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Abstract

In this paper, the relationship between the energy efficiency and spectrum efficiency in a
two-cell cellular network is obtained, and the impact of multi-antenna on the energy efficiency
of cellular network is analyzed and modeled based on two-state Markovian wireless channels.
Then, the energy efficiency of multi-cell cellular networks with co-channel interference is
investigated. Simulation results verify the proposed model and the energy-spectrum efficiency
tradeoffs in cellular networks with multi-antenna and co-channel interference.
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1. Introduction

G lobal warming and climate change has been receiving more and more worldwide attention.

Currently, 3% of the world-wide energy is consumed by the ICT (Information and
Communications Technology) infrastructure. In comparison to the conventional mobile
communication systems, the current mobile industry exhibits potentials to reduce carbon
dioxide (CO2) emissions by minimizing the energy consumption, while reducing costs for the
mobile operators and the mobile subscribers. However, recent official studies show that ICT
industry accounts for approximately 2% of global CO2 emissions, which is comparable to the
world-wide CO2 emissions by airplanes [1]. It is reported that the carbon footprint contributed
by the mobile industry was at 245 mega-tonnes of carbon dioxide equivalent (Mt CO2e) in
2009, which was a rise of 155 Mt CO2e since 2002 [2]. Even worse, the energy consumption
in the mobile industry is increasing at a fast rate. Forecasting 8 billion connections from
mobile subscribers by 2020, mobile operators and vendors need to ensure sustainable growth
in this industry while keeping CO2 emissions at 2009 level. For this purpose, multi-antenna
system is widely accepted as the main technology to increase the spectrum efficiency in the
next generation cellular network, in order to satisfy the increasing requirements of mobile
subscribers in terms of transmission rate for wireless communications [3][4]. The Recent
advances indicate that the multi-antenna system enabling base stations achieve higher
transmission rate, yet consume more transmission power without the use of power control
[5][6]. Previous investigation reveals that 90% energy is consumed in the core network and
base stations, only 10% energy is consumed by user terminals [7]. Therefore, how to improve
the energy-efficiency for the multi-antenna enabling base stations by flexible tradeoffs
between the energy efficiency and the spectrum efficiency, and how to evaluate the impact of
multi-antenna system on the energy efficiency of cellular networks are challenging issues for
the next generation cellular network.

In this paper, we first introduce a concept of energy-efficiency-accounting for estimating
the energy consumption per transmission bit. Then, the relationship between the energy
efficiency and spectrum efficiency in cellular networks is analyzed. Furthermore, the impact
of channel parameters and antenna number on the energy efficiency of two-cell cellular
network with two-state Markovian wireless channels is investigated. After we build the model
of energy efficiency on multi-cell cellular networks, the performance analysis is explored,
which provides some practical guidelines for developing new efficient protocols to trade off
the energy efficiency and spectrum efficiency performance in next generation cellular
networks.

The rest of the paper is organized as follows. In Section 2, we present related work. The
definition of energy efficiency is proposed and the relationship between the energy efficiency
and spectrum efficiency is detailedly analyzed in Section 3. To simplify the wireless channel
parameters, Section 4 introduces a two-state Markovian wireless channel for the performance
analysis in the multi-antenna and multi-cell cellular networks. The energy efficiency model of
the cellular network with multi-antenna is proposed and analyzed in Section 5. The impact of
cell number on the energy efficiency of cellular network with two-state Markovian wireless
channels is investigated in Section 6. Finally, we conclude this paper in Section 7.

2. Related Work
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Our work is closely related to the energy efficiency in wireless cellular networks
[B1[9][10][11][12][13][14][15] and the energy saving on the user equipment (UE) of cellular
networks [16][17][18]]19]. We will give a brief review of the works in these aspects.

