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Abstract—The increasing energy consumption of mobile net-
works has emerged as a critical concern for mobile telecommu-
nication operators, requiring measures to curb or reverse the
historical upward trajectory in order to align with the sector’s
decarbonization target. Meanwhile, SG-NR is massively deployed
in the networks to improve quality of service, with the hope of
simultaneously improving energy efficiency thanks to enhanced
power-saving features. However, up-to-date 5G-enabled base
stations, that support higher bandwidths with more transceivers
at higher frequencies, raise concerns about their absolute power
consumption, especially at low traffic loads. Proper power models
are therefore needed to identify the key levers for energy savings
in mobile networks under real traffic loads. This paper addresses
this challenge by first providing a parametric power consumption
model applicable to commercial sub-6 GHz cellular base stations.
Then, numerical model parameters are estimated by combining
on-site measurements from operators with radio equipment
documentation from manufacturers. The uncertainty of model
predictions is assessed to be in the range of 10-20%. Moreover,
we show that the proposed average power model aligns well
with measurements of equipment that use existing power-saving
features. Estimates of power consumption are also provided for
typical 3-sector single-band macro base stations in active mode,
e.g., 1-4 kW when equipped with traditional radio units, and
2-4 KW when using active antenna units.

Index Terms—Power consumption, Parametric power model,
Base stations, On-site measurements, Power-saving features.

I. INTRODUCTION

The radio access network (RAN) comprises a large number
of base stations (BSs) that are responsible for more than
80% of the energy consumption of mobile networks [1],
[2]. Moreover, historical data shows an upward trend in the
RAN energy consumption, which is forecasted to continue
in the future [2], [3]. In the context of climate change, this
raises concerns for operators who must reduce their carbon
footprint [4]. Meanwhile, 5G-NR equipment are massively
deployed in the RAN to improve quality of service with the
hope of improving the network energy efficiency at the same
time. Indeed, 5G-NR equipment allow for enhanced power-
saving features, e.g., lean carrier design, dynamic selection of
antennas in massive MIMO, deep sleep modes, etc [5], [6].

This paper aims to derive a parametric model that captures
the power consumption profile of up-to-date BS equipment, in
order to identify the key levers for power savings in mobile
networks. We also provide approximate but realistic numerical

values for the model parameters, enabling quantitative com-
parison of different BS configurations. This work focuses on
commercial BS architectures, i.e., macro and micro multi-band
sub-6 GHz cellular BSs in 4G-LTE and 5G-NR.

Parametric BS power models have been covered in the
literature. In [7], the authors propose a simple power model
for legacy multi-band BSs. For single-band traditional BSs,
references [8], [9] provide detailed model parameters using a
diversity of technical data sources, while [10] uses generic
power values. Other works consider massive-MIMO BSs,
as [11] extending [8], and [12] focusing on energy efficiency.
Future mmWave and THz systems are also studied in [13]
using the same approach as in [8], [11], but are outside
the scope of this work since the technology is still under
development and not massively deployed yet. Besides, other
works have shown a linear dependence of the average BS
power consumption on traffic load [3], [14], [15], whereas
sleep modes may introduce non-linear effects [3], [S], [6], [14].

However, we identify two major weaknesses in these stud-
ies. First, they generally lack to validate the numerical values
they provide through real measurements. Second, it is not
always clear to what time scale the models apply. Therefore,
we propose a model that combines two time scales: (i) the
instantaneous time scale corresponds to an OFDM symbol
duration (typically 71 ps with a subcarrier spacing of 15 kHz
[16]), and (ii) the average time scale corresponds to a much
longer time interval (typically one hour). The instantaneous
model is able to capture the non-linear behavior of the BSs
and to evaluate the impacts of different power-saving features.
The time-averaged version of the model is used to validate it
with on-site measurements and equipment documentation.

This paper is structured as follows: Section II presents our
general modeling approach, Section III details the analytical
power models of main BS components, Section IV provides
the estimates of numerical model parameters, Section V ana-
lyzes specific power-saving features, and Section VI discusses
our results before concluding in Section VII.

