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Abstract—Efforts to increase the energy efficiency of infor-
mation and communication systems in general and cellular
mobile radio networks in particular has recently gained mo-
mentum. Besides positive environmental effects, loweringthe
energy consumption of mobile radio systems appears beneficial
from an economical perspective. In this regard, the deployment
of small, low power base stations, alongside conventional sites
is often believed to greatly lower the energy consumption of
cellular mobile radio networks. In this paper we investigate
that matter in more detail from a deployment perspective. We
evaluate potential improvements of the area power consumption
achievable with network layouts featuring varying numbers of
micro sites in addition to conventional macro sites for given
system performance targets under full load conditions.

I. I NTRODUCTION

The use and production of information and communica-
tion technologies contributes an increasing share to global
green house gas emissions accounting for over 2% already
in 2007 [1]. Within the communications sector a trend to-
wards increasing the energy efficiency of key technologies
can be observed. Although mobile radio networks are only
a minor producer of green house gas emissions today [2],
[3], significant challenges can be expected in the future.
Over the past years, mobile telecommunication networks have
shown exponentially increasing energy consumption figures,
doubling almost every 4 years. Moreover, establishing western
standards in communication services on a world wide scale
would consume about 40% of today’s global electrical power
generation capabilities [3].

Besides reducing the carbon footprint of the industry, there
is a strong economical incentive for network operators to re-
duce the energy consumption of their systems. Currently over
80% of the power in mobile telecommunications is consumed
in the radio access network, more specifically the base stations
[3]. Improvements can in principle be achieved in two ways.
Firstly by optimization of individual sites, e.g., throughthe use
of more efficient and load adaptive hardware components as
well as software modules. Secondly, by improved deployment
strategies, effectively lowering the number of sites required
in the network to fulfill certain performance metrics such as
coverage and spectral efficiency. In principle, gains achieved
in one area are complimentary to gains achieved in the other.

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

stations [3]. This paper investigates on this issue in more detail.
Using the notion of area power consumption we assess the
energy need of heterogeneous mobile radio networks featuring
conventional macro sites as well as additional smaller micro
sites. Compared to the former, the latter cover a much smaller
area but feature accordingly lower energy consumption figures.
In addition, the areas covered by micro base stations generally
enjoy much higher average signal to interference and noise
ratios (SINRs) due to advantageous path loss conditions and
shorter propagation distances.

While in previous contributions deployment strategies are
commonly investigated with respect to spectral efficiency and
coverage, e.g., [4], [5], we utilize the additional metric of
area power consumption to evaluate different topologies. In
this regard, we are specifically concerned with quantifyingthe
energy savings through deployment of micro sites alongside
conventional macro sites.

Similar investigations with respect to profitability and cost
structure of mixed topologies are conducted in [6]. In [4] the
notion of mean spectral efficiency per unit area is introduced
to measure the performance of cellular mobile radio systems.
This concept is extended here to a quantile based notion of
area spectral efficiency and utilized for networks employing
frequency reuse of one. Similar to the investigations in [5],
which focus on the relation between base station density and
outage probability, we study the effect of base station density
on area power consumption. Complementing the investigations
in [7], we investigate on area power consumption figures
for deployments with increasing numbers of micro sites and
compare achievable gains for minimum spectral efficiency
targets. We also provide simple models for the power con-
sumption of different base station types and derive certain
characteristics for micro base stations to improve the overall
energy consumption figures of a mobile radio network.

The remainder of the paper is organized as follows. In
Section II we introduce the system model, define relevant per-
formance measures. In Section III we study the performance of
different deployments based on computer simulations. Section
IV concludes the paper.

