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1. Introduction

The energy consumption of mobile communication systems is becoming increasingly important, due to global warming, as well as increasing and volatile operation cost for the operators.  
One component of the Carrier Aggregation Enhancements WI is the study of additional carrier types including non-backward-compatible elements. As identified in [1, 2, 3], energy saving is one of the key motivations for introducing non-backward-compatible carriers. In order to evaluate the potential benefits of non-backward-compatible carriers in terms of energy savings, a model that quantifies the energy efficiency is needed. The EARTH project [4] is a concerted effort to enhance the energy efficiency of LTE, and as part of its objectives, a holistic framework is developed to quantify the energy efficiency for the operation of a radio access network. Recent surveys on the energy consumption of cellular networks, including base stations (BSs), mobile terminals and the core network, reveal that around 80% of the energy required for the operation of a cellular network is consumed at base station sites [5]. The EARTH energy efficiency evaluation framework (E3F) [6], therefore focuses on the base station (BS) power consumption. The E3F primarily builds on the radio network assessment methodology developed in 3GPP; and one of the most important addenda is a model that estimates power consumption in various BS types when link and system level simulations are performed.
2. Base Station Power Model
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Figure 1: Integration of the base station power model for system level performance evaluations
In current system level simulations assumptions the energy consumption in the evaluated scenario is not considered. In order to address this there is a need for a model that estimates the base stations’ power consumption. The base station power model maps the RF output power radiated at the antenna elements, 
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, to the total supply power of a BS site, 
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. Fig. 1 illustrates how the base station power model is integrated into such an existing evaluation framework.
The base station power model constitutes the interface between component and system level, which allows quantifying how energy savings on specific components enhance the energy efficiency at network level. The characteristics of the implemented components largely depend on the base station type, due to constraints in output power, size and cost. 

2.1. BS Power Consumption at Variable Load
In an LTE downlink the BS load, defined by 
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, is proportional to the amount of utilized resources, comprising both data and control signals. More generally the BS load also depends on power control settings, in terms of the transmitted spectral power density.
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Figure 2 Load dependent estimate of the power model for typical LTE macro BS. (The dotted line shows the case of an ideal system where consumed power perfectly follows the load, i.e. P0 = 0)
Figure 2 shows the principle characteristics of the proposed simplified estimate of a BS power model for LTE. For energy efficient system operation, especially when BS are often only in low load, the input power should closely follow the RF output power. However, the detailed study of state-of-the-art BS components in EARTH [6] has shown that the power consumption shows a large offset power consumption at zero load. As indicated in Figure 2, the relations between relative RF output power Pout and BS power consumption Pin are approximated by an affine function 
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where 
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 is the power consumption at the minimum non-zero output power, Pmax is the maximum RF output power, and 
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 is the slope of the load dependent power consumption. Furthermore, Nsec denotes the number of sectors per site. The parameter χ= [0,1] corresponds to the load of the BS which is measured based on the percentage of REs transmitted and on the corresponding power boosting level, i.e. 
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 is either 1 or 0 depending on if RE k is used or not and 
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 is the power boosting used for that RE. Note that the RF output power, Pout ≤ Pmax, accounts for the radiated power of one sector. Moreover, losses due to the antenna interface (other than feeder losses) are not included in the power model.
The linear power model is extracted from contemporary base station equipment. The parameters of the linear power model (1) for the considered BS types are obtained by least squares curve fitting of the detailed model [6] and are listed in Table 1. The parameters are based on an LTE system with 10 MHz bandwidth and 2x2 MIMO configuration.

Table 1: Power model parameters for different BS types

	 BS type 
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	 Pmax [W] 
	 Pmax [dBm] 
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	 Psleep [W] 

	Macro 
(with 3dB feeder loss)
	 3 
	40.0
	46
	260.0
	4.7 
	 150.0 

	RRH 
	 3 
	40.0
	46
	168.0
	2.8 
	 112.0 

	
	 1
	5.0
	37
	103.0
	6.5
	 69.0

	
	 1
	1.0
	30
	96.2
	1.5
	 62.0

	
	 1
	0.25
	24
	13.6
	4.0 
	 8.6 

	Pico
	 1
	5.0
	37
	103.0
	6.5
	 69.0

	
	 1 
	1.0
	30
	96.2
	1.5
	 62.0

	
	 1
	0.25
	24
	13.6
	4.0 
	 8.6 

	Femto 
	 1 
	  0.1 
	20
	9.6
	8.0 
	 5.8 


To estimate the power consumption when a BS utilizes CA, we have to study the different cases of CA. To simplify the approach we limit the set of scenarios to either contiguous or non-contiguous CA in frequency.
· If contiguous CA is used, it is assumed that a single PA is possible to operate up to 100 RBs of spectrum. Hence for each additional 100 RB block of contiguous spectrum an additional base station is modeled.

