% has been measwedht waveforms used by the
modern UMTS (Universal Mobile Telecommunication t®yss), WIMAX
(Worldwide Interoperability for Microwave Accesgnd LTE (Long Term Evolution)

systems [13].

Figure 3 shows a typical AM/AM response (Amplitudeamplitude modulation. The
output power of an RF power amplifier does not keapincreasing without limit.
There exists a point when an increase in input pawénot produce any significant
increase in output power. This is referred to as ghturation point where output
power is not proportional to input power any mdrethe saturation region of an RF
amplifier response, as the input increases the lgemomes compressed. This Output
Power versus Input Power characteristic is refeag@M-AM distortion for a High
Power Amplifier, with the associated input and etpack-off regions (IBO and
OBO, respectively). Output Back Off (OBO) induced®AR means wasted power.



Vout

Linear —
Region

| ,/’J
~

Nonlinear Region

OBO

i i = Vi

Avg Peak

Figure 3: A Typical Power Amplifier Response

The power efficiency of a High Power Amplifier che increased by reducing the
PAR of the transmitted signal. The average and pedlles should be as close

together as possible in order to maximize the iefficy of the power amplifier.

It is possible, however, to achieve a significanpiovement in PA efficiency using
envelope tracking (ET). In ET, the voltage suppltedthe final RF stage power
transistor is changed dynamically, synchronizedhlite RF signal passing through
the device, to ensure that the output device resnainits most efficient operating
region close to saturation point. In one of thelss (based on the PA efficiency for
BS) 50% efficiency have been reported for WCDMA @aband Code Division
Multiple Access) waveforms for ET based PA [14]réaent papers efficiencies close
to 60% has been reported. If the energy efficienicthe power amplification can be
drastically increased from the 15-25 % range toselto 60% also the energy

consumption of cooling system can be significargiyuced [15][16].

Typically in multi-antenna (MIMO, Multiple Input Mtiple Output) systems each
antenna has its own power amplifier. If the systead is low, then energy can be

saved by switching off some of the transmit antenf@r instance, UMTS supports



the use of two transmit antennas. In case therenaré1IMO capable terminals
present in the system then the base station maghswif the second common pilot

channel transmitted over the second antenna toesargy.

The energy efficiency of the base band unit (BBU)he base station can be further
improved by introducing power save modes to subusiich as, channel cards, DSPs
(Digital signal processors), FPGAs (Field prograrhleagate arrays), ASICS
(Application —specific integrated circuits) or evelocks such that they could be

switched on and off based on the base station load.

Moreover, by using the continuous Phase moduldagohnique, PAR can be reduced
and high efficiency can be achieved in Mobile $tat(or User Equipment, UE)
transmitter, which contributes to the incrementpiower efficiency of the whole

network.

B. System Level or Software Feature
The impact of different link budget and network graeters on the network energy
consumption has been investigated in Chapter 2ilRdsadicate, for example, that if
transmission power is fixed per BS but cell edge raquirement is doubled, then a
one and a half fold increase in BS density is ndeti®wever by introducing multi-
antenna sites, there will be an improvement in haditth and SINR (Signal to
Interference to Noise Ratio) efficiency which mage fully compensate the need for
increasing BS density. In a similar way, there adsttist more such system level
techniques to reduce energy consumption of radivar&. One of them is discussed

below.

B.1 BS switching in conventional macrocell topology

One of the main energy saving approaches is theemy$evel feature in which
underutilized cells (BS’s) are switched off whenetraffic load is small as depicted
in Figure 4. The network load in some areas may sanificantly due to the mixed

effect of two traffic properties:

» Daily changes in user data consumption, for in&adata traffic may be small

at  night times.



* The user density may greatly vary: Office areas myide heavy load on
day time and very small user load during the nigimes, while load on
residential areas increases during the afternoosubscribers have returned

from places of work, study and so on. .

Energy Consumption

Telecom
traffic

S e
00.00hrs o 12.00hrs _:::gﬁ \C: 24 .00hrs
\
Figure 4: Energy Saving depending on traffic p@fibr 24 Hours

When cells are switched off, it is assumed thatr#ugo coverage and feasible service
conditions can be guaranteed by the remainingeacls (BSs), probably with some
increment in the BS transmitting power. This insean transmission power in
remaining active BSs, however, can be small whenpeoed to the savings achieved
by switching off some BS sites. Moreover, in orderavoid this increment in
transmission powerwireless relays cooperative communicatiomnd electrically
tilted antennagan be used to guarantee the radio coverage [5].

Energy saving through BS switching has been undsudsion over the last few
years. For instance, researchers have proposegdhatr saving algorithms can be
centralized (when all the channel information aradfic requirements are known) or
decentralized (no such information is required). [Bhergy savings are higher in
centralized approach because BS density becomes,lakile coverage guarantee is
better in decentralized approach because more g8sactive. In this research the

focus was on the relation between BS energy saumigload balancing. The purpose



of load balancing is to equally distribute traffiervice among BS’s to achieve better
coverage, whereas the aim in BS energy savingasroentrate traffic to as few BS’s
as possible. Through examination it was found bat toad balancing appears to be
importantBS energy saving algorithm due to its decentrdlened dynamic nature.

BS Energy Saving Load Balancing

Figure 5: Relation between BS Energy Saving andlBalancing [6]

Similar approach was applied in other researchesretdy focus was on cell layout
[6]. To achieve optimal energy saving it was dismed in [6] that in real networks
only a small fraction of cells need to remain omimly the night time. In [6] few

typical cellular network configurations (Hexagon&@yossroad; Manhattan/linear;
Manhattan/squared as shown in Figures 6 and 7 ctagglg) had been compared
assuming two different daily traffic patterns: syetnt trapezoidal traffic pattern and
asymmetric traffic pattern which is derived fromaserements over a real network.
Comparison indicates that the best solution istaatwitch off the largest possible
number of cells; rather it is important to maked&aff between the night zone period
(low load) and the number of cells that are switcb#. According to this work, the

best performing scheme is switching off 4 cells @ub with crossroad configuration.
Within the above mentioned network topologies, ¢énergy savings of the order of

25-30% are possible to achieve.

Figure 6: Hexagonal and crossroad configuration$ [6
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Figure 7:Manhattan configurations: linear (top) and squar@wdttom) [6]

C. Site Solution
Energy efficiency can not only be improved in B&iipgment, but also certain power
solutions could be adapted on the site level te $he energy. These are referred to as
site solutions. In [12] the few mentioned site siols which have the potential for
energy saving are:
- Outdoor sites
- Cooling solution for indoor sites
- RF head
- Modular BS

With outdoor sites, the cooling requirements carolaered by raising the allowable
operating temperature range for the BS site wheneessible because the upper limit
set for the temperature is now high so less coologld be sufficient to keep the
temperature within limits. This leads to the redl@nergy consumption by the
cooling equipment and thus less £@missions observed. With indoor sites the
energy could be saved by utilizing fresh air caplsystems instead of using air
conditioner that consumes energy for its operatwith RF head or modular BS the
RF transmitter is located close to BS antenna,waig the cable losses decreases and
the network performance is improved. Alternativdggs transmit power is required

to achieve the same network performance.



1.2.2. Minimizing the Base Station density

The deployment of small, low power femto BSs aldadgsnacrocellular BSs is often
believed to reduce the energy consumption of @allmetwork [17]. This idea is
studied in Chapter 4, where analysis is based oDWA& load equations. It has been
demonstrated that when femtocells are introducetametwork, they will reduce the
macro BS density. Thus reducing the energy consumyetie macrocellular side of
the network. But not necessarily the total enem@yscmed by network due to the lack
of femtocell ability in practical to switch on/offlepending upon indoor traffic

(discussed in Chapter 4).

1.2.3. Alternative energy resources

Mobile networks can be made much more energy efficthan they are today and
networks may become even fully self-sustainable usyng renewable energy
resources which are using natural resources suckuabght, wind, tides, and
geothermal heat. All these resources are regewerathich makes them different
from fossil fuels and thus they will not producegmnhouse gases, that is, £LO

Currently renewable energy resources are mostlyl use sites that are at long
distances from electricity grid, or on locationsemd electricity supply is unreliable.
The importance of these renewable energy resousce@wreasing as the costs of
expanding network into remote areas grow [12].

The most important thing to take into account whiknning to operate the BS site by
renewable energy resources is the site locatiortl@meénergy consumption of the BS
site. The availability of energy resources defitles site location and the energy
consumption depends upon the load.

The most reasonable renewable energy resourcd3Saites are derived from the

main source of energy i-e sun and also wind.

A. Solar energy

Solar energyis free, abundant, and inexhaustible. It is there® of all forms of

renewable energy supply: direct solar power and, isaro, bio mass, wind-power

10



and wave power. Direct solar power systems arethevsubject of intense activity in
different parts of the world. Related technologyldoprovide us with electrical

resources totaling up to a thousand times our stidemands.

For low and medium capacity sites, or repeateesssolar power can be used to
provide virtually free energy, at least in terms@PEX (Operation Expenditure).
While the initial CAPEX (Capital Expenditure) peildwatt is higher for such
solutions, they can provide a positive businesg casnpared with diesel generators

within one or two years of operation.

Figure 8: Solar panels deployed at BS

For the solar power plant installment near BS, nsiteespace is required. Moreover,
the climate variations in sunshine develop the redddgher energy storage capacity

in solar power plant.

On the other hand, it is expected for the fututevnek to have a combination of

alternative energy sources to meet the seasonativardifferences [8].

11



B. Wind Energy

As with solar power, wind power can provide virtydree energy. However wind
power industry is constructing very large wind faogband the challenge is to find a
cost effective solution for BS site (Ericsson).

Figure 9: Wind Power turbine deployed at BS

The advantage of wind power is that it can mainthan BS site at low cost. On the
other hand the disadvantage of it is that windnigradictable, so there must be some
small diesel generator as backup in situations where is low wind or no wind.
Currently, the extra site space is required becadfistne need to install the wind

turbine tower along with the BS tower [8].