As for the work of the energy efficiency in wireless cellular networks, J.T. Louhi analyzed
the features of modern cellular networks and illustrated that the energy saving of cellular
networks should be focused on the base stations, moreover, three suggestions improving the
base station energy efficiency were proposed in [9]. M. A. Marsan evaluated the energy saving
that could be achieved with the energy-aware cooperative management of cellular access
networks of two operators offering service over the same area [10], and characterized the
amount of energy that could be saved by reducing the number of active cells during the periods
when traffic was low [11]. Based on the re-arranging user-cell association, K Dufkova
proposed a concrete methodology to shut down under-utilized parts of cellular network for
saving energy, and simulation results showed that up to 50% energy might be saved in less
busy periods [12]. Sheng Zhou investigated the centralized and decentralized implementation
in mobile access networks, the simulation results demonstrated the energy efficiency of the
proposed algorithms and the trade-off between energy saving and coverage guarantee [13].
Considering three different universal mobile telecommunications system (UMTS) scenarios
with a simplified traffic model, the reference [14] showed that dynamic planning, consisting in
reducing the number of active access devices when traffic was low, could achieve significant
energy saving. Furthermore, Luca Chiaraviglio proposed a novel approach for the
energy-aware management of UMTS access networks based on the instantaneous traffic
intensity [15].

Some research focus on the energy saving on the user equipment (UE) of cellular networks
[16][17][18][19]. A fractional threshold-based wake-up mechanism was proposed, which
switched the system into the sleep mode when the packet-receiving queue was empty, and
switched the system on when the number of packets in the queue “reached” a fractional
threshold value [16]. Hongseok Kim proposed a mechanism to switch between multi-input
multi-output (MIMO) with two transmit antennas and single-input multi-output (SIMO) to
conserve mobile terminal’s energy, which could save the uplink RF transmission energy of
mobile terminals in cellular networks supporting best effort traffic [17]. Using a realistic radio
frequency (RF) modem power consumption model for the UE, Troels Kolding investigated
proper configuration of discontinuous reception (DRX) parameters for optimizing the balance
among user throughput and power saving using a web-browsing session as the reference, and
the simulation results showed that a 95% reduction of the UE power consumption with only a
moderate and acceptable 10-20% loss of experienced throughput could be optimally achieved
[18]. Shun-Ren Yang proposed an analytical model and conducted simulation experiments to
investigate the power consumption of a dual-mode mobile station (MS) in term of the power
consumption indicator and the mean packet waiting time [19]. However, there is a little study
analyzing the impact of multi-cell and multi-antenna on the energy efficiency of cellular
networks.

3. Energy Efficiency Model

3.1 Energy Efficiency of Single Cell

To evaluate the energy efficiency of cellular networks, this section first introduces a definition
of energy efficiency. Typically, the energy consumption of transmittng per bit is a main
concern in evaluating the energy efficiency of a communication system. In addition, the
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definition should include the transmission power from the base station and the capacity of
wireless channels. Based on the Shannon capacity theory, the maximum achievable capacity
for the single cell communication system is given by

EG
Csingle =BW |Og2 (1'?‘ ?j . (1)

Where BW is the bandwidth of the communication system, and the bandwidth of
communication system is normalized as BW =1(Hz) in this paper; E is the transmission
power at base station; G is the wireless channel gain which includes the pass loss, fading and
shadowing effect in wireless channels; & is the noise in wireless channels. Therefore, for the

single cell communication system without considering interference from adjacent cells, the
energy efficiency is defined as

EG
C.. log, (l+02j
single — (2)

EEsingle-cell = E E

Note that EE, .., has a unit of bit per Joules (bit/J). From the perspective of engineering in

real world, this unit is reformed as bits per hertz per milliwatt (bits/Hz/mW), and the unit of
energy efficiency in following figures is given as bits/Hz/mW if additional label is not
denoted.

