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Abstract—Energy efficiency (EE) of wireless telecommunica-
tions has become a new challenge for the research community,
governments and industries in order to reduce CO; emission
and operational costs. EE of base stations (BSs) in cellular net-
works is a growing concern for cellular operators to not only
maintain profitability, but also to reduce the overall negative
impact to the environment and economic issues for wireless
network operators. In this paper, a framework focuses on the
Area Energy Efficiency (AEE) evaluation of LTE BSs is pre-
sented. The parameters affect on the AEE and the coverage
area of LTE BS in different scenarios are investigated. AEE
analysis has been done using a few key performance indica-
tors including transmit power, bandwidth, load factor with
the assumption of different scenarios (urban, suburban and
rural). The simulation results show that the LTE BSs have
better AEE in an urban environment for cell radius less than
750 m compare with the suburban and rural environments.
Furthermore, it is obvious that there is a strong influence of
traffic load, BW and transmission power on AEE of LTE net-
work. On the other hand, AEE increases significantly as the
BW size increases. Finally, it has been shown that the AEE
of LTE macro BS decreases with increasing the percentage of
traffic load for all scenarios.
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1. Introduction

Addressing the issue of green communications has bene-
fits to many stakeholders including the industry, academic
researchers and government agencies. The cellular indus-
try can realize cost savings and lower their impact to the
environment, government agencies realize a fulfillment of
administrative goals for energy savings as well as devel-
opment of standards and metrics, while researchers can
push the boundaries of current technologies and theories
in material science, distributed computing and system en-
gineering. Telecommunication section and especially cel-
lular networks are parts of Information and Communication
Technology (ICT) that is rapidly expanding throughout the
globe. With new technologies like Third Generation (3G)
and Long Term Evolution (LTE) coming to the market, this
section will grow more in a future.

Currently, telecommunication sectors are responsible for
about 12% of total energy consumption of the world and
generates approximately 1% of CO, emissions [1] with per-
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centages expected to rise further. In [2] the authors pro-
posed the deployment of LTE macro base station (BS) to
study the impact of modulation and coding schemes (MCS),
bandwidth (BW) size and transmitted power on the energy
efficiency for urban environment. They showed that the
higher transmission power results in lower EE. The differ-
ence actually diminishes when cell size increases. At its
diameter around 1200 m, it was found that the EE is almost
equal for all transmission power considered. On the other
hand, EE increases significantly as the BW increases. Simi-
lar effect on EE is observed when MCS changes from lower
order to the higher-order scheme. In cellular networks,
the prime energy users are base stations (BSs), backhaul
servers and routers. Around 80% energy is consumed by
the BSs [3]. Because of this statistic, most of the energy
saving research had been focused on the BS.

This paper investigates the area energy efficiency (AEE)
issue on LTE networks and more specifically it is based
on simulation for the outdoor environments. The environ-
ment’s scenarios for the simulation were done with three
different environments: urban, suburban and rural. Results
have conducted and discussed to show the performance
of LTE network from the AEE perspective. A compari-
son analysis is done in terms of energy saving for a spe-
cific macro BS deployment between the three different
scenarios.

2. Methodology

2.1. Propagation Model

In general, there are many factors that cause the deteri-
oration of signal quality such as distance dependent path
losses, shadowing, outdoor/indoor penetration loss and ra-
diation pattern. The received power P, from a BS at a dis-
tance of d and angle 6 from the main lobe of the antenna
can be calculated as [4]:

Poi(d,0,y) = Px— [PL(d) + kK +Ap(0)] +wup, (1)

where P, P, PL, x, Ay, ¥ and 0 denote to receive power
and transmit, path loss, penetration loss, antenna radiation
pattern, shadow fading and theta, respectively.

Equation (1) assumes that all the signal gains and losses
are expressed in decibels. The random variable y is used
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to model slow fading effects and commonly follows a log
normal distribution. The antenna pattern A;(6) depends
on the mobile’s location relative to the BS which has been
adopted from [4]. In addition to path loss and shadowing,
another factor which affects the channel quality is penetra-
tion loss for users indoors.