In the following we use the operatorsP, E, andQα to denote
the probability, the expectation, and theα-quantile operator,
respectively.
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Fig. 1: Regular grid of macro sites and corresponding cell
geometry withD =

√
3R andA = 3·

√
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II. SYSTEM MODEL AND PERFORMANCEMETRICS

In this paper the macro base station network is modeled
as a regular grid of sites characterized by the site distance
D, generating equally sized hexagonal cell structures of side
length R = D√

3
as depicted in Fig.1. In this paper we use

the termcell to refer to the hexagonal Voronoi region of one
site. Each cell might be further divided into several sectors
served by accordingly many co-located macro base stations.
For given inter site distanceD, the cell sizeA calculates as
A = 3

√
3

2
R2.

A. Propagation Model

Deterioration of signal quality is commonly assumed to
be due to three different causes: path loss, slow fading, also
referred to as shadowing, and fast fading. In this work we
concentrate on the effects of path loss and shadowing and
include the effects of fast fading as a margin in the link budget.
We employ a signal propagation model as follows

Prx = K ·
(

r

r0

)−λ

· Ψ · Ptx (1)

wherePtx, Prx, r, andλ denote transmit and receive power,
propagation distance, and path loss exponent, respectively.
The parameterr0 specifies a reference distance where signal
strength is known. The random variableΨ is used to model
shadowing effects and follows a log-normal distribution such
that the variable10 log

10
Ψ follows a zero mean Gaussian

distribution. We assume the parameterK to be composed of
three factors, i.e.,

K = K(r, φ) = U · V · W (r, φ). (2)

FactorU incorporates the impact of user terminal and base
station antenna heights, carrier frequency, and propagation
environment. Fractional propagation loss due to outdoor-to-
indoor propagation is captured in the factorV . The antenna
pattern depending on the relative location of transmitter and
receiver is modeled by the termW (r, φ). For simulative
investigations, we employ the propagation parameter values
specified in [8], again presented in the appendix for conve-
nience.

B. Base Station Types and Power Models

Conventional macro sites are designed to provide larger
areas with a certain minimum coverage. A site’s average power

consumption thereby depends on the size of the covered area
as well as the degree of coverage required. In urban areas
cell radii usually range from about 500 m to 2500 m with
coverage of more than 90%. Besides conventional macro base
stations we consider the additional deployment of smaller base
stations, which we refer to as micro base stations. We consider
micro sites that are not sectorized1 and cover a much smaller
area with cell radii typically around 100 m. In turn, micro base
stations feature a much smaller average power consumption.

We model the relation between the average power consump-
tion and the average radiated power per site in a linear fashion
by

Pma = ama · Ptx + bma , (3)

Pmi = ami · Ptx + bmi , (4)

wherePma, Pmi andPtx denote the average consumed power
per macro and micro site and the radiated power per site,
respectively. The coefficientsama and ami account for the
power consumption that scales with the average radiated power
due to amplifier and feeder losses as well as cooling of
sites. The termsbma and bmi denote power offsets which are
consumed independently of the average transmit power. These
offsets are, amongst others, due to signal processing, battery
backup, as well as site cooling2. Both ama and bma increase
with the number of sectors per macro site and the number
of antennas per sector. The power consumption of macro
sites is virtually independent of traffic load [9]. In contrast,
the ability to scale their power consumption with the current
activity level is considered one major benefit of micro sites.
Consequently, the parametersami and bmi should depend on
the traffic load. Since we assume full load in our analysis, this
aspect is disregarded here.

C. Cell Coverage

We define cell coverageC as the fraction of cell area where
received power is above a given levelPmin, i.e.,

C :=
1

A

∫

A

r · P
[

Prx(r, φ) ≥ Pmin
]

dr dφ (5)

whereA denotes the cell area as illustrated in Fig.1. In this
work we consider the micro cells as “overlapping” in the sense
that micro sites do not contribute to the macro cell coverage.