II. GENERAL MODELING APPROACH

The structure of the power model is inspired from [17].
The model architecture comprises four main components:
the power amplifier (PA), the analog front-end (AFE), the
digital baseband (DBB) and the power supply and cooling
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systems (PSC). In general, a BS may serve multiple sectors
and support multiple frequency bands. We define a cell as
being one frequency band covering one sector, e.g., a 3-sectors
BS with 2 bands contains 6 cells. The power consumption
of the components can be different in each of the N cells
of the BS, depending on their configurations and operating
conditions. The total BS power consumption is expressed as
Nc
Pps = Z (Ppa,c + Parg,c+ Poep,c+ Ppsc.e). (1)
c=1
The main components comprise multiple sub-components
dedicated to different signal processing steps [8]-[13], [17].
The power consumption of a given component depends on the
operating conditions of its sub-components, which can vary
over time. These conditions are determined by the communi-
cation protocols and the cell utilization, e.g., active downlink
(DL), active uplink (UL), idle, etc. If a component contains
N instances of the same sub-component, the number of sub-
components in active mode is denoted by N (in this paper, the
superscript © refers to the active mode), while the remaining
(N—N°) sub-components are in sleep mode. In active mode, a
sub-component can switch between K active states over time.
We assume that sub-components do not change their state at
the instantaneous time scale, and that, on average, each active
sub-component stays in each state for the same duration as
the others. Therefore, the average power of an active sub-
component is the arithmetic mean of its & power consumption
Py, for different states k, weighted by 7, = T} /T the ratio
of time 7}, spent in that state during the time interval 7'. In
sleep mode, the sub-component consume Fgeqp. Overall, the
average power consumption of a generic component is
17 us
P(T)= T / P(t)dt = NQZ 7 Pr 4+ (N=N°)Pyjeep. (2)
0 k=1
In active mode, sub-components can be either in working
mode or in idle. Moreover, the instantaneous working power
consumption may vary depending on the sub-component us-
age, leading to different active states. We model the working
power consumption using three static scaling features: the
carrier frequency f, the maximum available bandwidth B and
the maximum PA output power P7¢”, relative to a reference
situation defined by f*, B* and P*. The instantaneous power
consumption of specific sub-components also depends on the
instantaneous load x(¢) in terms of physical resources (in the
frequency- and spatial-domain) [5], [8]. In a multi-antenna
OFDM system with Ny, spatial layers, the instantaneous load
of a given layer [ is defined by the instantaneous number of
subcarriers used to transmit data X (I, ¢) divided by the total
number of subcarriers available to transmit data X py,(I,t) on
that layer. Then, the average physical load of a cell is the time
average of instantaneous loads on all its layers as

j(T):T/O (NLZXDLH )dt’ )

meaning that the maximum achievable load is 1. In idle or
in sleep mode, we model the power consumption of sub-

components using reduction factors § <1 with respect to their
working power consumption.

To determine the useful service provided by the BS, we have
to compute the actual data traffic from the physical load. To
do this, we need to know the radio channel quality between
the BS and mobile terminals, and derive the corresponding
number of bits per subcarrier (i.e. the spectral efficiency). Yet,
in this paper, we keep the physical resource load as the variable
representing the service provided in the cells, in order not to
depend on specific radio channel models for each BS site.

III. ANALYTICAL MODELS OF MAIN COMPONENTS
A. Power amplifier

In OFDM systems, the maximum PA output power Pri¢®
is lower than the PA saturation power P;% due to the high
peak-to-average power ratio P34¢/Pr3® > 1 that requires a
significant output power back- off (OPBO) With an adaptive
supply, the full-load output power PZJ: x can also be set lower
than P7'¢*. We propose to model the instantaneous power
consumption of a single active PA by the sum of a static power
proportional to Pp¢” and a dynamic power that scales with
the instantaneous output power p(t) < Pj:g(”. In general, this
scaling is non-linear with an efficiency that increases with p

max

as npa=npat-(p/PLYY) ", where 724" is the PA efficiency
at P7%® and n €0, 1], as discussed in [18]—[20]. This leads to

(PEY)" en'