In this paper, a 20 dB of attenuation has been assumed
to account for outdoor/indoor penetration loss, denoted by
K, which can be found in [5] and [6]. The path loss PL
in decibels (dB) for a distance d can be expressed into
three different categories, namely urban, suburban and ru-
ral areas, which take into account distance, line of sight
existence, antenna height, and the average building height
with the applicability ranges from 5 to 50 m as proposed
in [5] for all environments.

However, the urban scenario usually has a great concentra-
tion of BSs due to the demand for capacity. The path loss
in urban scenario before the break point dgp can be written
in the following form:

PL=22.010g;y(d)+28.0+20log,(f.),  (2)

where d is the distance in meters, and f. is the carrier
frequency in GHz. After dpp, the path loss is founded via:

PL == 400 loglo(d) + 78— 18 loglo(h,BS) -
— 18log o (hyr) = 2logyo(fe), 3)

where hj and hy are the effective antenna heights at
the BS and the User Equipment (UE). The effective an-
tenna heights i}, and hy; are computed as follows: hpg =
hgs — 1.0 m, hyp = hyg — 1.0 m, where hgg = 25 m and
hye = 1.5 m are the actual antenna heights proposed in [5]
for urban area.

The suburban scenario is modeled to correspond to typical
city’s periphery with major habitation blocks with several
floors. While the remaining territory corresponds to ru-
ral low dense populated scenarios that can be crossed by
important highways. The path loss in suburban and rural
scenarios before the dgp can be written as:

407;51 fc) .

PL - 20 loglo (
+min(0.034'72, 10)log,(d) min(0.044' 72 14.77) +

+0.002 log, o (h)d . )

While after dpp, the path loss for these two scenarios is
founded via:

40mdf.

+min(0.03472, 10)log,(d) min(0.044' 72 14.77) +
d
+0.002 log,y(h)d +401og, <—> . (5)
dpp
Here £ is building height in meters.
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2.2. Cell Coverage Area

The cellular system coverage is generally designed for a
given minimum received power Ppi, at the cell bound-
ary. The Pnin, which is also known as the receiver sen-
sitivity can be written in closed-form for cell coverage
area C as [7]:

2 —2ab 2—ab
C=Q<a>+exp( - )Q( b“), (©)

where:

a:Pmin*Prx(R)7 b
OyaB

_ 1 —alogy(e) )

OydB

where o denote to path loss exponents and oyp is the stan-
dard deviation of shadow fading [7].

The reference sensitivity Py, level is the minimum mean
received signal strength applied to both antenna ports at
which there is sufficient SINR for the specified modulation
scheme to meet a minimum throughput requirement of the
maximum possible. It is measured with the transmitter
operating at full power. Py, is a range of values that can
be calculated using the Eq. (8) [8]:

Puin = KTBW + NF 4 SINR ., + IM—Gg,  (8)

where kT BW is the thermal noise level in units of dBm, in
the specified bandwidth (BW), NF is the prescribed max-
imum noise figure for the receiver where LTE defines an
NF requirement of 9 dB for the User Equipment (UE),
SINR,,, is Signal to Interference plus Noise Ratio that re-
quired for choosing modulation and coding scheme, IM is
the implementation margin and Gy represents the diversity
gain which is equal to 3 dB [8]. Py, is a target minimum
received power level below which performance becomes
unacceptable [7]. Note that a = 0, when the target mini-
mum received power equals the average power at the cell
boundary, Ppin = P (R) and P.(R) is the received power
at the cell boundary due to path loss alone. An extra im-
plementation margin is added to reflect the difference in
SINR requirement between theory and practicable imple-
mentation [8].