D. Traffic Dependent Spectral Efficiency

Let A denote the reference cell area of sizeA. Let further
all macro and micro base stations be indexed and letI be a
set containing all indices. We define the areaAi ⊆ A served
by base stationi as the set of all points where micro or macro
base stationi provides the highest average receive power, i.e.,

Ai :=
{

x ∈ A
∣

∣ EΨ

[

Prxi(x)
]

≥ EΨ

[

Prxj(x)
]

for all j 6= i
}

1We use the termsmicro siteandmicro base stationinterchangeably here.
2Cooling equipment can be considered to impact both, the transmit power

dependent as well as the offset power consumption, since both, transmit power
dependent as well as independent components, contribute thermal radiation.
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whereEΨ

[

Prxj

]

= Kj ·
(

rj

r0

)−λj

· E[Ψj ] andrj is the distance
from pointx ∈ Ai to base stationj. For x ∈ Ai we define the
corresponding average SINR and average spectral efficiency
as

γi(x) :=
EΨ

[

Prxi(x)
]

∑

j∈Ir{i} EΨ

[

Prxj(x)
]

+ σ2
and (6)

Si(x) := min
[

log2

(

1 + γi(x)
)

, Smax

]

, (7)

respectively. Constraining the SINR to be less or equalSmax

models the use of a modulation scheme of finite size in
practice.

We now define a traffic dependent notion of spectral effi-
ciency as follows. Consider a random point process, generating
a random number of coordinates (user positions) in the refer-
ence areaA. Let the random variableNi denote the number
of points occurring in the areaAi and let furtherXi denote
a random variable with realizations being the coordinates of a
single user position withinAi as generated by the random
point process. The distribution of user positions according
to Xi induces a distribution of the spectral efficiency values
Si(Xi) according to (6) and (7) in eachAi. We define the
overall spectral efficiency in the reference cell areaA as the
sum of the spectral efficiencies in the sub areasAi weighted
by the probability that at least one user is present in the area,
i.e.,

S :=
∑

i∈I
Si(Xi) · P[Ni > 0]. (8)

Equation (8) implies that the distribution of the overall spectral
efficiency is obtained as the weighted convolution of the
individual spectral efficiency densities generated by all base
stations covering part of the reference area. Note that by this
definition we implicitly assume that a users always request
data and that all resources, i.e., subcarriers and power, ofa
base station can be utilized by a single user.

E. Area Spectral Efficiency

In [4], [7] the notion of area spectral efficiency is defined
as the mean of the overall spectral efficiency in the reference
cell divided by the cell size, commonly measured in bit per
second per Hertz per square kilometer, i.e.,

S :=
E[S]

A
. (9)

The above definition only considers the expectation of the
achievable rates per unit bandwidth but is not concerned with
the distribution of rates around the mean, effectively ignoring
fairness in the distribution of rates in the system. In orderto
incorporate a fairness aspect into the notion of area spectral
efficiency we extend the ideas of [4], [7] and define area
spectral efficiency as theα-quantile of the overall spectral
efficiency in the reference cell divided by the cell size, i.e.,

Sα :=
Qα[S]

A
. (10)

In this work we focus our investigations on the quantile based
definition (10). As a more practical relevant measure we utilize

1 Micro site per cell
2 Micro sites per cell
3 Micro sites per cell
5 Micro sites per cell

Fig. 2: Positioning of micro sites within the macro grid

the notion of area throughput per subcarrier by scaling area
spectral efficiency with the subcarrier bandwidthBsc, i.e.,

T α := Sα · Bsc. (11)

F. Area Power Consumption

In general, observing the mere power consumption per site
is inapt for comparing networks of differing site densities,
since increasing distances generate larger coverage areas. In
order to assess the power consumption of the network relative
to its size, we introduce the notion of area power consumption
as the average power consumed in a reference cell divided
by the corresponding cell size measured in Watts per square
kilometer. With an average ofN micro sites in a reference
cell of sizeA, the area power consumption is defined as

P :=
Pma + N · Pmi

A
, (12)

wherePma andPmi are the average power consumed by macro
and micro sites, respectively.

III. PERFORMANCEEVALUATION OF DIFFERENT

DEPLOYMENT STRATEGIES

In this section we study the relation of inter site distance,
the number of micro sites per cell, the area throughput as
well as the minimum area power consumption of different
deployments by means of computer simulations. We also
investigate the impact of the offset powersbma and bmi on
the results.