12



2.MOBILE NETWORK EVOLUTION: ENERGY
EFFICIENCY CHALLENGES

2.1. Introduction

In the last decade we have come across the rapalagpenent of the mobile network
technologies. In the establishment of new mobiksvaeks the focus has been shifted
from 2G (Second Generation) mobile network techgiel® to 3G (Third Generation)
and now beyond 3G (e.g. LTE) networks, which argedaon the latest standard and
are being recently commercialized. With each nevbifaanetwork generation, new

services are being introduced and achievable déta per user are increased.

One of the main motivations behind mobile netwaskslution is Internet access, so
there is a need to constantly increase the usarrdtgs in order to provide the mobile
internet based services with an end-user acceptaialiety of experience (QoE). The
internet based services are initially being desigassuming fixed line capabilities;
therefore to shift from the fixed line services rtmbile services the data rates on
mobile systems have to be increased. The large degloyment of mobile Internet is
ongoing in many countries to fulfill its high denthdue to the rapid increment in the

number of mobile data users.

Although new networks are more efficient, it is egfed that increasing demands for
high data rates will cause the constant increaseetwork densities and thus the
increased energy consumption in the mobile netwoilkwerefore, it is of great
importance for network operators to adopt enerdigieht techniques while building

the new networks.

To provide higher user data rates and serve a ggpwiumber of mobile data users,
there is a need for higher network capacity. Tteetist several ways to increase the
network capacity which includes; wider frequencydbaidths, enhanced radio link
technologies, higher transmission powers, more eleetworks and heterogeneous
deployments. All of these techniques have beecudsed in detail in this chapter,

showing the challenges they come across from tleeggnefficiency perspective.

13



Also there exists a need for capacity enhancemsatuifes to make the networks
energy efficient, that is, the capacity enhancenfeatures must provide the reduction
in network’s energy consumption. This need for c#fgaecnhancement for having
energy efficient networks has been explained takingp account the power

distribution in the network.

2.2. Network Energy Efficiency

Recently several projects in wireless communicatiworking as consortium of
worldwide renowned companies and research instifthave been focusing on the
energy efficiency and not on just the reductiontathl energy consumed by the
network [10], that is, they are concerned aboutéuaeiction in energy per bit. One of
the proposed units to measure efficiency is Wattlpe And energy efficiency is

considered from network perspective.

The formula proposed for the network energy efficieis:

Total Traf fic Delivered to User

(1)

Network energy ef ficiency =
9y ff y Total Power per User

* Growth in the network traffic and/or reduction imetpower consumed per user
will increase the network energy efficiency.

* Growth in the traffic will increase the revenuerfreservices (Green Services
which focus on energy saving and carbon emissidaatéon). Traffic is measured
as bits per second.

* Reduction in the power consumption per user wduiee the carbon footprint and
also decrease the operation cost.

* For a given application, if QoS is not met thenrggeefficiency is zero.

» If optical fiber is used instead of wireless, thetworks will be more energy
efficient but the cost possibly will increase byyw&arge amount.

ICT is responsible for 2-10% of world’s energy comgption. The research efforts are

also focusing on means to use ICT in order to redbe remaining 98% of energy

consumption in the world.
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2.3. The Need of Capacity Enhancement Features
To emphasize the need for capacity enhancementirésatfor energy efficient

networks, we start by recalling the power usadgease station.

Electronic devices consume power when being swvdtahe and in conventional
mobile networks the baseline assumption is that &8son all the time. Power
supplies, basic operation functions and signaliegween nodes (between Radio BS
and Mobile BS in idle mode) consume power even \hiemetwork is not carrying

any traffic[18].
The BS power usage can be divided into static gndmic parts [18],
Pgs = (Pgs)Static + (Pgg)Pymamic (2)

2.3.1. Static Power

The static power consumption contains both poweas are needed to keep BS site
equipments operable as well as power that is spantbntinuous basic radio access

operations such as common channel transmission.

Usually power-saving features are desigt@dower this static power consumption
There are many features today that monitor netveatkvity and successively shut
down unneeded equipment during times of low traffithout degrading quality of

service. [18]

2.3.2. Dynamic Power

Dynamic power is a significant portion of power samed by a network which varies
in direct relationship with the amount of traffieibg handled in a network at a given

time.

This dynamic part of the power consumption can bdammore efficient by employing
capacity-enhancing features so that more traffin b@ handled with a given amount
of energy In this regard most network equipment vendors ftesgned the range of
capacity enhancement features.
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When networks are expanded the large scale depldyofecapacity enhancement
solutions would be effective from economical angiemmental perspective because
then unnecessary addition of new sites or nodeveavoided, that is, the BS density
will not be increased much and energy consumptiam lce even reduced in the
network.

Figure 10 provides a conceptual illustration of weey in which energy efficiency is
increased through the use of a capacity enhan@aturfe. This figure shows the
relation between energy efficiency and enhancedesysapacity.By employing

capacity enhancing features into the network, moa#fic can be handled with a
given amount of energy or the network will reacimeacapacity by utilizing less

power.

The energy efficiency has been depicted here mdeaf power usage per subcriber.
The less power utilized for certain subscribers, riiore energy efficient will be the
network. In figure 10 Xia refers the low energy efficient state of the netnend as

we move from Xiia towards X;, X, and X, we observe the increment in the

network’s energy efficiency.

Reducing same

capacity without
feature *
<t
E 3
o o 7
w Kinitial e X
= 3
o .
e Initial g More Power
XZ More Capacity
. Same power
Applying Less power More Capacity
Same Capacity :
Features Comparing kwh/SUB
X;: x;' x1< X initial

SUBSCRIBERS

Figure 10: Enabling energy-efficient growth througgpacity enhancement [18]
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The base stations with dynamic power saving featurave appeared only very
recently and are not yet widespread in the netyt®k Capacity enhancing features
that reduce dynamic part of the used power areighlyleyer scheduling and MIMO
that both boost the resource usage efficierddgreover, additional examples of
dynamic power reducing features are the use of ANMR{Adaptive Multi Rate —
Half Rate)in mobile voice networks, and higher order modolatschemes for data

transmission [18].

Especially for micro BS power model, the dynamict geas significant importance
because for small cell the number of users (load}atistically varying more than for

large cells [19].

2.4. Capacity Enhancement: Energy Efficiency Challenges
The need for expanding system capacity grows vghnumber of users and with the
amount of information required for a given serviBet there exist challenges for such

capacity enhancement solutions from an energy petisp.

In order to analyze the impact of link budget pagters on the energy consumption
of the network, the formulation has been startedubglerstanding the throughput
formula (Shannon capacity formula). To make thewonet energy efficient the
Shannon’s theory can be employed in a novel marflgannon’s theory provides
guidance for discovering and developing new metlogies to maximize energy
efficiency (to reduce energy per data bit) whilgomaching the Shannon limit of
maximized network capacity [20].

The peak data rates are available only in very goleannel conditions and the
practical data rate is limited by the amount oéifégrence and noise in the network.
The maximum theoretical data rate with single améetnansmission in static channel
can be derived using the Shannon formula. The ftangives the data rate as a
function of two parameters: bandwidth and the resbisignal to noise ratio.

The Shannon capacity bound can't be reached intipeacdue to several
implementation issues. To represent these loss aneshs accurately we use a

modified Shannon capacity formula which has fittpagameter¥Ves and/ .

17



0, < l-‘min

TP =< W- Weff “log, (1 + Fl;f); Fimin =T < Tinax (3)
TP I'2 Mnax

Here, W is the operation bandwidtld; is the signal to interference and noise ratio
(SINR), I'min is the minimum value for SINR such that connectisnblocked if
I'<I'min and/ max is the SINR needed to reach the maximum throughipuwtx. The
coefficientsWe and /s are the bandwidth and SINR efficiency factors eetipely
which are selected so that (3) fits with the setpplied adaptive modulation and
coding curves. The values W andT'e; can be found by link level simulations [21]
[22] [23].

2.4.1. Capacity Enhancement Features

A. Wider Bandwidth

The channel capacity is linearly proportional to bandwidth Hwe extension of
operation bandwidth is the most straightforward w@yncrease theystencapacity.

If network element density and transmission power pnit bandwidth is kept
constant then according to (3) the capacity gromeally with additional bandwidth.
At the same time required transmission power aednéeded energy also increases
linearly in order to keep the transmission powar yogt bandwidth constant, as well
if the wider bandwidth are used but cell sizes raoe decreased then transmission

power needs to grow accordingly.

With this approach the tradeoff remains between sy&em capacity and energy
efficiency in the network. Although this approacisibeen adopted by all the latest
and upcoming new mobile generations for fulfillithge increased capacity and higher
data rate requirements but it does not contribntéhe improvement of network’s

energy efficiency. The researchers have to comeitipsome other system-level or
link-level techniques along with this approach tha&nce the system capacity in an

energy efficient way.
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It is important to note that in (3) the bandwidtficgency reflects the system’s ability

to utilize the radio spectrum and the upper limisét byWes =1.

For LTE-Advanced (LTE Release’10), it is expectedttoperation bandwidth will be
divided to 20 MHz carriers and carrier aggregatower up to five carriers is then
used to reach the data rate targets set by IMT-Ack@ (International Mobile
Telecommunications Advanced) (peak rate: 1 Gbps date in local area) [24].
Following the & Generation Partnership Project (3GPP) recommeanda{2l] the
maximum BS transmission power is 43 dBm in Wideb&udle Division Multiple
Access (WCDMA with 5 MHz channel), 46 dBm in Rele&LTE (10-20 MHz
channel) and thus, LTE-Advanced with carrier aggtieg will lead up to five times
higher transmission power than used in Release’B kid up to ten times higher
transmission power than used in WCDMA.

B. Enhanced radio link technologies

Network operator is interested in the improved meknefficiency, that is, how the
maximum number of users can be served, the maxidatenrate can be provided and
the BS site density can be decreased. The effigimconsidered in the link budget
calculations and in the capacity simulations.

The LTE link performance is benchmarked with theotietical Shannon limit. To
guarantee consistent performance 3GPP has definset &f radio performance

requirements.

The radio link efficiency has been improved a Igtdetting up the advanced radio
link technologies like, multiple-input and multipteitput, or MIMO, for evolved 3G
networks WCDMA, HSPA and recently LTE Release’8.