2.3. LTE Data Rate Model

Theoretical peak data rates are difficult to achieve in prac-
tical situations only in extremely good channel conditions
because of limited by the amount of channel impairments
noise and interference from own and other cells. The max-
imum theoretical data rate for single antenna transmission
in static channel can be derived through conventional Shan-
non’s formula which is given in Eq. (9). The data rate Ry
in unit of bits per second can be expressed in terms of two
parameters which are the bandwidth and the signal to noise
ratio SNR.

Rr = BW x log,(1+SNR). ©9)
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In LTE system, a modified Shannon formula is used to ac-
curately estimate the achieved data rate after taking channel
impairments into account.

SINR
Rr = F x BW x log, (1+7’“’>. (10)
TISNR

where F' = npw -1 in which the 1npw accounts for the sys-
tem bandwidth efficiency of LTE and nsnr accounts for the
SNR implementation efficiency of LTE. It should be noted
that LTE is performing less than 1.6 ~ 2 dB from the Shan-
non capacity bound because it’s not constant and changes
with the geometry factor (G-factor), the G-factor distribu-
tion is defined as the average own cell power to the other
cell power plus noise ratio with OFDMA in a wide system
bandwidth this corresponds to the average SINR [8]. It was
shown that this impact can be accounted for using the fudge
factor (1) multiplying by the parameter (i.e. 1 = 0.9 and
Nw - N = 0.75). Msnr is a parameter for adjusting SNR
efficiency which is almost equal to one [9].

Fig. 1. MCS selected based on user distance.

The MCS selection is depend on the distance between the
eNodeB and the UE. The low MCS can be suitable for
large distances as the experienced SINR is low while the
higher MCS is preferred at short ranges with high data
rate demands. Figure 1 shows how the different MCS are
selected according to the distance between eNodeB and UE
based on the received SINR.

2.4. LTE Power Consumption Model

The main goal of the power consumption model in this
paper is to make realistic input parameters available for
the simulation. This model also allows fair comparing
between different environments and different macrocell
BS deployments. The power models have been selected
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from [10], [11] for different environments cases for LTE
deployment.

The power model of macro BS described in [10] has a lin-
ear relationship between average radiated power per site and
average power consumption. The power consumption cal-
culation is modified to be changed according to the traffic
load level and the BS components features. The consumed
power P. by the BS i can be expressed as:

P. = L-NyeeNaw (AP +B), (1)

where L € [0, 1] is the load factor and Ny, and N, denote
the BS’s number of sectors and the number of antennas per
sector, respectively. P. and P, denote the total power per
BS and the power fed to the antenna, respectively. The co-
efficient A accounts for the part of the power consumption
that is proportional to the transmitted power (e.g., radio fre-
quency amplifier power including losses caused by feeders
and cooling of sites), while B denotes the power that is con-
sumed independent of the average transmit power and mod-
els the power consumed (e.g., signal processing, site cool-
ing, backhaul, and as well as a battery backup) [10], [12].
Both these coeflicients are constant for macro BS. The
power model is calculating power consumption with respect
to transmit power P, this assumption is valid because cur-
rently deployed macro sites power consumption depends
upon the traffic load [10]. The parameter L models the
activity level of the BS which describes the portion of re-
sources which are allocated for transmission, where zero
and full load correspond to no active user in the cell and
providing one or more users with all resources available,
respectively.

However, it may be unsuitable to observe only power con-
sumption for comparing the networks with different site
densities. This is because they may have different cover-
age’s. In order to assess the power consumption of the
network relative to its size, the notion of area power con-
sumption APC measured in [W/km?] is introduced as the
total power consumption in a reference cell divided by the
corresponding reference area [10], [13]:

P
APC = —" (12)

macro

here A,ucro 18 the macro reference area which can be ex-
pressed as [10] and [13]:
3V3
Amacro = T d2 . (13)
It was shown that for a hexagonal deployment the area

power consumption metric yields an optimal coverage cell
size [10].