PTI’LILJ,
Ppa(p(t)) = €—or + (1= ¢€) T G
NMpa NMpa
with £ € [0, 1] the ratio of static to maximum power consump-

tion. The full-load PA efficiency is hence lower than n%4”",

except if PQJ:}‘(” = P7¥* in which case it equals to n}54*. In
Table I, we use [18]-[22] to propose theoretical (ranges of) pa-
rameter values suited to (4) for five common PA architectures,
considering the typical 8 dB OPBO for LTE and NR.
Moreover, the maximum PA efficiency is limited by power
losses in the transistors, that can be either frequency-dependent

or independent, as explained in [21], [22]. We model this by

Ttech
nps" = - SENC)

1+a- (PP)(fi) +0- (b))
where 14" is the highest achievable efficiency for a given PA
archltecture and technology, and a and b are dimensionless
technology-specific parameters. This model states that 14"
deteriorates as frequency increases for a fixed Py, whereas,
for a fixed frequency, it first increases, then peaks and finally
decreases as Pp¢® increases.

tech ;

TABLE I
THEORETICAL MODEL PARAMETERS FOR COMMON PA ARCHITECTURES

max

Architecture I3 n npa
Class-A 1 1 0.08
Class-B 0 0.5 0.31
Class-AB 10, 1] 0.5 10.08,0.31[
Envelope tracking |0, 1] 0 10.08,0.79[
Doherty 10,1 ]0,0.5[ ]0.08,0.79[




The average PA power consumption can be expressed by
using (2). Based on [5], we assume 4 different active states
for the N3, active PAs:

Pfull

o DL mode and full-load data transmission at p = Py,

o DL mode and reference signal transmission only at p =
Pl = Csiquff}”, (sig denoting the signaling power ratio,

e DL mode and no transmission such that p = 0,

o Idle mode when the PA is not in DL mode, with p = 0

The time ratio of the DL mode is 7, and varies depending on
the duplex mode: 7z, =1 in frequency division duplex (FDD),
and 7pr <1 in time division duplex (TDD). The time ratio of
the idle mode is its counterpart, i.e., (1—7pr). Since we con-
sider a single data transmission state during which all physical
resources are used at full output power, the instantaneous load
z(t) can be either 0 or 1, which is compatible with current
BS operation under real traffic loads. Hence, the time ratio
in this state is proportional to the average load as TprZ(T).
When no data is transmitted in DL mode, the BS keeps on
transmitting reference signals during 74;,7pr-(1—Z(T')), with
Tsig the time ratio of reference signal transmission. The PA
power consumptions in DL without transmission, in idle and
in sleep mode are modeled using reduction factors 6&%, §idle
and 651%7, respectively. The average PA power consumption
is then given by a weighted sum of its power in the five states:

Ppu(T) =

Npa- [#(T)roLPea(PIY") + (1=2(T))ruigTor Pra(PFY)
+(1=Z(T)(1 =T5ig)ToL PP a(0)6F5 + (1=7n1) Ppa(0)05%

+(Npa—Np 1) Ppa(0)0557, (©)

which is linear with respect to the load, in line with [3], [15].

B. Analog front-end

The AFE contains M sub-components performing specific
analog functions in transmission (TX), i.e., digital-to-analog
conversion, up-conversion and pre-driving, in reception (RX),
i.e., low-noise amplification, down-conversion and analog-to-
digital conversion, and for the whole cell, i.e., frequency syn-
thesis, clock generation and general control [8]-[13]. Unlike
for the PA, the instantaneous power consumed to perform
these functions is assumed independent of the load so that
active AFE sub-components can only be in two active states:
working mode or idle. The working power consumption of a
sub-component ¢ is modeled as in [8] using a reference power
P;ef that scales with a set of S scaling features having each
a reference value y;, an actual value ¥;, and a specific scaling
exponent «y;; with respect to feature j:

s N\ Y
p, = pref H <yi> ) 7)
j=1 Yj

To limit the number of parameters in the AFE model, we
propose the following simplifications:
« the AFE functions are aggregated to consider only three
sub-components, namely the TX chain, the RX chain and
the other miscellaneous functions, leading to M =3,

« the working mode of a TX (resp., RX) chain is the DL
(resp., UL) mode, while the miscellaneous functions are
always in working mode when the cell is active,

o the scaling features are limited to B and P7¢” for TX
and RX chains, and to B and the total cell output power
Pgsll = NpaAP7® (ie., a proxy for the AFE size) for
miscellaneous functions, leading to S=2 in all cases,

« the same reference powers, scaling exponents and reduc-
tion factors are used for the TX and RX chains.