The impact of radio link efficiency is embeddecdiparameter pair (W, T'er), which
are also referred to as the fitting parametersSoannon performance curve. The

higher the efficiency, the closer to one are tHaesof W and 11"

LTE is highly efficient and is performing less thdm6-2 dB from the Shannon
capacity bound in case of AWGN channel. In fadihgrmel the link performance on
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SISO (Single Input Single Output) is close to Skamimit that defines fundamental
upper bound. However for SISO the best Shannopdiameters are significantly
worsened compared to AWGN (Additive White Gausdiaise): the equivalent W
(Bandwidth Efficiency) has reduced from 0.83 to@dnd thel'« (SNR efficiency)
has been increased from 1.6-2dB to 2-3dB. WhdmaSIMO (Single Input Multiple
Output) the Shannon fit parameters are better BIS0O: Wy is 0.62 andlef iS
1.8dB. Similarly for MIMO the Shannon fit parameteyets better than SIMO: Wis
0.66 andl'e¢ is 1.1dB which makes it closer to Shannon bourdl makes the link
performance more efficient in comparison to theesas SISO and SIMO. In MIMO
antenna systems, there is more room for optimiadiiat it is well acknowledged that
along with the link performance increase, some nsotations are required for future

challenges regarding capacity enhancement [7].

It can be observed that by increasing the numbemténnas on the transmitter and
receiver sides the Shannon fit parameters can leefuimproved leading to higher

spectral efficiency and thus higher throughput. WNitgher spectral efficiencies less
radio resources per information bit are needed tand the energy could be saved
accordingly. However there exist certain limitagsoon the increment of humber of

antennas due to size and cost constraints.

C. Higher Transmission Powers

In this section SINR has been analyzed in detaletscribe the impact of transmission
power in different system environment for incregssystem capacity. The target
SINR is adjusted according to the transmission paiehe signal. The idea of this
approach is that communication links in worse pgapi@n conditions have to use
higher transmission power to attain a given tarf§itiR level. But for reliable

communication links a small increase in transmisgower is sufficient to increase

the SINR value by large amount.
To start with the general form of SINR

_ Prx,0/Lo
PN+XkPTxk/LK

(4)
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wherePry « refers to BS transmission powerkith BS, Ly is the related path loss and
Py is the noise power. The reference user is assumdé@ connected to BS with
index 0.

If all BSs apply the same transmission power andlevehe power grow without

limit, then we have

r - (5)

Prx—oo Zk Lo/Lk

Thus, SINR admit an upper limit that depends onpihid losses towards BSs. If the
network is noise limited, that is, right side term(5) is clearly larger thafiax then
data rates can be improved through higher transmnigowers. However from (3) it
is obvious that due to logarithm much more poweuldde required to achieve the
same increase in the capacity as achieved by thease in the bandwidth. Therefore,
this strategy is not as energy efficient way tor@ase capacity as compared to the
strategy where bandwidth is extended. If systemtexference limited, that is, if the
right side limit term in (5) is small then large B&nsmission powers will waste a lot

of energy and just create more interference toéteork.
D. Impact of cell edge coverage requirement
The cell edge coverage can be defined using a piltdter throughput requirement

Pr(TP < TPpin) = PTout (6)

In (6) Proyt is the outage probability aridPmy, defines the minimum SINR in (3). The
outage probability is an important statistical mgago access the quality of service
provided by the system. It is the probability oflifey to achieve a specified SINR
value and thus the minimum throughput value whighsufficient for satisfactory
reception.
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Requirement (6) can also be given in terms of spkeffficiency if throughput is

scaled by the used bandwidth

Pr(Serr < Serf,) < Proue 7)

The cell edge user throughput is defined as the goint of CDF (Cumulative
Distribution Function) of the user throughput nolmed with the overall cell
bandwidth. For example LTE-Advanced cell edge tghput requirements have been

given using this approach [25].

TABLE 1. 3GPP PERFORMANCE REQUIREMENTS ON CELL ED@®EASE 1)

Radio env.|Case 1
[bps/Hz/cell/user™]
Ant. Config

UL |1x2 0.04
2x4 0.07
DL [2x2 0.07
4x2 0.09
4x4 0.12

For Casel carrier frequency is 2GHz, ISD (Intere Sistance) is 500 meters,
bandwidth is 10MHz, path loss is 20dB, and useedpg 3 km/h.

There are two important parameters in (6) that chpa the cell power usage. First,
tough coverage constraint with very low outage plolity will lead to the need for a
high BS transmission power or dense network. Bdththese options will mean
increased energy consumption in the network. Secbraperator plans to improve
the service level in the whole network, then itiddaake into account the minimum
throughput requirement of (6). Another option would to provide more radio
resources per user which is a possible strategyetifvork load is not too high or
operator is able to introduce new spectrum resgurlteis expected that all these
approaches will increase the energy consumptigheohetwork.
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E. Impact of carrier frequency and propagation environment

The carrier frequencies tend to increase: from 98@Mf first 2G networks the
carrier frequency has been increasing to 1800MHz €2tension bands), 2100GHz
(main 3G bands), 2600MHz (LTE bands) and it wilbsgump up to 3500MHz
(bands granted by World Radio communication Carfee WRC’'07 for IMT-
Advanced). At the higher carrier frequencies, tigaa path loss in wireless medium
is stronger which requires either transmission powe network density to be
increased. Furthermore, while additional carrierd extended bandwidths lead to an
easily predictable increase in energy consumptite, effect of higher carrier
frequency can be predicted only when propagatiodeiing is accurate. Since details
of sophisticated propagation models are out ofst@pe of this thesis we adopt a
simple path loss formula

[ = L(d)-LsF
G

(8)

In (8)L(d) refers to a distance dependent model such as QkuHata,Lsr is the
lognormal shadowing an@ refers to the BS antenna gain. We have embedded th
antenna gain into propagation model for simplicityis recalled that antenna gain
depends on the angle between receiver and antermia directions. Yet, in
dimensioning, the antenna gain in main directioraplied. Since Okumura-Hata

model is a so-called single slope model it adnhigsform
L(d)=a-dPf (9)

where parametet includes the impact from carrier frequency anda®&nna height
while the path loss exponefilepends only on the BS antenna height. Let usaens
a simple example. Assume that the system carrgguéncy is increasing from
2.1GHz to 2.6GHz. Then according to Okumura-Hatalehahe path loss increases
round 2.4dB and thus, energy consumption in ragerations increases by factor of
1.74. If BS range in urban area is for example ltran path loss from higher carrier
frequency can be compensated on the cell edgedogasing the BS antenna height

from 25m to 38m. This might be difficult due to wagtions and negative visual
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impact. Finally, we note that the propagation emvinent greatly affects the strength
of the path loss so that in rural environment miacher areas can be covered than in

urban environments with the same BS transmissiorepo

F. More dense networks and heterogeneous deployments

The larger operation bandwidth and increased pawsesumption as well as high
macrocell site costs are driving towards smalldsaehich ultimately become part of
heterogeneous networks. The deployment of small [mwer base stations,
alongside conventional sites is often believedreatiyy lower the energy consumption
of cellular radio network because when communicaticstance is decreased, less
power per bit is needed and available spectrumurese are shared between fewer
users. From energy efficiency perspective somé@fntain challenges in small cells

and heterogeneous deployments are:

1) Number of sites follows square law with resgeadnverse of the range. This puts a
high pressure on the energy efficiency of the smafles. Also the network capital
expenses increase rapidly unless BS/site priceslereeasing proportionally to the

square of inverse of the range.

2) Backhaul availability limits the density of srhedlls and wireless nodes like relays
will spend part of the transmission power on backltammunication. Yet, if relays
are used on the cell edge this additional poweswmption may be small [26] and

thus the macrocell BS transmission power gets esiuc

3) Antennas in small cells are located below thadtop and therefore coverage areas
of small cells will be fragmented. Then coveragdebdoecome more severe and
unnecessary high transmission power might be useaolve the coverage problems.

This increases interference which will decreasesttstem power efficiency.

4) Mass deployment of femtocells may lead to aasittm where numerous small
access points are turned on and spending energyveven traffic is nonexistent. On
the other hand, in case of home cellular, datssterbecomes highly energy efficient

due to small communication distance.
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5) To avoid high operational expenses and unnecgegsaver consumption small

cells should support of plug-and-play. Thus, pcaily implementable self-

configuration, self-optimization and self-healinlga@ithms should be used to keep
the system efficient.
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3. SIMPLE MODEL FOR POWER CONSUMPTION

3.1. Introduction

The number of mobile subscribers has increasedetrdously during last decade.
Along with voice communication, the data usage das grown fast. The customers
are used to high data rate performance of fixeel $igmstems so they also expect the
comparable performance from the wireless netwdrkss the operators demand high
data capacity with low cost of data delivery whislthe main motivation behind the
development of 3GPP LTE. [23]

More specifically, the motivation of LTE Releas@8ludes:

« Wireline capability evolution gives boost to evadut in wireless domain.
+ Need for additional wireless capacity — to take mmaxn advantage of
available spectrum and base station sites.
o This will put the challenge of reducing the eneagynsumption while
utilizing capacity enhancement features.
+ Need for lower CAPEX and OPEX — Flat rate chargmugel.
« Competition of 3GPP technologies must meet andezkt®e competition with
other existing wireless technologies.
o When it comes to the competition with other tecbgas, then energy

efficiency become one of the key factor of compatibasis.

Low complexity - Flat IP architecture.

As environmental and economic issues have beconne important, cellular network

operators are paying more attention to environnhésgaes. Power consumption by a
node (Home e Node-B, Relay node or Femto nodeudah & network can have an
effect on the environment. Power generation oftequires environmental inputs.
Thus, reduced power consumption can have an adysnia affect on the

environment, as well as reduced overall costsHerrtetwork. Therefore, one of the
main performance targets for LTE includes the sutbat the new system could
facilitate lower investment and operating costs garad to earlier systems. From this
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perspective the reduced energy consumption for plEy an indirect but important
role in reducing the cost and making the technolaggener. Another main
performance target for LTE is the optimized terrhipawer efficiency which still

needs improvement.