2.5. Energy Efficiency

The extrapolation of current trends undertaken by many
literatures reveals that for a sustainable growth of wire-
less communications, an improvement of LTE energy effi-
ciency is required. In this study, energy efficiency assess-
ing a framework is studied via network level simulations.
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The total network energy efficiency EE7 which is defined
as the ratio of total amount data delivered and the total
power consumed measured in bits per Joule [14], is repre-

sented by:
Nps
Y Ri

EE; = 1’;31 . (14)

Z PC,'
i=1

where P, is the power consumption and R; is the total data
rate with a BS i. Npg is the total number of BSs. As
know, cell coverage is a primary concern in the design of
wireless data communications systems. Increased inter-site
distances (ISDs) generate larger coverage areas. With the
same transmission power, different cell size can lead to dif-
ferent individual date rate and accordingly various energy
efficiency. Therefore, observing the mere energy efficiency
per site is not enough for comparing networks with differ-
ent cell size. Moreover, another important metric is used
through this research to evaluate the energy efficiency of
the network relative to its size. The Area Energy Effi-
ciency (AEE) metric which is defined as a bit/Joule/unit
area is used as a performance indicator metric. The AEE
for LTE network can be expressed as [15]:

EEr
AEE = ——
Ar

; 15)

where the aforementioned EE7 and Ar are the total energy
efficiency and total area of LTE network respectively.

3. Simulation Procedure and Results

The EE performance of the network corresponding to its
size and deployment can be more accurately assessed by
comparing the AEE performance under different sector ra-
dius and scenarios. In the following subsections, the LTE
performance in terms of AEE is presented. Furthermore,
the effect of environment type on AEE is demonstrated.
Later, by considering different traffic load scenarios, the
impact of traffic load on AEE has been explained and dis-
cussed. The parameters that are affecting the AEE of LTE
macro BS are investigated. The impacts of parameters like
different traffic load, BW and P, on AEE.

3.1. Simulation Procedure

In this section, the simulation procedure and system pa-
rameters are discussed. There are three different environ-
ments are chosen for study campaigns one is an urban type
environment. The second is a suburban site like a small
city while the third is with a rural environment. Single
LTE macro BS covers a hexagonal shaped area as shown
in Fig. 2 in which R is the cell radius and A4cro 1S the
coverage area.

The cell size is determined according to the minimum
received power level constraints. The receiver sensitivity
is calculated based on sufficient SINR for the specified
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Fig. 2. Corresponding cell geometry.

modulation scheme to achieve a minimum requirement
of 95% coverage degree. The received SNR is calculated
based on the received power level and white noise which
are estimated according to the path loss model described
in 3GPP TR 36.814 [5]. Then, the achievable data rate
within each BS’s coverage area is determined based on the
SNR distribution in the cell. The power consumption mod-
els consist of dynamic power consumption which is fully
depended on the traffic load as expressed in Eq. (11). The
simulation parameters are based on 3GPP macrocell model
with a system bandwidth of 10 MHz with UE height of
1.5 m. The 2.6 GHz spectrum band is used since this is the
band allocated to LTE operators in Malaysia [16]. Effective
environment height which is subtracted from the actual an-
tenna height for BS and UE to find their effective antenna
heights is assumed to be equal to 1 m. IM of 2.5 dB is
assumed for all QPSK modes, while 3 dB and 4 dB are gen-
erally expected for I6QAM and 64QAM respectively [17].
However, the typical assumptions for the SINR values for
different MCS that are used in the simulation assumptions
equal the ones in [8]. The proposed simulation model for
evaluating the EE in LTE macro BS in different environ-
ments is an extension of the work in [18] as shown in Fig. 3.