By (7), the working power consumptions of the miscellaneous
functions and of one TX or RX chain are respectively:

ot B\ o1 Pcell 12
Prise = szic(?) ( ;i( ) (8)

f B Q21 P'n%"c Q22
Prxc = Prxc = Prrx = Pj3x- (@) ( ITD* ) . (9

The total power consumed by the AFE is the sum of all
sub-component contributions. Assuming that the number of
installed (resp., active) TX and RX chains are equal in a cell,
denoted by Nrpx (resp., Nipy), the average AFE power
consumption is obtained by combining (2), (8) and (9) as

Pure(T) = Phise [Ng + (Np — N§)6Sleep:|

misc

+Prrx- {N%RX : ((TDL +TUL)+(2*TDL*TUL)5§EIJZ§)()

+2-(Nrrx —Nipx) 5#}?}?] : (10)

where Np and N3 denote respectively the number of installed
and active bands in the cell. Since we defined that a cell
consists of a single band, Ng = 1.

C. Digital baseband

The DBB performs digital functions such as physical
resource scheduling, coding, modulation, digital precoding
and/or beamforming, decoding, demodulation, etc [8]-[13].
The DBB power consumption is assumed to be load-
independent, as it is commonly observed [14], [15]. In a given
cell, it is modeled by the sum of powers related to the data
link layer P, and to the physical layer P, . The former is
considered to scale with the inverse of the total number of cells
in the BS, while the latter is modeled using the same approach
as of AFE sub-components, i.e. we assume the same states,
and the working power is also modeled by (7) considering the
bandwidth as the unique scaling feature. The number of active
spatial layers is denoted by Ny. Using (2), we obtain

ref ¢ B Qg
Pphé;'(B*> l:NZ'<(7—DL+TUL)

pDBB(T) — link
+(2—TDL—TUL)5;U;¥§) +2 '(NL—NE)ésleep]. (11)

(Ne)es
phy

D. Power supply and cooling systems

In addition to previous components, the BS also includes
power supply and cooling modules comprising power con-
verters (AC/DC and DC/DC) and active cooling, introducing
additional power consumption [8]-[13]. We consider the over-
head from the converters to linearly scale with the total power



1500 BBU RFUs multi-2T2R RRUs 2x4T4R AAUSs 64T64R
Datasheets N.=3x5 Datasheets FDD Datasheets Datasheets
= O Raw data c® ¥ O Raw data f=0.8 GHz O Raw data L O Raw data
2 Measurements C =3x1000 MHz — — Linear fit B =10 MHz — — Linear fit - - — — Linear fit
s o LTE+NR +10% S = 2 60W o +10% - +10%
g Measurements - Measurements =7 Measurements
.
£ 1000 f e e LTE - o LTE#1 e * NR#1 0
2 * NR =< O LTE #2 O NR #2 -
s -7 LTE #3 ==
(3] preg - o _
5 2 - FDD _ -
2 ; s - f=1.8]2.1 GHz 7’ ToD
] o~ & B =20 20 MHz e f=3.5GHz
500 - 5 g it B = 100 MHz
) “ee == FDD QO S Sl =440 | 4x40W g "
& o =07 GHz 5 ™ PS! = 64x3.125 W
3 osg B =10 MHz v
z 7 Pl = 240w y
(@) (b) (c) (d)
0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Average physical resource load [%] Average physical resource load [%]

Average physical resource load [%] Average physical resource load [%]