Similarly the need for capacity and coverage ofutal networks is increasing as
more and more people utilize cell phones and dipes of wireless communicators,
which in turn increase power demand on the ovemabwork. Because of the
increased power demand, the desire to reduce poamsumption (that is, save
power) is likewise increasing with regard to systeamd nodes. It is expected to
increase the energy efficiency of the system, lyviding cellular service to more

users utilizing the available (limited) power resms.

According to big players in the wireless communaraindustry, the focus regarding
Green communication schemes should be mostly orLlie as they are the most
recent networks and when new sites have to be gegldt is easier to incorporate the
green communication radio solutions into LTE netgorather than for the old

networks (2G and 3G).

- Power Modd

Modeling is of great importance because it is usefunaking decisions based on
guantitative reasoning and it also helps in perfogwesired analysis. The main goal
of the power consumption model is to make realistput parameters available for
the simulation of total power consumption in mokil@mmunication networks and

also to compare different network deployments.

The total power consumption of the mobile netwovierosome time period can be

expressed in the form
Protar = Nps * Pps + Nyg " Pyg + Potner (10)

In (10) the first term in the right defines the movweonsumption in all BS$\Ngs and

Pgs refer to number of BSs and power consumed by siB§ respectively), second
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term defines the power usage in all User EquipmétiEs (Nue and Py refer to
number of user equipments and power consumed lgyesWE respectively) and the
last term contains power spent by other mobile odtwelements such as core
network elements and radio network controllers ICDWA/HSPA High-Speed
Packet Access, for example. We ignore the secamd ¢& the right since terminal
power and energy efficiency has been under exterisiestigations for a long time
due to strict battery constraints. Therefore, reemergy efficiency studies have been
focusing on the network side where more room fotable improvements exists.
Furthermore, since we concentrate on the energyesf€y of the radio access the last
term in (10) is out of our scope. We also recadit tBS energy efficiency is of great
importance for operators since BSs form a vast ntgjof mobile network nodes and
thus, they also have largest contribution to thergy consumption of a modern
mobile network creating a significant operationasgtcfactor [27] [28] [29].

To start with, we assume an extreme case of faflicrload in BS and express the
power spent by BS in the form:

P x,ou
Pps = POper + PTx,in = POper + % (11)

In (11) the ternPry i, is the power utilized that is needed to create imam
transmission powePry oy IN the antenna output angl is the efficiency of the
transmission chain. Teroper contains all other power that is needed to opes&te

on full load condition.

3.2. Comparison Cases

Based on the model, we have compared twpothetical network deployment
scenarios by setting different network parametssuanptions for both. Moreover,
within these two scenarios we have further companednetworks to estimate how
the change in network configurations will affectetienergy consumption in the
modified network (Network 2) w.r.t the referencévmark (Network 1). This analysis
will make it visible which network deployment appoh is more advantageous in

terms of energy saving.
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We note that first scenario is related to the a@lsere operator is updating BSs in an
existing deployment while second scenario consid&rsenfield operator, that is,

building new network.

The goal of this example for comparison scenaigo® imake visible the impact of

different link budgeandnetwork parameterto the network energy consumption.

We will compare power usage in two different netvgo(network 1 and network 2)

by computing the ratio between powers that are eet@dall BSs in the networks.

Nps2'Pps,
R = -Bs20Bs2 (12)
Nps1Pps1

3.2.1. First Scenario

/P Y
Txl out

Network 1 Network 2

Figure 11: Pictorial representation for First SceimaNetwork Comparison

In the first scenario case both networks apply gdame BS grid (same BS antenna
height, same number of BSs, etc), that is, the isite distance (ISD) x is fixed as
shown in Figure 11, and the focus is on the diffeeesof BS power between two
networks. The BS power varies depending upon tteaithput, bandwidth efficiency,
outage probability, and SINR efficiency.

According to (11) and (12) the ratio R can be enitin the form
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_ PBS,Z _ 1+ (PTxl,in/POper) ! (PTxZ,in/PTxl,in) (13)

R =
PBS,l 1+ PTxl,in/POper

where we have assumed that operation powers argathe for BSs of the first and
second network and difference occurs only betweanstnission powers. Let us

further define

In (14) parameter refers to the ratio between transmission chaintippwer and
power spent for all other operations in a BS offttet network. We use first network
as a reference and consider impact of changesdfiett only to the required output
transmission power. By we denote the ratio between maximum output trassion

powers.
Using these notations we obtain

R = P (na/n2)v

s (15)

The idea in expression (15) is that we can sepdaaterp and ratior,/n;, that are
merely product specific, from factor that reflects the impact of changes in radio

related parameters.

3.2.2. Second Scenario

In the second scenario the BS output transmissawep is fixed, that is, the BS
output power in both the compared networks remames However the inter site
distance (ISD) is scaled which reflects to the nendf BS sites. In this scenario the
cell ranges varies in the secomtwork depending upon the new values of
throughput, bandwidth efficiency, outage probapilINR efficiency which are set
for second network. Thus the ISD varies from »tas shown in Figure 12, which

will bring change in the BS output power consumptend in the overall power
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consumption of the modified network (Network 2) lwiespect to reference network

(Network 1) due to the change in the BS densityt is, different number of BSs.

Network 1 Network 2

Figure 12: Pictorial representation for Second Smeo Network Comparison

Here the ratio R is in the form

_ NBS,Z ] 1+ (PTxl,in/POper) ! (PTxZ,in/PTxl,in)

R =
NBS,l 1+ PTxl,in/POper

(16)

_ Npsp 1+4p-(/n2) _ (&)2 Ltp-/n2)
Npgs 1 1+p D, 1+p

HereD; andD; refer to the ranges of the BSs and we have usefhthé¢hat number

of BSs in the network is proportional to the squafraverse of the range.

Thus, in addition to product specific valuespof;; andz, we need in first scenario
the output transmission power ratidor fixed BS range and in second scenario we

need the range ratld,/D,on the condition that output transmission poweesfixed.
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3.3. Computation of Transmission Power Ratio and Range Ratio
Let us start from the coverage requirement (6). Byng the formula (3) the

throughput can be expressed in terms of SINR,
[=Tpp - (2TP/WWerr — 1) (17)

Furthermore, the inequality in (6) can be writteatvieen SINR and minimum
required SINR,

[ < Tpin = Topp - (27Fmin/WWerr — 1) (18)

Here SINR is given through equations (4), (7) a@d et us introduce interference

marginly through SINR approximation on the cell edge:

_ Prxo/(Pn'Lo) _  Prxo
1+YkPrxr/(Pn'Ly)  PnImLo

(19)

This margin is widely used in network dimeméim so that link budgets can be
formed without extensive system simulations. Aftembining (18), (19) and (8) we
get

ClPrse - Linax (20)

PN IMTmin

L(D) b LSF >

In (20)D is the BS range arid,ax refers to the maximum allowed path loss. Since

shadow fading is lognormal variable we use de@bale and write (6) in the form
Pr((LSF)dB = (Lmax)dB - (L(D))dB) < Prout (21)

Furthermore, as shadow fading is Gaussiaeaibel scale we can use Marqum Q-
function to assume equality for a while and write
L — (L(D
Q ( max)dB ( ( ))dB — Prout (22)

Osr
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In (22)osk is the standard deviation for the shadow fadingrddm Q-function is
monotonic and it has unique inverse. Unfortunatilig inverse does not admit

closed-form expression and we can only formallytevri

(Lmax)dB = (L(D))dB + Osf * Q_l(Prout) (23)

Let’'s recall the inequality and use again theedr scale. Then we obtain the
following requirement for transmission power

TP, _
_~Tmin_ > o5 Q™ Y (Prout)

Tx,0 = . “lerre eff — ac . 10
Pryo = LM Typp - (2Werr — 1) - - DF - 10 24

In comparisons we may use minimum power that isddfby equality in (24). Thus

we have

TP.,; -
——min_ ) osrQ” L (Prour)

PTx,out :%-Feff.<zw'weff_1 ~a-DPF-10 10 ,

(25)

1
-1

TPmin o0l B
. — i sFQ” " (Prout)
D = < Pryout'G | <2W-Weff _ 1) .10~ m ) .

a'PN'IM'Feff

Using these formulae we can computand ratioD1/D, provided that parameters in

(25) are known.

3.4. Examples

We consider a LTE related example where paramé&erthe reference system are
selected according to [23]. Assume first comparisoanario where receiver noise
power, interference margin, BS antenna gain, medin lpss parameters and shadow

fading standard deviation are the same for systhatsare compared. Then we have
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TPmin,2
Feff 2 ZW'Weff,z -1 O'SF(Q_l(Prout,z)_Q_l(Prout,l))
v=12. 0 10 0 (26)
Feff 1 min,1
, ZW'Weff,l -1

Equation (26) allows us to track the impaictotenna configuration, minimum
throughput requirement and outage probabilitWe{ Tett; TPmin; Plou). Assume
10MHz bandwidth and 8dB standard deviation for siaathding. Then we obtain the

results of Table 2 for different parameter combora.

TABLE 2. FIRST COMPARISON SCENARIO, EXAMPLE POWERARIOS

Reference parameters: (0.56;2.0;0.5;0.10)
New parameters Valueof v

Case 1: (0.56;2.0;1.0;0.10) 3.15dB
Case 2: (0.56;2.0;1.0;0.05) 6.03 dB
Case 3: (0.66;1.1;1.0;0.10) -0.20 dB
Case 4: (0.66;1.1;1.0;0.05) 2.68 dB

In Figure 13 we have the rati®of (13) in decibels. It is found that if we inceeathe
power consumed on the radio side in comparisorhéopower consumed on the
operation side, the total power difference in cormaganetworks increases in a
different way for cases 1, 2, 3 and 4 dependinghennetwork configurations. In
cases 1 and 2, the minimum value of the throughpstbeen doubled with respect to
the reference network. The power difference isdarg case 2 than in case 1 because
the outage probability has been decreased in caSar2es show that impact of both
cell edge rate requirement and outage probabiligy large. Yet, the power share
between radio and other operations in BS will define practical cost impact. If BS
is using only small portion of the power for keepiBS up and running, then changes
in rate requirement and outage probability will @anoticeable effect to the operation

costs.
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Power difference in compared networks [dE]

0 0.2 0.4 0.8 0.8 1 1.2 1.4 1.8 1.8 2
Ratioc betwesn trans miss ion power and power on octher cperations

Figure 13: Difference of total power usage in netkkgoaccording to (14) when
example parameters are from Table 1. Notations:eCagDiamond’), Case 2
(‘Triangle’), Case 3 (‘Square’) and Case 4(‘Circjd7]

Furthermore while comparing cases 3 and 4 with cdsend 2 we see that the
improvement in bandwidth and SINR efficiency (refleg use of multiple antenna)
will reduce the detrimental effect from increaseater and decreased outage
probability requirements. In fact, in case 3 théugaof v comes out to be negative
showing that potential need for additional transmis power due to increased rate
requirement can be compensated by introducing raoténna system. For first

scenario case 3 is the best one in which energpeaaved in the network.