Table 1
Simulation parameters
| Notation | Description | Default

fe Carrier Frequency [GHz] 2.6
BW Bandwidth [MHz] 10
Nsec Number of sectors 3

Nant Number of antennas 2
MCS Modulation Coding Scheme 1/3 QPSK [8]
P Transmit Power [dBm] 46

Gy Diversity gain [dB] 3 [8]

C Coverage degree 95%
NF Noise Figure [dB] 9 [8]
A Power consumption 21.45

B; parameters [W] 354.44 [11]
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Various parameters have been used in all simulation scenar-
ios to analyze the EE behavior under specific circumstances.
Simulation parameters are listed in Table 1 and simulation
procedure flow chart shown in Fig. 3.

A ]
Bandwidth, transmit power

traffic load factor and SINR
requirements

— 4 . — I
Finding other J Finding path J Finding P,,, basedJ
losses losses

simulation
parameters

\\ Setting the

on BW and MCS

[ Urban |[Suburban| [ Rural |
v v v

Finding P, = P,.— (PL + other losses)|

| Finding the coverage degree C, for LTE macro BS

Simulation first process

Compute the maximum cell
size for LTE macro BS that
achieve the require C

l_l

/

|Finding the power consumed

| Calculate achievable data rate based on traffic load within a cell |

¥

| Compute the energy efficiency for the entire environments|

Simulation second process /

Y
End

Fig. 3. Simulation model flow chart.

3.2. Simulation Results

AEE for three scenarios at full load. There are differ-
ent coverage area sizes of LTE BSs due to the deployment
environments, there are different data rates for each BS in
each environment according to its size and therefore dif-
ferent EE’s. Thus, the AEE is used to evaluate the EE of
LTE network relative to its size. The AEE has been cal-
culated based on a Eq. (15). In Fig. 4, the AEE versus
cell radius for three environments with full load (100%) is
plotted. It is obvious that AEE decreases as the macrocell
BS’s radius increases. Moreover, it can be shown that the
LTE BSs have better AEE in urban environment with cell
size less than 750 m. For cell radius more than 750 and
1500 m, the LTE performance becomes better in suburban
and rural environments respectively. More specifically, at
the first 700 m the better AEE is can achieve in urban area
but at 710 m the suburban area becomes better than urban
and rural, also at 1055 m the rural area became better than
urban areas as shown in Fig. 4. This is because the im-
pact of shadowing, path losses as well as the penetration
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Fig. 4. AEE versus cell radius for three environments.

losses has become more significant in the urban area at
long distances as compared with the rest environments.

AEE for three scenarios with different loads. The traffic
load is another important factor that affects the network
performance. It has a stronger impact on the data rate and
the power consumption of LTE network and subsequently
on its EE and AEE. The AEE versus cell radius for urban
area under different loads shown in Fig. 5. It is clear that

x 10
3.5
load =20%
K S R S load = 50%
5s ——=—"-1oad = 90%

——— load = 100%

AEE (bits/s/W/km’)
RN

—_

05 B

e

0 250 500 750 1001 1250 1500
Macro Cell Radius [m]

Fig. 5. AEE versus cell radius for urban environment with dif-
ferent loads.

the AEE decreases as the traffic load increases. In fact, the
AEE’s become almost equals as the traffic loads increased
as shown in Fig. 5 the curve with traffic load 90% are
very closed to the curve with a full traffic load scenarios.
Moreover, it can be shown for all environments that the
AEE decreases as the traffic load increases due to increasing
in power consumption. The same AEE performance can be
concluded for suburban and rural areas when varying the
traffic load as shown in Figs. 6 and 7 respectively.