In the traditional wireless communication system, the spectrum efficiency is one of the
most important metrics and is usually improved by enhancing the transmission power of base
stations. For a normalized bandwidth, the spectrum efficiency could be expressed by (1).
However, when the energy efficiency of wireless communication system is considered, there
is a conflict between the energy efficiency and the spectrum efficiency in the same wireless
communication system as showed in Fig. 1.
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Fig. 1. Relationship between the energy efficiency and spectrum efficiency
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In the Fig. 1, the energy efficiency and the spectrum efficiency have been evaluated with
the transmission power at base station based on (2). Based on reference [20], the wireless
channel gain is configured as G =10, and the noise in the wireless channel is configured as
o’ =10"" watt. Considering Gaussian and Rayleigh channels, Fig. 1 shows that the increased
transmission power at base station can improve the spectrum efficiency but reduce the energy
efficiency in a single cell communication system. Therefore, considering requirements from
green communication, a trade-off should be explored between the energy efficiency and the
spectrum efficiency in a wireless communication system. Furthermore, more advanced
technologies should be developed to improve the spectrum efficiency constrained by the given
energy efficiency in wireless communication systems.

3.2 Energy Efficiency of Two Cells

For the next generation cellular communication system, with the multi-antenna technology
integrated at base stations, the performance of cellular communication system has been mainly
limited by the interference from adjacent cells. Therefore, the interference from adjacent cells
should be considered for evaluation of energy efficiency of multi-antenna cellular networks. A
simple two-cell cellular network is considered for exploring the energy efficiency
performance with interference from an adjacent cell in Fig. 2, where each cell has one base
station. In our simulation system, two users are distributed into different cells, such that the
users are affected by channel conditions (e.g., the pass loss, fading effect, shadowing effects,
and interference, etc.). All these channel conditions are classified into two types of channel
gain. One type of channel gain is the service gain denoted by SG;, ie{1,2}, which includes

the pass loss, fading and shadowing effect. The other type of channel gain is the interference
gain denoted by 1G,, i {1,2}, which includes the interference effect from an adjacent cell.
The values of service gain parameter and interference gain parameter in one channel are
normalized to satisfy the following condition: SG, +IG, =1, i e{1,2}.

Cell 2

Base station 2

Base station 1

Cell 1

Fig. 2. Two-cell cellular network system model
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Given the two-cell cellular network system model shown in Fig. 2, the two-cell cellular
network energy efficiency model based on the maximum achievable capacity is built by

Iogz(l+fl><$)+logz(l+f2x¢
0% +E, xIG, o? 1 E,x G,

two-cell —
E +E,

)

EE 3)

where E, and E, are the transmission power at two base stations respectively; SG, and SG,
are the service parameters due to the pass loss, fading and shadowing effect, 1G, and IG, are
interference parameters, o, and o, are noise parameters in channels 1 and 2 between
corresponding users and base stations respectively.

From the two-cell cellular network energy efficiency model, the impact of base stations
transmission power on the energy efficiency and spectrum efficiency is illustrated by Fig.
3(a)-(b), where two types of channel gain parameters are set to be specified values for the
simplicity of illustrating the energy efficiency and spectrum efficiency changes. Without loss
of generality, the exact channel gain parameters are configured as: SG,=SG,=009 ;

IG,=1G,=0.1; o’ =0;=0.1. Moreover, values of base station transmission power are

normalized from O to 1. In Fig. 3(a), the energy efficiency is influenced by the transmission
power of both base stations. With the increase of the transmission power, the energy efficiency
is non-linearly decreased. The transmission power of both base stations also has impact on the
spectrum efficiency, as shown in Fig. 3(b). And the spectrum efficiency is non-linearly
increased when the transmission power of the base stations is increased. Furthermore, the
smaller the value of the transmission power, the greater the impact on the energy efficiency
and spectrum efficiency.