For the second comparison scenario, we take the sssumptions as that for first

comparison scenario. Then we have

|~

TPmin,Z
D1 Feff 2 ZW'WEff.Z -1 JSF(Q_l(P'fbut_z)—Q_l(PT‘out'l))
= — TP - ' 10 10 (27)
Dz Feff,l min,1
2WWerr _ 1

We also assume here that both networks have the s#finiency, that isy1 = #2.

This makes the ratiB independent of valye Thus (16) admit a simple form
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R=(2) (28)

D,

Equation (27) allows us to track the impact of ange configuration, minimum
throughput requirement and outage probabilitWee{ Tet; TPmin; Plou). Assume
10MHz bandwidth, 8 dB standard deviation for shadading and the path loss
exponent of 3.76 for LTE framework. Then we obtiie results depicted in Table 3
for different network configurations. We note thatio R is now given in both linear
and decibel scale since it indicates both the @mesratio and the power ratio. From
(16) we see thaR also points out the ratio between numbers of lsagons in

compared deployments.

TABLE 3. SECOND COMPARISON SCENARIO, EXAMPLE POWHRATIOS

Reference parameters: (0.56;2.0;0.5;0.10)

New parameters Value of R

Case 1: (0.56;2.0;1.0;0.10) 1.47 (1.68dB)
Case 2: (0.56;2.0;1.0;0.05) 2.10 (3.22dB)
Case 3: (0.66;1.1;1.0;0.10) 0.97 (-0.10dB)
Case 4: (0.66;1.1;1.0;0.05) 1.39 (1.44dB)

Simulation results for second comparison reveadsféitt that changes in rate and
outage requirements may have crucial impact to ragee Doubling the rate
requirement on cell edge will lead to approximatehe and a half fold increase in
base station density and if also outage probabifityhalved then even two fold
increase in base station density is needed. Yisthtlge cost source can be reduced
by introducing multi-antenna sites. Result shovat the Greenfield operator should
be very careful when setting the network parameterpuirements for cell edge may
dominate in network power consumption. For secar@hario also case 3 proves to
be the best case which offers maximum opportunisetve network’s energy. Results
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show that by improving the bandwidth efficiency @liNR value, the operator can

make true savings in network OPEX.

3.5. Analysisfor Comparison Scenarios

For both scenarios Case 3 (0.66;1.1;1.0;0.10)a®tiy option in which energy could
be saved but in negligible amouRbr the first scenario the power difference depends

upon the BS power distributionyf-and Ryin.

The energy saving increases as; Histribution changes from 0 to 2 but it is not
sufficient. During the whole day, thed£distribution might vary or may remain fixed
but it could be of any value in the network. So eedculated the energy decrement
percentage (for modified network 2 in comparisomeference network 1) for every
value of Rs distribution and on averaging it over the wholg Bistribution range

which varies from 0 to 2, we see the decremenhénenergy consumption by 2.07%

only.

However in second scenario, the power differencesdoot depend on thesd
distribution for all the cases. But energy savisgpossible only in case 3 as in
scenario 1. In case 3 the energy saving remainse,samdependent of thegP
distribution so there is a constant 2.27% of enewysumption decrement. So there
is a very minute difference between the energyeateent of both scenarios for case
3.

The situation is the same for cases 1, 2 and 4lbthiese cases show that the energy
consumption has been increased in modified netweitk respect to reference
network. In scenario 1 the maximum energy consuwmpdit Raic=2 Poper iS more in

comparison to the constant energy consumption sdhrescenario 2.

The averages taken for the total energy consumpgtiomodified network 2 (in
comparison to reference network 1) for every dddtivalue of the Bs distribution
which varies from 0 to 2 are: Case 1 AveragelP18R; Case 2 Average,B2.35R;

and Case 4 Average+1.38R. If we compare these average powers with the aahst
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power consumption of scenario 2 we will observeyveinute difference again as was

for case 3.

Hence scenario 1 is the preferred approach for stiralb the cases (that is, for all

different network parameter settings).

Only in case 3, scenario 2 shows more energy sdhgg scenario 1 but with very
minute difference, so even such network parametiting shows that it would be
preferable to adopt an approach of updating BSnimxasting network deployment
rather than going for building new network whichshaossibility of saving energy

with very insufficient amount but will enough inase the cost of the network.
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4. ENERGY EFFICIENCY MODEL FOR WIRELESS
HETEROGENEOUS NETWORK

4.1. Introduction

In mobile communications small cells are potentiatiore energy efficient than usual
macrocells due to the high path loss between umetdsmacro base stations. Also
heterogeneous deployments of both cell types cansbd to optimize the network
energy efficiency. The power consumption of eachvidual network element has an
impact on the energy efficiency of any deploymditte network energy efficiency

also depends on the required transmit power ardi loa

This chapter constitutes my two publications [J@Y4]. It discusses the impact of
femtocells to the WCDMA network energy efficiencgnd the importance of

femtocell feature (idle mode) from the perspectfenergy saving.

Heterogeneous
Deployment

((tlt)) MW((‘E* :

multi- }ﬁa g

Relays and
cooperative BS

Figure 14: Heterogeneous deployment for Energ\ckeffit Green Networks
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4.2. Impact of Femtocells to the WCDMA Network Energy Efficiency
To see the impact of load (network traffic) on tregwork’s energy consumption, we
have considered the Wideband Code Division Multipteess (WCDMA) system
because it is easy to take advantage of the dokvidadd equations of WCDMA for
developing the model of energy consumption. Moreoak the link level parameters

can be easily tracked from deduced formulae (aicalytnodel).

To that end, we derive power model for heterogesenatwork consisting of
WCDMA macrocells and femtocells deployed in a comrmservice areas. The power
model is used to investigate the impact of loadrisgabetween femtocells and

macrocells on the overall energy consumption.

Specifically, we have focused on analyzing the pidé of energy saving in
WCDMA networks through small, low power femto BSptyment alongside
macrocellular BSs. In WCDMA networks, offloadingpfin macrocells to femtocells
results in decreased macrocell loads which in tan be utilized through cell
breathing so that inter-site distance (ISD) betwaetive macrocells is increasing and
the overall energy consumption by macrocellulartesysdecreases. However, the
reduced energy consumption by macrocellular infuasire will be offset by the

increasing energy consumption of the dense fenitdeployment.
For this study we have considered the following tvebwork deployment scenarios:

a. First scenario is based on the case where opeasatpgrading cell sites in an
existing deployment.

b. Second scenario considers either Greenfield deaysnof new cell sites or
to adopt the approach of switching Macro BSs ofemgwver traffic load in macrocell

is small due to the offloading to femtocell.

4.3. Modeling and Comparison Scenarios
We first recall WCDMA downlink load equations [31[32]. Then we introduce
modeling for performance comparisons and show tuad kequations can be utilized

in this context.
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4.3.1. Load Equations and Dimensioning

The cell range and ISD are defined using the layduFigure 15. Thus, the area
covered by a three-sector site is givenMye= 9/4R* = ISD?. In the following we
simplify the load equations by assuming that dinmnieg is done based on a certain
service. Then we can start from a simplified foritime well known WCDMA

downlink mean load equation [31] [32].

(Ep/Ng)Rg-v
A :)lo + Nysers '#'

e
NLE
o
8

Figure 15: Macrocell layout: Cell range and ISD

(1-a+1), (29)

In formula (29) parametép refers to the minimum load due to control sigrngId,ser

is the number of users in the cé&l}/Ny is the energy per user bit divided by the noise
spectral densityR is the user bit rate; is the connection activity factoBW is the
system chip ratey is the spreading code orthogonality factor argdthe other to own
cell interference factor. We note that we have wmred the mean load that is

depending on the expectedndi over the whole cell.
Moreover, for the mean output power in BS transioisg/e have:

NRFL'Nysers'(Ep/No) Rav

PTx,out = 1-1 ’ (30)

wherengg is the noise spectral density of the receivertfienmd. We note that part of

the transmission power is used for control overhead
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After combining (29) and (30) we can express thamsgnal loss as follows:

(Ep/No).
BW

NRr'Nysers'(Ep/No)'Ra-v

1-2p—Nysers Rgv-(1—-a+l)

L= PTx,out ' ) (31)

We note that mean signal loss is usually 6 dB fkaa maximum signal loss in the
cell edge [31], so that in dimensioning we neethk® into account the corresponding
value in (31). Furthermore, the mean signal lossukshinclude impact of distance
dependent path loss, shadow fading loss and inéexde margin. If single slope
model a-R’ for distance dependent path loss is used, thencave express the

macrocell range as follows:

S =

Ep/N R
PTx_Out-(1—)lo—Nuser5-( I;WO)-Rd-v-(1+a+l)>

a-dL'ngp'Nysers'(Ep/No)'Rq'v

HeredL contains the impact of signal loss averaging al$ ageshadow fading and

indoor penetration margins.

In simplest form of network dimensioning a targead for a certain service is first
selected. Then number of supported users can beulatdd from (29) and
corresponding macrocell range from (32). Otherrmiation besides service rate and
load in (29) and (32) can be obtained from link dpetd

4.3.2. General Energy Usage Model

We start from a simple model that was previousipliad in [4], [7] to describe the
macrocell base station power sharing between Ioddpendent and load dependent

operations:
Pcell:POper+/1'PTx 33}

Here termPy is the power that is needed to create requiretsingssion power in the

antenna output andis the cell load that may vary between 0.1 andd@j@ending on
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the users load and radio interface configuratioernT Poper contains all load

independent power that is needed to operate the BS.