Fig. 1. Average power consumption vs. physical load for of a 3-sector macro-BS with (a) one BBU, (b) two multi-sector RFUs, (c) three dual-band RRUs,
and (d) three AAUs (one is not shown due to lack of measurements). On-site measurements are compared with datasheet values, indicating a close match.

consumption with an efficiency 7uppiy, and the overhead from
the cooling system to scale with the power of other main
components with efficiencies nf;f}l, UéﬁzE and ngle . These
efficiencies are in general lower than 1, but 7., = 1 if
no active cooling is required. As cooling efficiencies are not
necessarily the same for all components nor for all cells, the
total BS power consumption given by (1) becomes:

Nc

Pre — 1 Ppac.  Parg. i PppB,c (12)
BS = PA AFE DBB
Nsupply c=1 ncool,c ncool,c cool,c

IV. NUMERICAL VALUES OF MODEL PARAMETERS
A. Physical implementation of model components

In macro- and micro-BSs, the physical implementation of
the main components of the model consists in a power supply
unit (PSU) for power converters, a baseband unit (BBU) for
DBB components of up to several cells plus a cooling system,
and a radio unit (RU) for AFE and PAs of one or more cells,
sometimes with an active cooling system. For smaller BSs
(pico and femto emitting up to 1 W per cell), all components
are usually grouped together in a single unit, but these BS
types are not considered in this work. RUs can also be split
into several subcategories: macro RU emitting from 40 W to
several hundred watts per cell or micro RU (uURU) emitting 1
to 20 W per cell, RU supporting FDD or TDD, radio frequency
unit (RFU) installed in the BS cabinet, remote radio unit
(RRU) installed closer to passive antennas, or active antenna
unit (AAU) combining AFE, PAs and antenna elements in a
single unit. In general, BBUs and RUs are able to support
different protocols such as LTE and NR, and sometimes both
at the same time. However, specific equipment is usually
optimized for one of the two (e.g. AAU at 3.5 GHz for NR).

B. Data sources

Parameters estimation relies on two types of data sources:

« on-site measurements from different operators,

o equipment documentation from different manufacturers.
On-site physical counters provide hourly average measure-
ments (e.g., the power consumption, the physical load, the
number of connected users) of operating BS components,
as explained in [3]. The strength of such measurements is
to provide values close to reality across a range of realistic

loads. Yet, the main limitation of this approach is that we
only had access to measurements from a limited number of
sites with a few configurations that are, in addition, time-
consuming to analyze. In contrast, equipment documentation
such as technical datasheets covers a much wider range of
equipment, with various feature configurations {f, B, ...} and
operating conditions {PI{B‘(”, S rx,Z(t),...}. In this work,
we use datasheets of more than a hundred pieces of equipment.
Another advantage of the documentation is that it provides
power consumption at full load, which is never reached in
normal network use. The drawback is that the given power
consumptions are usually limited to four reference load levels
z = {0%,30%, 50%,100%}, as standardized by [23]. For
confidentiality reasons, our raw dataset cannot be published.

Fig. 1 shows an example of hourly on-site measurements
over one week in 2023 for an up-to-date 3-sector macro-BS
deployed in a large city in Belgium. This site is equipped with
RFUs, RRUs and AAUS, and supports three bands in LTE (i.e.,
0.8, 1.8 and 2.1 GHz) and two bands in NR (i.e., 0.7 and 3.5
GHz). For each piece of equipment, measurements of average
power consumption are plotted against the average physical
load. On top of that, we display the power consumption
given by the datasheets, indicating that the actual behavior of
equipment matches the datasheet values when the average load
is above 10-30%, with a £10% tolerance. This gives us good
confidence in the equipment documentation for estimating
model parameters in addition to on-site measurements.

Fig. 1 also illustrates that, for RUs, a non-linear behavior
appears at low-load, while at higher load their average power
varies linearly with the load, in line with (6) and (10). This
arises from the adaptation of their configurations with respect
to the load, as detailed in Section V. For the BBU, the power
consumption barely varies with the load, in line with (11),
and no obvious sleep mode is observed. Finally, we note that
the static power of RUs is significant, and even dominant for
AAUs which was lightly loaded in 2023. As a result, their
energy efficiency at low load is quite low, underlining the
importance to implement power-saving features.