Table 2 summarizes the AEE performance for the three
types of environments with different traffic load conditions
at 100, 1000 and the cell edge for each environment. As
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sion powers. However, the AEE decreases as the transmis-

x 10
2 w w sion power increases for the same environment. In addition,
load=20% it can be concluded that the suburban area achieved better
............ =5()°, . . .
— 10ad=50% AEE performance due to its suitable cell size compare to
et load=50% 1 urban and rural areas
= - l0ad=100% :
5 Table 3
@ \ AEE at cell edge for different P,
o 1
&) P B
< 0.5 1% ~— Environment tx [dBm]
~— 43 | 46 | 49
5\."‘ ___________________ \\
o LT —— S —— Urban 453.7886 208.1916 86.3716
0 250 500 750 1000 1250 1500 1750 2000 Suburban 482.2614 221.4458 92.0362
Macro Cell Radius [m] Rural 330.7610 151.6243 63.1749
Fig. 6. AEE versus cell radius for suburban environment with Table 4
different loads. AEE at cell edge for different bandwidth
Environ- BW [MHz]
leo‘ o ment |14 3 [ 5 [ 10 [ 15 | 20
load=20% Urban |8.642 |34.101 | 73.337 | 208.191 | 382.168 | 586.726
"""""" load=50% Suburban |9.192 | 36.316 | 78.206 | 221.445 | 407.545 | 626.886
LS [ load=90% 1

- load=100%

AEE (bits/s/W/km’)

o
19

Macro Cell Radius [m]

Fig. 7. AEE versus cell radius for rural environment with dif-
ferent loads.

mentioned before, the AEE of LTE macro BS at short dis-
tances is better for urban area than suburban and rural for
all load conditions. As shown in Table 2 for cell radius
more than 1000, the LTE performance becomes better in
suburban and rural environments respectively.

Table 3 shows the LTE performance (BW =10 MHz,
1/3QPSK, full load) in terms of AEE for different transmis-

Table 2
Training and classification times

Environ- Distance AEE [bitS/S/W/kmz]

ments [m] 20% 50% | 90% Full
load load load load

100 13180 | 5264 | 2929 | 2637
Urban 1000 2416 | 966.5 | 536.9 | 483.2
1475.7 1041 | 4164 | 231.3 | 208.2

100 10780 | 4311 | 2395 | 2155
Suburban 1000 2751 1100 | 611.4 | 550.2
1718.1 1107 | 4429 | 246.1 | 2214

100 7841 3136 | 1742 | 1568
Rural 1000 2324 | 929.6 | 516.5 | 464.8
2074.9 758.1 | 303.2 | 168.5 | 151.6

64

Rural | 6.308|24.962|53.715| 151.624 | 279.118 | 429.570

Increasing the BW for any type of environment will increase
the AEE of LTE macro BS. In fact, the better outcomes can
be predicted for suburban area while the urban area comes
in the next order and finally the rural area as demonstrated
in Table 4 (P =46 dBm, 1/3QPSK, full load).

4. Conclusion

One of the most important requirements for wireless com-
munication technologies is to be applicable and universally
desirable. AEE for LTE macro BS analysis is the main
target for this paper. It is considered as the most impor-
tant process to achieve mobility within wireless networks.
Work evaluation has been done by simulating AEE assess-
ing with different scenarios. Three different environments
were chosen for this study including urban, suburban and
rural. A framework for evaluating the AEE of LTE net-
work in different environments has been proposed. Using
few key performance indicators such as coverage size, area
power consumption, energy efficiency and area energy ef-
ficiency, the network performance from EE perspective for
all the three urban, suburban and rural terrains are com-
pared and evaluated. Although, the LTE BSs have large
cell size and good coverage degree in rural areas, the sim-
ulation results show that they have better AEE in urban
environment with small cell sizes while the AEE becomes
better in suburban and rural environments for larger cell
radius. Also, it can be concluded that there is a strongly
impact of traffic load, bandwidth and transmission power
on APC and AEE of LTE macrocell networks. For all the
three environments, it has been shown that the AEE of LTE
macro BS decreases with increasing the traffic load and this
effect becomes the same at high loads. Using the proposed
framework, the EE of different deployment scenarios can
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be evaluated and insights on how to deploy a greener LTE
network are provided. The results presented in this work
consider only one LTE BS and therefore the impact of the
handovers and interference in the LTE network may bring
substantial impact on the AEE. These issues have been left
for author’s future works.
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