The equation (33) defines the cell power whilessdee usually composed by three or
more sectors that each form a logical cell. Thesfthe power consumed in site is of

the form

Pgite = Neeyp - (POper +4- PTx) (34)

whereNce refer to the number of cells in the site. Thenghe energy consumption

over a certain time perioflis of the form

Esite = Neeyr - (POper +A1- PTx) T (35)

Although network adaptation to temporal variatiafighe load is an important topic
we ignore it in this paper since our focus is ie tmpact of femtocells. Impact of

temporal load variations has been investigatedgn[8].
The energy usage over tirfign a macrocell network is given by

Entw = Nsite " Esite + Nyg " Eyg + Eother (36)

In (36) the first term in the right defines the |gyeconsumption in all macrocell BSs
(Nsite and Esite refer to number of BS sites and energy consumedityle BS site
respectively), second term defines the energy usag# UEs (Nue andEye refer to
number of user equipments and energy consumedbledJE respectively) and last
term contains energy consumed by other mobile mitvetements such as core

network elements and radio network controllers iGDWA.

According to the justification made in previous ptea we ignore the second and the

last term in (36).

When femtocells are employed in the network, thergy utilized by the network is

given by
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Entw = Nsite * Neen - (Ecell + Np - Pg - T) (37)

whereNE is the number of femtocells in each macrocell Bpds the femto BS mean
power usage over time In order to simplify the analysis we do not shizmto BS
power between load dependent and independent ads it is assumed that impact
of load to the femto BS power usage is relativehak.

In order to make calculations more concrete we aftom [4] the UMTS macrocell

base station specific values
Poper = 137W, Py, = 57W

which will be then used in comparisons. It shoukdrioted that these values do not
include the energy consumption used by other elésnanh the base station site,
mainly: antenna feeder cables, backhaul, coolind,mckup. Within three sector site

the maximum energy consumption over 24 hours isdditkWh.

For femto BS input power we use two values, 2W &8Wwd The former value is
optimistic but achievable in future, while lattealwe is already reality in commercial
femtocell products3a3].

4.3.3. Comparison Scenarios

Based on our derived power model, we have compaedvo network deployment
scenarios by setting different network parametgsuaptions for both, in order to
make it visible that which network deployment agmio is more advantageous in
terms of energy saving. Moreover, within these tsgenarios we have further
compared two hypothetical networks to estimate hih change in network
configurations will affect the energy consumptiontihe modified network (Network

2) in relation to the reference network (Network 1)
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As a performance measure we will use the daily ggn@onsumption per square

kilometer in the network, expressed as follows:

NSI‘\L{tegV *Neey - (POper + ANew . PTx) .24

(E/A)new =
Ntw Nsite * Asite

h (38)

Nioi * Np - P,
+ cell F F . 24h
ASite

Thus, dimension for the performance is the kWHlkim the above equation, number

"eW and corresponding load"®" refer to the new

of sites in new deployment (M)
parametric values of the modified network with eggo the old parametric values of
the reference network. We also note that the nundbeflemto BSs is given per

macrocell in reference deployment. Either of thelsenges is expected to take place

in one of the two compared networks depending uperscenario.

» First scenario: We assume thdtlacrocell Inter Site Distance (ISD) is fixed, the
number of macrocells is the same for both netwdmlitsload is decreasing with

additional femtocells and we have

Ncell'(POper+/1NeW'PTx+NF'PF)_2

E/A =

4h (39)

Thus, addition of femtocells is only visible in cnacell load factor.

ISD=x

Network 1 Network 2

Figure 16: Network Layout; comparison in first saeo
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« Second scenarioAssume that the macrocell ISD is not fixed butead, we fix
the target load in macrocells. Since part of tlafitr is offloaded to femtocells ,

then the required number of macrocell BSs is deangadue to cell breathing and

we have
NEEY - Neew - (Poper + A+ P
(E/A)Ntw — Site cell ( Oper Tx) . 24h (40)
Nsite * Asite
Nioi * Np - P,
+ cell F F 24h
ASite

This reduction in macrocell BS reduces energy congion.

ISD=x

Network1 Network 2

Figure 17: Network Layout; comparison in secondnsce

For comparisons we first carry out dimensioningtef network without femtocells
using (29) and (32). When cell ranBas known we can calculate site area and daily

energy consumption per square kilometer from tinenéda

Ncell ' (POper +4- PTx)
ASite

(E/Anew = - 24h (41)
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WhenNg femtocells are added to the system they taketaiogvortion of the users,
say Remic100) % of usersRemto IS the ratio between femtocell and macrocell
connections). Then either load in macrocells (fsstnario) or ISD (second scenario)
is decreasing. The latter phenomena reflects tthiren the number of macrocell

sites.

4.4. Numerical Examples
We consider a WCDMA related example where pararaeter given in Table 4.

TABLE 4. WCDMA NETWORK PARAMETERS

Reference parameters

Parameter Value

Operating frequency 2000MHz

BS antenna height 30m

MS antenna height 1.5m

Propagation model Okumura-Hata (urban area)
Indoor penetration loss 10dB

BS antenna gain (incl. losses 16dBi
User data rate 64kbps, 128kbps, 256kbps
En/No 5dB

Macro BS transmission powey 20W

Femto BS input power 5W, 2W
Control overhead 15%
System chip rate 3.84Mcps
Shadow fading margin 7dB
Meana 0.80

Meani 0.65
Activity factorv 1.00
Minimum load 0.10
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In Figure 18 we have cell ranges as a functionuofilper of users when user data rates
are 256kbps, 128kbps and 64kbps. If dimensionirpige e.g. based on 64kbps user
rate and assuming load 0.8, then cell range isd@@0Om.

In
N

o
©

Cell range [km]
=

/

o
i

o
N

o

2 4 6 8 10 12 14 16 18 20
Number of users

o

Figure 18: Cell range as a function of number oéngswhen user data rates are
256kbps (dotted curve), 128kbps (dashed curvepdkdps (solid curve).

4.4.1. Numerical comparisons

Consider 64 kbps service and assume that inits&egy load is 0.9. We can then solve
number of users from (29) and cell range from (F)rthermore, if femtocells
offload data ofRremisNuser= N macrocell users, then we can calculate new 084
from (29) and daily energy consumption per squaitereter from (39). The
algorithm for calculating the energy consumed, meréng both scenarios can be
more easily understood through the flow chart guFe 19.
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START

Read required Link Budget Parameters

i

Calculate Number of Macrocell users by Eq(29)
Minimum load =0.1

v

‘ Calculate Rfemto = KJ/100 ‘

v

xN

Calculate N formto = R famto * N ysers

i

Calculate Initial Range of macrocell by Eq (32)considering initial
macrocell users, before addition of femtocells

i

Calculate new load in macrocell by Eq(29)after addition of femtocells

v

Calculate Range of macrocell by Eq(32) considering new
number of macrocell users, after addition of femtocells

¢

Calculate 3 sector site area considering initial Range of macrocell

i

Calculate (E/A) Ntw by Eq (41), before addition of femtocells

i

For first scenario calculate total (E/A) Nitw by Eq (39) considering
new load in macrocell, after addition of femtocells

{

For second scenario calculate total (E/A) Ntw by Eq (40) considering

initial load in macrocell due to cell expansion, after addition of
femtocells

%

Is
K=100?

@ YES

END

NO

Figure 19: Flow chart for the energy consumptiogaaithm
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Resulting numerical values are given in Table 5.

TABLE 5.DAILY ENERGY CONSUMPTION IN THE NETWORK, FIRST

SCENARIO
100% Rremeo 0% 25% 50% 75%
(E/A)  [KWh/km?] 24.35 22.88 21.40 19.93
(E/A) o [KWH/KM?], Pe = 5W 24.35 25.77 27.18 28.59
(E/A) o [KWH/KM?], Pe = 2W 24.35 24.03 23.71 23.39

From second row of Table 5 we find that energy oam#ion per square kilometer is
clearly decreasing in macrocells when ratio of ferabnnections is increasing. If
femto BS input power is 5W, then the total energnsuimption in the network is
growing since the load decay in macrocell load carsompensate the additional
consumption due to femtocells. On the other haihfémto BS input power is only
2W, then the total energy consumption is slightlgcréasing with additional

femtocells. Finally, we note that:

* In above calculations it was assumed that femto &®sturned on only when
there is traffic. If a number of femtocells are calactive when traffic is

nonexistent, then network energy consumption irsgeaccordingly.

* From network operating costs perspective the vabnethe second row of Table 5

are important since they contribute directly to ¢éimergy bill paid by the operator.

Results regarding to the second scenario has Betadiin Figure 20. It is found that
energy consumption by macrocells is rapidly deenggsince lower load allows less
dense macrocell grid. The decrease in macro BSitgleisslimited by the non-

femtocell users and in practice it is not possiblshutdown all the existing macrocell
sites due to coverage reasons. Yet, if network iset built from scratch then second

scenario would be beneficial from energy efficiepeyspective.
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Figure 20: Daily energy consumption per squarerkiéter in the network when
assuming second scenario. No ticks: Energy consampy macrocells only. Total
energy consumption when 5W femto BS power (0)2@htemto BS power (x).

From Figure 20 we see that in case of 50% femtd28ll) penetration, around 63%
of energy would be saved and it keeps on increaasmighe femtocell penetration
increases. Whereas in case of 50% femtocell pamgtrgbW), the maximum energy
saving would be around 49% and it will not furthecrease with the increase in
femtocell penetration. Practically decrease in m&$ density is limited by the non-
femtocell users. In order to fully exploit this gaia Greenfield network should be
built. However, part of the energy savings candigeved also in existing networks if

macrocell BSs can be switched off during low loadqus.

4.5. Femtocell idle mode and network energy efficiency

We discuss the importance of designing a specdilife in femtocells which supports
idle modeto achieve significant amount of energy savingsetwork. If femto BSs
are activated all the time then Femto BS energysamption easily overtakes the
achieved savings on the macrocell side. So femtsB#ild not remain activated if
indoor traffic is non-existent, rather should enségep mode. For this femto BS
should have the traffic sensing ability.
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4.5.1. Effect of femtocell idle mode on overall network energy saving

WhenNg femtocells are added to the system they take aingubrtion of the users,
say Remis100) % of users as previuosly discussed, wReag, is the ratio between
femtocell and macrocell connections. Then eithadlm macrocells (first scenario) or
number of macrocell sites (second scenario) isedsing, thus reducing the energy
consumption of the network. When both comparis@nados are analyzed in case of
the femtocells deployment that do not possess nubele feature, we assume that
there exist fixed amount of active- the network already. And they keep on getting
utilized along the Rmi scale (when macrocell users are moved to femg)cethile

the underutilized ones will remain active.