Consequently, the impact of channels gain on the energy efficiency and spectrum
efficiency is illustrated by Fig. 4(a)-(b), where base stations transmission power parameters
and noise parameters are configured in specified values for easily illustrating the energy
efficiency and spectrum efficiency changes. Without loss of generality, two base stations
transmission power parameters are configured as: E, =E, =1; and the two channels noise

parameters are configured as: o, = o, =0.1. Considering the conflict between the service gain

and interference gain in the same wireless channel, the normalized service parameters and
interference parameters in the same wireless channel are constrained by: SG, +IG, =1, i €{1,2}.

In this case, the impact of service gain parameters on the energy efficiency and spectrum
efficiency can be derived by the impact of interference gain parameters on the energy
efficiency and spectrum efficiency. Therefore, we just illustrate the impact of interference gain
parameters on the energy efficiency and spectrum efficiency by Fig. 4(a)-(b). From Fig.
4(a)-(b), it is shown that the energy efficiency and spectrum efficiency are degraded with the
increase of channel interference parameters. Moreover, channels interference parameters have
great impact on the energy efficiency and spectrum efficiency when values of channels
interference parameter are small, and vice versa.
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Fig. 3. Energy efficiency VS. transmission power in the two-cell cellular network

0.5
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Channel 2
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Fig. 4. Spectrum efficiency VS. transmission power in the two-cell cellular network

4. Markovian Wireless Channels

To investigate the basic energy efficiency performance of two-cell cellular network, a simple
two-state Markovian wireless channel model is introduced in this paper. In this case, a user’s
channel of two-cell cellular network is modeled into good and bad states due to channel
conditions. Moreover, a transition from one state to the next state only depends on the current
state. Thus, the user’s channel could be modeled into a two-state homogeneous Markovian
channel with the state space {0, 1}, where ‘0’ corresponds to a good state and ‘1’ corresponds
to a bad state in Fig. 5. Based on properties of Markovian processes, a channel transition
probability matrix is given by

n n (n)
pM — Poo( ) P01( : _ Po  Pu @)
P].O(n) Pll(n) PlO Pll
whereR ;, i and je{0,1}, is a one-step transition probability from the state i into the state j,
and P, iand j{0,1}, is a probability from the initial state i into the state j after n steps

transition.
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Good State Bad State

Channel Channel

Fig. 5. State transition diagram of two-state Markovian wireless channel

5. Energy Efficiency Performance on Multi-antenna Cellular Networks

Based on the two-cell cellular network system model in Fig. 2, the impact of multi-antenna on
the energy efficiency performance is investigated in Section 4. Because a multi-antenna
system is easier to be integrated into base stations than to be integrated into a user
communication terminal in practical engineering designs, in this section we focus our research
on multi-input single-output (MISO) cellular networks. Furthermore, N, antennas are
assumed to be integrated into base stations. In this case, service parameters and interference
parameters are extended from a variable to a vector with element 1x N, . Using the Shannon
capacity theory, the maximum achievable cell capacity for two-cell cellular network is given
by

/"™ [5G

2
2 MISO
o + B} x|IG, |

Cso_can 1 = 109, (1+ (4a)

e x[se,

2
2 MISO
o +E" x(IG, |

CMISO_ceII_Z = Ing (1+ (4b)

where Cy,q0 ., 1S the maximum achievable capacity of cell 1, Cy,, ., , IS the maximum
achievable capacity of cell 2. The transmission power from one base station is distributed
averagely for all antennas, and E"*° and E}"*° are the transmission power per antenna at
base station 1 and base station 2 respectively. Following parameters exist in channel 1 and
channel 2 between users and base stations: o, and o, are noise parameters. |[|2 is the
Frobenius norm; SG, and SG, are service vector parameters, which correspond to a 1x N,
channel matrix with the pass loss, fading and shadowing effect; 1G, and IG, are interference
vector parameters, which correspond to a 1x N, interference channel matrix. Considering a
two-state Markovian wireless channel model in Fig. 5, channel vector parameters can be

further specified as: for a good state channel, service vectors and interference vectors are
configured as SG* =SG¥* =[09 09 --- 09]  and IG® =1GP =[0.1 01 --- 01  ; fora