· If non-contiguous CA is used it is assumed that a PA is needed for each carrier, hence for each carrier a base station type is modeled.
A network can of course utilize both contiguous and non-contiguous CA at the same time; in such a case the two different approaches are combined.

Examination of the BS power consumption as a function of its load reveals that the power consumption of the PA is the main factor which scales with the BS load. However, this scaling over signal load largely depends on the BS type. While the power consumption Pin is load dependent for macro BSs, the load dependency of pico and femto BSs is negligible. The reason is that for low power nodes the PA accounts for less than 30% of the overall power consumption, whereas for macro BSs the PA power consumption amounts to 55-60% of the total, which mandates more sophisticated PA architectures for the latter. The power consumption of other components hardly scales with the load in contemporary implementations.
Also indicated in Figure 2 and Table 1 is a sleep mode power consumption, 
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. Fast deactivation of components, i.e. to put them into sleep when there is nothing to transmit, is believed to be an important solution to save energy [7]. While state of the art implementations mostly lack sleep capabilities, 
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, is introduced here to capture the benefit of sleep modes for future BS. Typically it is possible to assume a similar transmission period between the sleep mode and active mode as between on and off state in TDD. The requirement for going from on to off state is 17µs [8] and requirement for going from an off state to on state is 17 µs [8]. To simplify the modeling, the BS power model assumes a zero time for transition between active and sleep mode.
The feeder loss of a macro BS may be mitigated by introducing a remote radio head (RRH), where the PA is mounted at the same physical location as the transmit antenna. Likewise, feeder losses for smaller BS types are typically negligible. Note that active cooling is only applicable to macro BSs, and is omitted in smaller BS types. Moreover, for RRHs active cooling is also obsolete, since the PA is cooled by natural air circulation.
3. Numerical Example
In order to evaluate the model, short-term, small-scale evaluations were conducted for a macro-cellular network with regular hexagonal cell layout. 19 sites, each with 3 sectors, 10 MHz bandwidth operating at 2.1 GHz carrier frequency are assumed. Moreover, for 2x2 MIMO transmission cross-polarized antennas are employed at both base station and user terminal. The transmitter utilizes adaptive precoder selection with rank adaptation, whereas the two receive antennas perform MMSE combining for interference suppression. The inter-site distance (ISD) for urban environments is set to 500 m, whereas the ISD for suburban and rural areas is 1732 m. In all deployments users are uniformly distributed and move with a velocity of 3 km/h. The simulation parameters are from [9].

Users arrive in the network according to a Poisson process and each user downloads a single file of 0.5 MB, according to the FTP file download model in [9]. To model different levels of (average) traffic load, system level simulations are conducted for different user arrival rates. Results are recorded for stable operational points only, i.e., for operational conditions in which packets, on average, enter and leave the system at the same rate. Two cases are simulated: a) Base stations without sleep mode, and b) Base stations with micro sleep capability during idle transmit intervals [7]. When neither data nor control signals (broadcast channels, scheduling information, synchronization and reference signals, etc.) are to be transmitted, so that 
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 in (1), a base station may go into micro sleep with reduced power consumption 
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Figure 3 System power consumption over the system throughput for typical LTE macro BSs 
Fig. 4 shows the power per area unit 
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, as a function of the traffic demand per unit area. As can be seen, the power consumption increases with the served network traffic. In an urban scenario, with an ISD of 500 m corresponding to a coverage area of 0.22 km
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 per site, the power per area unit is around 4.4 kW/km
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 at low loads, whereas it approaches 5.7 kW/km
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 at high loads. For the network with micro sleep capable base stations, the area power reduces to 3.55 kW/km
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 at low loads, whereas energy savings are diminishing at high loads. The power consumption per area unit for suburban and rural areas is substantially lower, which is due to the increased ISD of 1732 m, corresponding to a coverage area of 2.6 km
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. However, the system throughput per area unit decreases accordingly, due to the increased site coverage area.
4. Proposal 
In this contribution we discuss the energy efficient operation in today networks and a simplified model of BS power consumptions that is suitable for link and system level simulations of the power consumption in an eNB or network. This contribution presented the power models of various BS types that have been studied under the EARTH energy efficiency evaluation framework (E
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F) [6]. Based on this we propose: 

· One of the evaluation criteria when additional carrier types are evaluated within the CA enhancement WI for Rel-11 is energy efficiency in networks. 

· Energy efficiency in networks is estimated according to the below simplified model of a BS power consumption

· 
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 is either 1 or 0 depending on if the RE is used or not and 
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 is the power boosting used for that RE and the remaining parameters are given by Table 1.

· For system level simulations
· In case of contiguous CA a  base station is model per aggregation block of 100 RBs

· In case of non-contiguous CA a base station is model per aggregated carrier

· For modeling power consumption in a network the metric, power per area unit is used.
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