We have an assumption that each femto BS will sensengle user. Initially we
assume number of active femtocells equivalent tmbar of users in the macrocell.
Then onwards vary the value of active femtocellsge the impact on the total energy
saving in the network. We have another two optitintake the value of } either
smaller than RNesOr greater than Ners Here we have not considereg t be less
than Nsersbecause this would mean that some indoor usersnwillbe capable of
being served by femto BS as per our assumptiomefto one ratio between:Nnd

NUSGI’S

Resulting numerical values for 1st comparison séenare given in Table 6 and
Table 7

TABLE 6. DAILY ENERGYCONSUMPTIONIN THENETWORKWHEN
DEPLOYEDFEMTOCELLPOSSES3DLE MODE FEATURE,FIRSTSCENARIO

100% X Reemto 0% 25% | 50% | 75%

(E/AWM  [KWh/km?] 2435 | 22.88| 21.40 19.93
(E/A)otar [KWh/km?], Pe = 5W 2435 | 2577 | 27.18  28.59
(E/A)otar  [KWh/km?], Pe = 2W 2435 | 24.03| 2371 23.39

52



TABLE 7. DAILY ENERGYCONSUMPTIONIN THENETWORKWHEN
DEPLOYEDFEMTOCELLDONOT POSSES®LE MODE FEATURE,FIRST

SCENARIO

100% X Reemto 0% 25% | 50% | 75%
(E/AW  [KWh/km?] 2435 | 22.88| 21.40 19.93
(E/AYrotar  [KWh/km?], Pe = 5W 35.90 | 34.42| 3295 31.47
(E/AYro  [KWh/km?], Pr = 2W 28.97 | 27.49| 26.02 2455

From second row of Table 6 and 7 we find that epergnsumption per square
kilometer is clearly decreasing in macrocells whatio of femto connections is
increasing. For femto BS possessing idle mode featith input power 5W, the total
energy consumption in the network is growing sitieload decay on the macrocell
side cannot compensate for the additional energyswoption due to femtocells.
Whereas the opposite is true for 5W femto BS tloahdt possess idle mode feature.
Even then femtocell possessing idle mode featuee batter because the energy
consumption is approximately 10 kWh/km2 less in panson to the situation when
femtocell without idle mode feature are deployethiem network. On the other hand, if
femto BS input power is only 2W, then the total rigyeconsumption is slightly
decreasing with additional femtocells for both typgvith and without idle mode

feature).

Utilizing equation (40), results regarding secommmparison scenario has been
plotted in Figure 21 from energy saving perspedioreboth types of femto BSs (with
and without idle mode feature) having input powe2%/ and 5W. Plotted curves
show that total energy saving is more when depldgatto BS possess idle mode

feature in comparison to the situation when theyahave such feature.

In Figure 21 different symbols are used to diféedatthe variuos plots depicting total

energy saving in different conditions. For the cagl Ng=N sersWe have used:
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» Circle for the condition when femto BSs with 2W utgower possess idle mode
feature,

* Triangle (Up) when femto BSs with 2W input power wlot possess idle mode
feature,

» Asterisk (*) when femto BSs with 5W input power pess idle mode feature,

» Traingle (Down) when femto BSs with 5W input povaer not possess idle mode
feature.

Similarly in case oNg=2.3 X N;serswe have used; Square when femto BSs with 2W

input power do not possess the idle mode featuraplg line corresponds to the
reference scenario.

Energy saving per square kKilometer [kKivh]

01 0z 03 04 0.5 N3] 07y s 04 1
Ratio between HBS and macrocell connections RHEIS

Figure 21: Daily energy saving per kim the network for second comparison
scenario

We observe from plots of both input powers of fef@&; when more load out of full
load gets shifted from macrocell to femto BS, appmately same amount of energy
can be saved from both types of femto BS deploynwith and without idle mode
feature). This figure explains that femto BSs withinlle mode feature would be more
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unfavourable when not much load of the macrocedhifted to femto BS (low &nto),

that is, during situation when there is not mudowr traffic existing in the network.

With input power of 2W, when femto BSs that do possess idle mode feature are
deployed in the network, there will be extra enecggpsumed (no energy saving) by
the network until Rme reaches 0.05 since femto BS energy consumptia@assdy

overtaking the achieved savings on the macroce#.siVhereas in case of the 5W
femto BS, extra energy is consumed by the netwath Rinio reaches 0.2, and this

extra energy will be more than the extra energysaored in case of 2W femto BS.

Therefore in case of 2W input power, the deploymeinfemto BSs that do not
possess idle mode feature could be acceptablentbf8Ss possessing this feature are
unavailable. However in case of 5W input powels famto BS feature is necessarily
required.

Moreover, we vary the number of active femto BS®/)2n the network as for

exampleNg =2.3 X Nisers, then the energy saving is reduced.

It is concluded through analysis that the numli¢emtocells should be limited from
an energy perspective and upper bound is thenuimer of users in the macrocell,
that is,Nr (Upper bound)= Nsers, for both types of femto BSs (with and without the
idle mode feature). Thus the maximum gain in eneayng will be achieved when
NF = Nusers

For N- to be greater than Nswe have already observed there will be more energy
consumption because of the more femto BS deploynigamt what is required.
Considering the one to one ratio assumption, oryN\sersOption remain where we

can save maximum energy.

Even from another perspective; we can see fronplibtethe maximum energy saving
become possible when femto BS (that are beingeatl)i becomes equivalent tQsNs
(at Remt=1) that is all the macro load has been shiftefénato BS.
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45.2. Energy Savings from the perspective of Green Field Network
Deployment (In Practice)

Femtocell deployment can reduce the BS densityt seems that building the new
network site from scratch with lesser number of \B&uld reduce the total energy
consumption of the network. But for such Greenfieddwork build there might exist
certain periods in a day when the expected indaadfid is not sufficient as was
expected and we also have the idea of sleep modm where are underutilized
femtocells in the network in order to save eneigg.in that case the service will
degrade for outdoor users and there will be somerege holes in the network
because the lesser amount of macro BSs would nableeto meet the high capacity

requirement (of outdoor traffic).

The penetration rate of femto BSs is equivalenth® percentage of the network’s
indoor traffic because as per assumption one f@8®t@erves the single user that has
been offloaded from macro to femto BS.

In case of the Femto BS (5W) with idle mode fegtuaker 50 % of Femto BSs
penetrations into the macro BSs network the ensaging becomes almost constant ,
that is, 12.03 kWh even if we keep on increasing plenetration rate uptil 100%.
From Figure 22ve see that macro BS remains underutilized becaafude offloading

of macro BS traffic to Femto BS and therefore stdag shutdown. The result shows
that with the increase of Femto BS penetrationhaaxe to shutdown as many macro
BSs if we want to save sufficient energy (which aghieved for 50% femto BS
penetration). Because with the increase of femtouB&je the energy consumed by
femto BS will get increase so in order to compenghis energy consumption,

numerous (in large amount) macro BS has to be elurid

Hence the maximum energy can be saved with atb#st of Femto BS penetration
in the macro network. But if for certain networletimdoor traffic is more than 50 %,
then no matter how much we have been offloadingithero BS (which turn them to
shutdown state) we would be saving the same maxireaergy which we can

achieve for 50% femto BS penetration.
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On the other hand with femto BS which do not posséle mode feature we would
save less energy as compared to the ones witimiotke feature. Although the energy
saving keep on increasing throughout the femto tpaten from 20% to 100 % but
the macro BSs have to be shutdown with the sareeasain the case of femto BS with

idle mode feature.

When there is 100% of femto BS penetration , teathe whole network traffic is
originates from indoor UE, then this shows thatth# existing macro BSs can be
shutdown but practically this is not possible beegatemto BS are connected to core
network via macro BS. Here some kind of a tradéaf to be made to keep one (or
few) macro BSs On and at the same time save thrgyebg shutting down few macro

BSs depending upon the network macro load.
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Figure 22:Reduction in Number of New BSs in comparison toli¢urof Old BSs

Reduction in number of BSs for new sites in relatwith the penetration rate of

femtocells has been shown in Figure 22 and the rioateralues has been shown in

57



Table 8, the table also shows the respective ersarggd for both types of femtocells.
Let’'s suppose if we assume the approach of buildewg macro BS site network by
reducing the number of BSs to half tmmount of old network’s number of BSs,
considering the requirement of femtocells with 2fh@metration because of the 21%
expected indoor traffic existence, then 9.76kWhrgyn@er unit area could be saved.
In this situation if indoor traffic decreases tdd.@or such newly build Site network,
there will be coverage holes due to the missingtbind number of BSs (as for 10%
of indoor traffic there is a need of 3/2 times lessnber of BSs than the old
network’s BSs). Hence to save the energy and tadatle service degradation
problem it is good to shut down the underutilizeacno BSs when there exist indoor

traffic in the network instead of deploying the nsies with lesser BSs.

TABLE 8. TOTAL ENERGY SAVINGS WHEN FEMTOCELLS WITHAND
WITHOUT IDLE MODE FEATURE HAVE BEEN USED, AND THE
REDUCTION IN NUMBER OF NEW BS SITES W.R.T TO OLD BSITES.