A. Simulation Setup
The simulation setup consists of a reference macro site with

two tiers of interfering macro sites placed on a hexagonal
grid as depicted in Figure 1 with an inter site distanceD

ranging from 500 m to 2500 m. Mobile terminals are assumed
to be uniformly distributed within the cell. We consider an
OFDMA system employing a frequency reuse of one, i.e., the
same time and frequency resources are used for transmission
in each cell. We also assume no cooperation among sites.
The transmit power of each site is calculated by numerically
inverting formula (5) based on a cell coverage requirement of
C = 95% for macro as well as micro cells. Micro sites are
assumed to support a circular area of radius 100 m and are
positioned on the cell edges where the signal level from macro
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Tab. 1: Typical power consumption values
Macro site Ptx 10 W 20 W 40 W

(3 sec. / 2 ant.) Pma 638 W 865 W 1317 W

Micro site Ptx 100 mW 500 mW 2 W 5 W
(1 sec. / 1 ant.) Pmi 32 W 35 W 43 W 60 W

sites can be expected to be very low. The positioning of micro
sites relative to macro sites is depicted in Fig.2.

We utilize an LTE-based link budget given in Tab.3 and
Tab.4 in the Appendix. Furthermore, we employ the prop-
agation models presented in [8] for urban macro and mi-
cro cells. The effective propagation parameters as used in
the simulations are presented in the appendix. We choose
Smax = 6 bit/s/Hz for the computation of the spectral effi-
ciency according to (7).

Values of the power model coefficients are selected based
on the power consumption data given in Tab.1 for macro sites
with three sectors and two antennas per sector and micro sites
with a single sector with one omni-directional antenna. These
data are obtained from comparing data of several existing base
station types as well as operator’s experience and reflect an
average of power consumption figures occurring in practice.
The concrete parameter values are obtained as

ama = 22.6 bma = 412.4 W

ami = 5.5 bmi = 32.0 W.

We calculate a 10-percentile based area throughputT 10 based
on equations (8), (10), and (11), where we useP[Ni > 0] ≈ 1
to reflect high traffic load conditions.

B. Network Performance Evaluation

a) Area Power Consumption:In order to evaluate the
area power consumption of different deployments we compute
the average power required for a coverage ofC = 95% for
increasing site distancesD. Since increasing cell sizes require
increasing power for fixed coverage, there exists a fundamental
tradeoff between an increase of the covered area and an
increase in power consumption. This tradeoff is captured inthe
definition of area power consumption and depicted in Fig.3.
We observe a strong increase of the area power consumption
for small site distances as well as the existence of a minimum
area power consumption for deployments withk = 1, 2, . . .

micro sites at increasing optimum inter site distancesD∗
k. Both

effects are due to the distance-independent power terms in the
definition of the area power consumption (12) and the affine
power models (3) and (4) [7]. Note that we assume the power
consumption of micro sites,Pmi, to be independent of the inter
site distance here.

b) Area Throughput:Deployment of micro sites does not
directly lead to a reduction in power consumption by relaxing
the coverage requirements, however, it provides significant
gains in spectral efficiency in high load scenarios. Clearly,
small base stations are intended to increase throughput locally
by exploiting good propagation conditions. This effect is
visible in Fig.4 where the 10-percentile based area throughput
per subcarrier,T 10, is depicted for layouts with up to five
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distance for different deployments

micro sites per macro site for increasing macro site distances.