1xN, !
bad state channel, service vectors and interference vectors are configured as
SG =SGY* =[06 06 --- 06]  and IG* =IGY* =[04 04 --- 04]

1xN, ©
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Due to the memory-less property of two-state Markovian wireless channel model, without
loss of generality, the initial state of channel 1 is configured as a good state and the initial state
of channel 2 is configured as a bad state in this section. Furthermore, a stable network capacity
after n step state transition is given by

_ pm (n) (n) (n)
CMISO_tWO—ceII = Poo CMISO_ceII_l + Po1 CMISO_ceII_l + Plo CMISO_ceII_Z + Pn CMISO_ceII_Z

MISO good
EM" x|SG}

2
F

=P log, (1+

2
0_12 4 EZMISO ><|||Gg°°d
F

MISO bad
E/ ><||SG1 , )

2 MISO bad
o7 +E}" xIG}"
F

2
E

+Ry log, (1+

MISO good
E}" x|SG

2
F

+Py” log, (1+

2
2, EMISO d
o, +E; ><|||Gf00

E

2
E

Ezrvuso X||SGt21ad
2

+P{" log, (1+
11 2
0_22+E1MISO ><"Ithnad )

Furthermore, the model of energy efficiency for MISO two-cell cellular network with
Markovian wireless channels is expressed by

C o—cell
MISO_two-cell — % . (6)

EE

To analyze the impact of number of antennas on the energy efficiency of two-cell cellular
network with Markovian wireless channels, some basic parameters are configured as follows:
the transmission power per antenna is normalized as one, i.e. E"*° = E}"*° =1; and the noise

parameters are set as o = o, =0.1. Moreover, a initial state transition probability matrix of
two-state Markovian chain channels is shown as:

P{POO Pm}{o.s 0.2} @
P, P,| |04 06

Based on above parameter values, the energy efficiency performance analysis of MISO
two-cell cellular network is illustrated by Fig. 6. In numerical simulations, when the number
of antennas integrated at a base station increases from 1 to 8, the energy efficiency of MISO
two-cell cellular network non-linearly decreases with the increase of antenna number. The
reason of this result is that the capacity of MISO two-cell cellular network logarithmically

increases with the antenna number considering the interference from an adjacent cell, when
the system power of two-cell cellular network linearly increases with the antenna number.
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energy efficiency

1 2 3 4 5 6 7 8
number of transmit antenna

Fig. 6. Impact of number of antennas on energy efficiency

6. Energy Efficiency Performance on Multi-cell Cellular Networks

Considering the interference from the adjacent multi-cell, the impact of cells number on the
energy efficiency of multi-cell cellular networks is investigated in Section 5. In this multi-cell
cellular network system, every cell is assumed to include one base station with one antenna
and one user terminal with one antenna. The user can receive expectation signal from a base
station in the same cell, and also receive the interference from other base stations in adjacent
cells. The base station covering range is configured as a typical hexagonal cell. In this case, the
main interference is assumed to be transmitted from six adjacent cells. The detailed system
model of multi-cell cellular network is illustrated in Fig. 7.

Fig. 7. System model of multi-cell cellular network
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From the definition of energy efficiency for single cell communication system, the energy
efficiency for multi-cell cellular networks is similarly defined by

Slog 14— o)
= ol+ Y E;xIG,
EEmuIti-ceII = n L * (8)
E

where n is the number of cells; E; is the transmission power from base station i; SG, is the

service parameter due to the pass loss, fading and shadowing effect in cell i; IG; is the

interference parameter in cell i where is interfered by a base station from cell j; o; is the
noise in cell i.