Penetration rate 0% 21% 40% 52% 77% 100%
of femtocells

Reduction in the
number of new 1 time 2 times 3times | 4times | 7times | « times

BS site w.r.t the
old BS site
network

Total Energy

Saving when 0 9.76 11.67 12.03 12.09 12.80
femtocells with kWh kWh kWh kWh kWh kWh
idle mode feature

are used

Total Energy

Saving when -11.5 0.639 4.74 6.48 9.35 12.80
femtocells kWh kKWh kWh kKWh kWh kKWh
without idle

mode feature are

used
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On the other hand it is not convenient to use the dynamic power ON/OFF switching
technique to save energy in the operation of the macrocellular BS. It will be more
feasible to implement this technique when it is known in advance which periods of
day there is high probability of shutting down the BSs based on predetermined traffic
information. This requires the daily traffic patterns (both indoor and outdoor traffic

information) of the network with high accuracy.
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5. CONCLUSIONS AND FUTURE WORK

This thesis work investigated the energy consumpt® mobile access networks
which has recently received increased attentiorressearch carried out in both
industry and academia. This thesis also contribtdegbe mainstream discussion on
the importance of reduction in energy consumption achieve economic and
environmental benefits. Particularly it has addedsthe possible ways to minimize

the energy consumption on the BS sites.

In the thesis, some factors in evolution of moiketworks were discussed from
energy and power consumption perspective. Basedhendiscussion a simple
methodology was proposed in order to model the p@msasumption on network of
base stations. To make visible the impact of dfferlink budget and network
parameters two scenarios have introduced. Findlglaborate these scenarios, two

simple examples were presented.

The thesis work also investigated the potentialrgghesavings when deploying
femtocells along with macro base stations in WCDR&work. To find the energy
consumption per unit area, WCDMA downlink load epuzs were used. It was
determined how the load sharing between femtoeaelismacrocells will contribute to

the overall energy consumption of the network.

To elaborate introduced scenarios, two simple eXasngere presented. In first
scenario the macrocell inter site distance is fieed different femto base station
penetration ratios are assumed. Analytical reshitav that total energy consumption
in network per unit area was increasing when enmp{pyemto base stations that
operate with a 5W input power. On the other handygy consumption was found to
decrease slightly when employing femto base stattbat operate with a 2W input

power.

In second considered scenario the macrocell interdsstance was not fixed and the
addition of femtocells to the macrocellular systeecreased the macrocell base
station density due to the cell breathing phenomero this case there was a
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significant amount of energy saving. Achieved geam be fully exploited in green
field deployments but part of the energy savingeptél can be utilized also in
existing networks through macrocell breathing: dased macrocell load due to
femtocells results in larger macrocell coverage endense macrocell deployments

part of the base stations can be switched off.

Finally, the thesis focused on the importance td rdode feature for femto BS. The
number of active femto base stations has significapact on the network energy
efficiency. If femto BSs are on all the time theamto base station energy
consumption easily overtake the achieved savingshi@macrocell side. Therefore it

is essential to design efficient sleep mode proceedior femto base stations.

The analytical results concluded that in orderaeesthe energy and avoid the service
degradation problem; it is recommended to shutdihwerunderutilized BSs instead of
deploying the new networks with less BSs (greeid fieetworks). This switching
ON/OFF of the BSs should be done based on thedsiraesailable daily traffic

patterns.

For this reason the future work includes; taking imccount the impact of daily traffic
variations for the shown studies and for that psepa new performance metrics will
be needed. Furthermore, the future study includisigning the methodology
(utilizing Shannon equations) for the energy constion of HSDPA (High Speed
Downlink Packet Access) and LTE (Long Term Evolnjiomodeling the power
usage of a heterogeneous network element suchlagsR&his study was based on
uncoordinated femtocellular BSs. For further stagie see that how the coordinated

and planned femtocellular BSs would affect the gyefficiency of the network.

61



REFERENCES

[1] InStat: “WCDMA Base Station: Embracing the New Gatien”, InStat analyst
report by F. Guan, Feb 2007

[2] Emerson: “Energy Logic for Telecommunicatiowhite paper, Ericsson, 2008

[3] F. Richter, A. J. Fehske, G. P. Fettweis: “Enerdficiency Aspects of Base
Station Deployment Strategies for Cellular NetwdrkdEEE Vehicular
Technology ConferencAnchorage, USA, September 2009.

[4] G. Micallef, P. Mogensen, H. O. Scheck: “Cell SBreathing and Possibilities to
Introduce Cell Sleep ModeEuropean Wireless Conferenge 111-115, 2010.

[5] S. Zhou, J. Gong, Z. Yang, Z. Niu, P. Yang: “Gr&&obile Access Network with
Dynamic Base Station Energy SavinlyfobiCom’09 Sept 2009, Beijing, China.

[6] M. A. Marsan, L. Chiaraviglio, D. Ciullo, M. Meo:Optimal Energy Savings in
Cellular Access NetworksProc. IEEE ICC'09 Workshop, GreenComm, June
20009.

[7] M. Jada, J. Hamalainen, R. Jantti, M. M. A. Hossé&iower Efficiency Model
for Mobile Access Network’IEEE PIMRC’10 Workshop, W-Green, September
2010.

[8] Ericsson AB: “Sustainable energy use in mobile camications”,white paper,
EAB-07:021801 Uen Rev C, 2007.

[9] http://timeforchange.org/CO2-cause-of-global-wammin

[10] http://www.accessnets.org/keynote.shEARTH project.

[11] Hans-Otto Scheck?ICT & wireless networks and their impact on global
warming”. Nokia Siemens Networks, Linnoitustie 6, FI-0266p00, Finland.

[12] J.T.Louhi: “Energy efficiency of modern cellulaad®e stationsINTELEC 2007,
Rome, Italy.

[13] G. Wimpenny, “Imroving multi-carrier PA efficienaysing envelope tracking”,
Microwave Journal, November, 2008

[14] Kimball, D.; Draxler, P.; Jeong, J.; Hsia, C.; bamco, S.; Nagy, W.;
Linthicum, K.; Larson, L.; Asbeck, P.; , "50% PAE GBMA basestation
amplifier implemented with GaN HFETsCompound Semiconductor Integrated
Circuit Symposium, 2005. CSIC '05. IEEKOI., no., pp. 4 pp., 30 Oct.-2 Nov.
2005.

[15] Jinseong Jeong; Kimball, D.F.; Myoungbo Kwak; Deax P.; Chin Hsia;
Steinbeiser, C.; Landon, T.; Krutko, O.; LarsonEl..Asbeck, P.M.; "High-
Efficiency WCDMA Envelope Tracking Base-Station Alfipr Implemented
With GaAs HVHBTSs," Solid-State Circuits, IEEE Journal qf vol.44, no.10,
pp.2629-2639, Oct. 2009.

[16] Jinseong Jeong; Kimball, D.F.; Myoungbo Kwak; Chitsia; Draxler, P.;
Asbeck, P.M.; "Wideband Envelope Tracking Power Afigps With Reduced

62



Bandwidth Power Supply Waveforms and Adaptive [RigitPredistortion
Techniques,'Microwave Theory and Techniques, IEEE Transactmmsvol.57,
no.12, pp.3307-3314, Dec. 2009.

[17] Femtocell Networks: A Surveyikram Chandrasekhar and Jeffrey G. Andrews,
The University of Texas at Austin Alan GathererxaBelnstruments, September
2008, IEEE Communications magazine.

[18] Ericsson: “ Minimizing carbon intensity in telecometworks using TCO
techniques”, white paper, 284 23-3137 Uen Rev Aykary 2010.

[19] O. Arnold, F. Richter, G. Fettweis, O. Blume, “Rawonsumption modelling of
different base station types in Heterogeneous GelNetworks”, Future Network
and Mobile Summit, IIMC International Informationallagement Corporation,
2010.

[20] http://www.greentouch.org/index.php?page=shant@ansexplained.

[21] 3GPP, "Radio frequency (RF) system scenarios @Rel8)",3GPP technical
report, TR 36.942, Ver. 8.2.0, May 2009

[22] P. Mogensen, W. Na, I. Z. Kovacs, F. Frederiks&n, Pokhariyal, K. I.
Pedersen, T. Kolding, K. Hugl, M. Kuusela, "LTE @ajty Compared to the
Shannon Bound'lEEE Vehicular Technology Conference, April 2007.

[23]Harri Holma, Antti Toskala, “LTE for UMTS:OFDMA an&C-FDMA based
Radio Access John Wiley & Sons, 2009

[24] Preben E. Mogensen , Tommi Koivisto, “LTE-Advancdthe Path towards
Gigabit/s in Wireless Mobile CommunicationsEEE Wireless Communication,
Vehicular Technology, Information Theory and Aesxsp & Electronic Systems
Technology, 2009

[25] 3GPP, “Requirements for further advancements farohed Universal
Terrestrial Access (E-UTRA)TR36.913 v8.0.1, March 2009.

[26] A. Bou Saleh, S. Redana, J. Hamalainen, B. R&dmiparison of Relay and
Pico eNB Deployments in LTE-Advanced|EEE Vehicular Technology
Conference, Anchorage, Alaska, Fall 2009.

[27] Ericsson, ST-Ericsson, "Enhanced network enerdicieficy (R1-100062)",
3GPP TSG-RAN WG1, Meeting 59bis, Valencia, Spamyary, 2010.

[28] Nokia, Nokia Siemens Networks, "Discussion on NekwvEnergy Saving in
LTE (R1-100587)",3GPP TSG-RAN WG1, Meeting 60, San Francisco, USA,
February, 2010

[29] Ericsson, ST-Ericsson, "UTRA Node B energy sav(®j-100598)",3GPP
TSG-RAN WG1, Meeting 59bis, Valencia, Spain, Janz410.

[30] M. Jada, J. Hamalainen, R. Jantti, M. M. A. Hassdimpact of Femtocells to
the WCDMA Network Energy Efficiency’lEEE IC-BNMT, China, October
2010

[31] H. Holma, A. Toskala, "WCDMA for UMTS'Third edition, Wiley 2004.

63



[32] K. Sipila, Z. Honkasalo, J. Laiho-Steffens, A. We “Estimation of Capacity
and Required Transmission Power of WCDMA DownlinksBd on a Downlink
Pole Equation”]EEE Vehicular Technology Conferen&pring 2000.

[33] Press Release on NEC FP 810 femtocell product, 0.201
http://www.slashgear.com/nec-fp810-femtocell-tiny-b4-45-7mbps-data-rates-
1073529/.

[34] M. Jada, J. Hamalainen, R. Jantti: “Energy savimgsobile networks: Case
Study on Femtocells"XXXII Finnish URSI Convention on Radio Sciences, Oulu,
August 2010

64