C. Parameter values estimation

The BS power consumption depends on the configuration
of its features (e.g., f, B, Nrrx) which can be chosen by



TABLE II
NUMERICAL ESTIMATES OF MODEL PARAMETERS

Parameter Value! References?
. f* 1 GHz n.a.
E B* 1 MHz n.a.
P* 1w n.a.
¢ 0.12 | 0.12 (AAU) -
n 0.25 [19], [20]
< niesh 0.38 | 0.38 (AAU) -
A~ a ~10~4 [21], [22], [24]
b ~1 [21], [22], [24]
{85, 03, 6757} {1,0.25,0} -
pref 22W | 17 W (AAU) -
{a1117 a1z {0,0.25} [8], [11]
2 sleep 075 -
< Pl 0.18 W | 0.18 W (AAU) -
{21, 22} {0.5,0.5} [8], [11]
idle 1
{05 x0T X} {1,0.5} -
7
Pk % W -
Te,
z P 0.07 W -
a {as3, a1} {0.5,1} [81, [11]
1 lee
{aigbe, 6,7} ~{0.75,0.75} -
7751;311Aply ~0.90 [8], [25]
9 nj 7] ~0.90 (8]
g nAF ~0.90 [8]
nBE5 ~0.95 8]
= T™OL 1.00 (FDD) | 0.75 (TDD) (161, [26]
g oL 1.00 (FDD) | 0.25 (TDD) [16], [26]
g Taig 2/7 (LTE) | 1/14 (NR) [16], [27]
~ Coig 2/6 (LTE) | 1/12 (NR) [16], [27]

>

! Values with higher uncertainty indicated with a ”~’
2 Additional references to this work’s data sources for estimating values

the network operators, and on operating conditions (e.g., the
traffic load) imposed by network users. In this section, we
seek to estimate the other model parameters that depend on
the technology and that are not controlled by the operators nor
the users. This corresponds to a parametric regression analysis
for which we define p the vector of actual consumed power of
all equipment configurations in our dataset, ¢ their respective
feature configurations and operating conditions, and F'(¢, )
the power model that depends on ¢ and on 6 the parameters
to estimate. This leads to a non-linear least-squares problem:

13)

6 = axgmin {|lp ~ F(.0)|3}.
Before solving, we split our dataset into three equipment
categories: BBUs, traditional RUs and AAUSs, assuming com-
parable equipment in each category. All equipment belong to
a similar technological generation and were available on the
market in 2023. We then assume that Np 4 = N7 rx in all RUs,
that N;, = Nrgrx in traditional RUs, and that N, < Nprx in
AAUS, in order to benefit from beamforming.

Two issues then arise: (i) there are numerous possible con-
figurations but a limited configuration diversity in the dataset,
and (ii)) we try to estimate some parameters relative to the
instantaneous model based on average data only. We therefore
use additional references to constrain certain parameters that
we try to estimate. For instance, we set §'¥¢ > §sleeP for
the sake of consistency. We also restrict scaling exponents
to specific values, such that o € {0,0.25,0.5,0.75,1}. Based

50 ) T

T
RMSE =66 W &

“ioow] | |
;

-25

Relative error [%]

Full load No load === Mov. avg. — — Mov. std.
T T I I T T

-50
50

RMSE =80 W
25f . R*=0.88 7 [

T 25f

Relative error [%]

o

]

|

)

|

LT

|

|

4|

97@? \

© Full load No load = Mov. avg. — — Mov. std. + 100W‘
T N N N N

T

. 50 ¥ T T
R RMSE =124 W
550 T PR e R2=0.84
2 AN
) &
o © R
2 | = g8 >~ =
ol & 1& |V OB YEFTHATFI" & - O g —_—
£ .25 = 4k
& (C) Typical load === Mov. avg. — — Mov. std. 1100W‘ |
50 I L T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Actual average power consumption [W]

Fig. 2. Relative errors of model predictions vs. actual power consumption
for (a) traditional RUs, (b) AAUs, and (c) BBUs. The yellow region indicates
the zone where the absolute uncertainty is less than 100 W. Boxplots of the
relative errors are displayed on the right of each graph.

on [8], [11], we then set the scaling exponents of P, ;sc, P:‘;e)l(l,
Prrx, Piink, and Py, with respect to their scaling features.