c) Optimal Site Distances:We suggest the following
simple approach to determine minimal power consumption
deployments achieving certain target area throughputs. For a
given T 10

target and for different numbers of micro cellsk =
0, 1, 2, . . . we determine the respective maximum inter site
distancesD̂k achieving at leastT 10

target from Fig.4. Note in
particular that the curves are strictly monotonically decreasing
and thus allDk ≤ D̂k are feasible forT 10

target. In order to obtain
a deployment with an optimal inter site distance we search for
distancesDk ≤ D̂k that minimize the area power consumption
by examining the relation depicted in Fig.3. Due to the
monotonicity properties of these curves there are two cases
possible. In casêDk ≥ D∗

k, the inter site distance providing
minimal area power consumption and area throughput of at
leastT 10

target is given byD∗
k. Otherwise the optimal site distance

providing at leastT 10
target is given by D̂k. The minimal area

power consumption figuresP∗ for T 10
target = 100 kbit/s/km2

are depicted in Fig.5.
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A similar approach is suggested in [7] considering the mean
area spectral efficiency (9).

d) Dependency on Offset Power Consumption:In this
last paragraph we examine the dependency of the previ-
ous result on the offset powersbma and bmi of the linear
power models. Note that since commonly micro sites are
made of low cost components, the transmit power dependent
loss per antenna is almost 50% higher for micro sites, i.e.,
ami ≈ 1.47 · ama

6
. Hence the main advantage of micro sites

lies in a low offset power per antenna, which is about 55%
lower, i.e., bmi ≈ 0.47 · bma. Fig.5 shows dependency of the
minimal area power consumption for different deployments
on the ratio bmi

bma
. Here we observe that the spectral efficiency

gains in the high load scenario considered here are significant.
The deployment of at least on micro site decreases the area
power consumption even if the power offset per antenna is
for micro sites is about 3 times that of macro sites, i.e.,
bmi ≈ 0.5bma = 3 · bma

6
.

IV. SUMMARY AND CONCLUSIONS

In this paper we provided a framework to evaluate and
optimize cellular network deployments with respect to the
average number of micro sites per macro cell as well as
the macro cell size. We introduced the concepts of area
power consumption and quantile based area throughput. The
simulation results show that deployment of micro sites allows
to significantly decrease the area power consumption in the
network while still achieving certain area throughput targets.

APPENDIX

The effective values for the parameters in equation (1)
obtained from the propagation models presented in [8] are
summarized in Tab.2. The values are computed for macro and
micro site antenna heights of 25 m and 10 m, respectively, a
carrier frequency of2.4 GHz, andr0 = 1 m. Outdoor-indoor
penetration loss is assumed to be 20 dB [8]. We further assume
50% of the cell area to be indoor, which yields an average
penetration loss ofV = 17 dB for a uniform distribution of
users.
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Tab. 2: Effective propagation parameters based on [8]
Urban macro cell λ −10 log10(U) σ10log10Ψ

LOS (r <384 m) 2.20 35.60 4
LOS (r ≥384 m) 4.00 −10.90 4

NLOS 3.91 17.40 6
LOS probability PLOS = min

{

18

r
, 1

}(

1 − e−
r
63

)

+ e−
r
63

Urban micro cell λ −10 log10(U) σ10log10Ψ

LOS (r <144 m) 2.20 35.60 3
LOS (r ≥144 m) 4.00 -3.20 3

NLOS 3.67 32.60 4
LOS probability PLOS = min

{

18

r
, 1

}(

1 − e−
r
36

)

+ e−
r
36

Tab. 3: LTE-based link budget (1)
Relevant LTE system parameters
Carrier frequency 2.4 GHz
Bandwidth 5 MHz
FFT size 512
# Subcarriers occupied 300
Subcarrier spacingBsc 15 kHz

Fading margins
Fast fading margin 2 dB
Inter-cell interference margin 3 dB

Mobile terminal sensitivity
Thermal noise -174 dBm/Hz
SNR required 0 dB
Noise per subcarrier -132 dBm
Receiver sensitivity per subcarrier -120 dBm

Tab. 4: LTE-based link budget (2)
Parameter Macro BS Micro BS MS
# Antennas (per sector) 2 1 1
# Sectors 3 1 –
Antenna gain (main lobe) 15 dBi 2 dBi -1 dBi
Noise figure 4 dB 4 dB 7 dB
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