When wireless channels of multi-cell cellular network are assumed as two-state Markovian
wireless channels illustrated in Fig. 5, due to the memory-less property of two-state
Markovian wireless channel model, initial channels of all cells are configured as good states.
Furthermore, after a n steps state transition in two-state Markovian wireless channels, a model
of energy efficiency of multi-cell cellular network is given by

. good bad
2. log, (L+ Slas )P +log, (14— )RO
- O—lz + Z EJ X IGI?OOd O-IZ + z EJ x IGi?ad
EEmuIti-ceII = Jo el j=1,j#i (9)

>E
i=1

where E; and E; are the transmission power at base stations i and j respectively; SG*
and SG™ are the service parameters over good and bad state channels; IG** and 1G* are
interference parameters over good and bad state channels; & is the noise in cell i; P and

P are n steps transition probabilities of two-state Markovian channels from an initial good

state to a good and bad state respectively.

To analyze the impact of cell number on the energy efficiency of multi-cell cellular
networks, without loss of generality, some default parameter values are fixed for simplifying
the performance evaluation as follows: every base station transmission power is fixed as
E, =E, =1(mW), ije[L,n]; for a good state channel, SG* =0.9 and IG®* =0.1; for a bad

state channel, SG™ =0.6 and IG;’ad =0.4; n steps transition probabilities of two-state

Markovian channels are fixed as P’ =0.8 and P}’ =0.2; and the noise is setas ¢’ =0.1(mW).

For traditional hexagon cellular networks, in the most cases, the main interference for a cell is
originated from adjacent six cells, so we first investigate the impact of adjacent six cells on the
energy efficiency of cellular networks. In this case, the system model of multi-cell cellular
network is composed by seven cells, and more detailed system structure is illustrated in Fig. 7.
Moreover, distances between interference transmitters and a user terminal are approximated
equalization when the user terminal is located in the center cell and interference transmitters,
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i.e. interference base stations are located only in six adjacent cells. Wireless channels used for
numerical simulations are assumed as a two-state Markovian model illustrated in Fig. 5.
Numerical results are analyzed in Fig. 8.

energy efficiency
N

number of cells
Fig. 8. Impact of number of cells on Energy Efficiency

From Fig. 8, the single cell system, i.e. the number of cells is one, has the highest energy
efficiency, and this highest energy efficiency is 7.3 (bits/Hz/mW). The energy efficiency
performance of multi-cell cellular network with cell number from 2 to 7 is obviously less than
the energy efficiency performance of single cell communication system. Therefore, the
interference from adjacent cells has great influence on the energy efficiency of multi-cell
cellular network. When the interference from adjacent cells is considered, the energy
efficiency of cellular networks will gradually approximate 0.65 (bits/Hz/mW) in Fig.8.
Because the main interference for a traditional hexagon cell is originated from adjacent six
cells in cellular networks, the down-bound of energy efficiency, i.e. 0.65 (bits/Hz/mW)
approximated from Fig.8, can be used as guideline for some general cellular networks design
with more than seven cells.

7. Conclusions

In this paper, we generalize models of energy efficiency for multi-cell and multi-antenna
cellular networks based on the energy consumed by every transmission bit. Simulation results
verify the compromising relationship between energy efficiency and interference in multi-cell
cellular networks. The energy-spectrum efficiency trade-off relationship is first obtained for
the single cell communication system. Based on two-state Markovian wireless channels, the
impact of multi-antenna and multi-cell on the energy efficiency of cellular networks is further
investigated, and numerical results show the interference from adjacent cells can obviously
degrade the energy efficiency of multi-cell cellular networks. All of these results provide
practical guidelines for developing new efficient protocols to trade-off the energy efficiency
and spectrum efficiency considering the antenna number and co-channel interference from
adjacent cells. Currently, we just find some basic energy efficiency performance trends with
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simple good and bad channel states, from the perspective of two-state Markovian wireless
channels. Thus, our future work will further explore the impact of detailed channel parameters,
such as path loss parameter, fading parameter and shadowing parameter, on the energy
efficiency of multi-cell cellular networks. In addition, the detailed interference model should
be considered in the energy efficiency of multi-antenna multi-cell cellular networks.
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