Numerical estimates of the model parameters are given in
Table II. We obtain the same 75" and ¢ for traditional RUs
and for AAUs, even though we estimate these parameters
separately. This indicates that PA technologies are similar.
In fact, this corresponds to the behavior of LDMOS Doherty
amplifiers, in line with [9], [12], [21], [22]. Besides, parameter
values may change for other architectures, technologies, and
protocols. For instance, using the micro-DTX feature on
the OFDM symbol time scale [6] improves the associated
reduction factors such that §%% < 1. We might also expect
technologies to improve over time [8], [13], but we caution
that simplistic forecasts can lead to significant errors.

Finally, we assess the model accuracy by computing the rel-
ative errors of its predictions (i.e., (p— p)/p) for all equipment
configurations (see Fig. 2). The mean and standard deviation
of relative errors, namely the bias and the uncertainty, are
respectively 4% and +£17% for traditional RUs, —2% and
+11% for AAUSs, and —3% and +21% for BBUs. We tolerate
a reasonable degree of uncertainty as we try to keep the
analytical model simple and built on interpretable parameters.
We note that our model overestimates the power consumption
of RUs and BBUs at low power, and underestimates it at high
power. One reason is the selection of scaling exponents from
a discrete number of values, which limits fine-tuning.

D. Typical base station configurations

Although we aimed to develop a model applicable to a broad
range of BS configurations, it does not apply, e.g., to pico or
femto-BSs, or to mmWave and beyond. In Table III we then
propose 8 typical BS configurations among the most common
ones in our dataset. We indicate the range of configurations
in which our estimates apply in the first row of the table. We
consider all configurations with Ng = 3 sectors and Np =1
band, except for 2x4T4R which supports 2 bands. In all cases,
Neo=NgxNp. The active cooling only applies to BBUs and



TABLE III
TYPICAL BASE STATION CONFIGURATIONS

Config. name  RU type Duplex Protocol NgxNp Nrrx! Np!' f[GHz] B[MHz] Ppa=(w]? P%}” [W12| C[MHz]® Pgel [w)?
applicability n.a. FDD/TDD  LTE/NR 1-30 1-64 1-16 0-6 10-200 1-80 1-80 10-3200 5-500
micro-4T4R uRRU FDD LTE 3x1 4 4 1.8 20 5 5 80 20
multi-2T2R RFU FDD LTE 3x1 2 2 0.8 20 80 80 40 160

2T2R RRU FDD LTE 3x1 2 2 1.8 20 80 40 40 160
4T4R RRU FDD LTE 3x1 4 4 1.8 20 40 40 80 160
2X4T4R RRU FDD LTE 3x2 414 4|4 18|21 20]20 40 | 40 40 | 40 80 | 80 160 | 160
8T8R RRU TDD NR 3x1 8 3 3.5 100 40 40 800 320

32T32R AAU TDD NR 3x1 32 8 3.5 100 6.25 6.25 800 200
64T32R AAU TDD NR 3x1 64 3 3.5 100 3.125 3.125 800 200

! Parameters given per cell

RFUs, whereas 7.,,; = 1 for RRUs and AAUs. The multi-
sectors 2T2R (multi-2T2R) configuration is special because
a single RFU supports all the 3 sectors of the BS, so that
the power model must be adapted with Pmisc = Pisc/3 and
peell — 3 Pgell. These typical configurations can be combined
to obtain practical BS configurations, such as the one shown in
Fig. 1. The last two columns of Table III provide the resulting
cell capacity C'= Ny B and total cell output power. This gives
an idea of the service offered by each BS configuration, since
the capacity is proportional to the total amount of physical
resources available for DL, influencing the achievable peak
data throughput, and as P%‘}l(l determines the cell coverage.
These aspects must be considered to ensure a fair comparison
between BS configurations.

Fig. 3 shows the total power consumption of typical BS
configurations, broken down by model components and sub-
components. The PA induces most of the load-dependent
power consumption, along with the PSC. In LTE, the impact
of signaling is visible in the dynamic PA power, which is no
longer the case in NR thanks to less-frequent signaling [5], [6].
At full load, the PA power dominates in most configurations,
although AFE power becomes significant as Nrrx and B
increase, especially for AAUs. DBB power also increases with
Ny, and B, but remains small compared to the total BS power.

‘ 4G-LTE | 5G-NR ‘
4000 —— : : ; -
PA load-dep. [l DBB phy. layer
3500 [ PA signaling [l DBB link layer |
Il PA static PSC load-dep.

] AFE RX chains [ PSC converters
[ AFE TX chains [l PSC cooling
Il AFE misc. ¢ Data sources

% BSs with AAU
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Fig. 3. Power consumption breakdown of typical BS configurations in active
mode. The median and interquartile range of power given by data sources are
displayed at full and no load for PA+AFE, and at typical load for DBB.

2 Parameters given per PA (and hence per TX chain)

3 Resulting configurations per cell

Yet, the share of DBB power could rise for small mmWave
BSs, emitting less power but using wider bandwidths.

V. POWER-SAVING FEATURES

The non-linear effects at low and no load observed in
Fig. 1 can be attributed to specific power-saving features
that adapt dynamically the BS configuration to the load,
e.g., Nopx(x(t)), Np,(x(t)) or P{fg{”(x(t)) Here, we dis-
cuss the implementation of such techniques based on [5]:

o time-domain technique: switching of components from

working to idle or sleep mode, as modeled in Section II,

« frequency-domain technique: deactivation of a half or full

frequency band,

¢ spatial-domain technique: deactivation of half of the

layers and of the corresponding PAs and TX/RX chains.
No power-domain techniques are involved here, but all the
above techniques lead to a reduction in output power P:,]:}”
for specific PAs, or even to switch them off. Layer or (half)
band deactivation also leads to reduction in available capacity.

In Fig. 4, we focus on the dual-band 4T4R RRUs. We first
represent the average power model with different combinations
of power-saving features corresponding to RRU configurations
that are fixed over time and provide 75%, 50%, 25% and 0%
of total capacity. This shows that, for a given active capacity,

1200
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—E- 6 PAs active*
%7+ 4 PAs active®

1000
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«—
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Average physical resource load [%]
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Fig. 4. Average power vs. load when using power-saving features in the
RRUs 2x4T4R. The average model is displayed for fixed configurations,
while measurements are classified by range of average active capacity.



the RRU consumes more power when more PAs and TX/RX
chains are active, even if they are individually less loaded.
We then superimpose on-site measurements categorized by
range of average active capacity, as power-saving states may
change during the measurement interval. Comparing these
measurement categories with corresponding model predictions
reveals a close alignment between them. This indicates that our
average model can be used to study power-saving strategies at
the system level. Yet, the instantaneous model must be used
to assess the impact of these strategies on communication
performance, e.g., the peak or user experienced throughput.

VI. DISCUSSION

Compared with the popular flexible model in [8], we found,
for typical macro-BSs with traditional RUs, 4+-20-40% higher
power consumption at full load, and +40-60% at no load. The
difference is significantly larger for BSs with AAUs, as [11]
predicts power consumption 5-20x lower than our model. This
raises questions about the suitability of existing models in the
literature for planning and optimization of future RAN deploy-
ment. However, our modeling approach also has limitations
due to the use of commercial equipment with heterogeneity in
designs, architectures and technologies, even for comparable
products. This induces uncertainty in the estimated numerical
values and affects the model accuracy. The proposed BS power
breakdown is also uncertain as we did not measure the power
consumption of the sub-components separately. In addition,
we cannot guarantee absolute representativeness of all existing
BS equipment as we studied only a sample of commercially
available equipment. Nevertheless, we think that the datasets
we used are quite robust, and we believe that this work, which
is based on on-site measurements, will be useful for updating
BS power models in the literature.

VII. CONCLUSION

This paper presents a parametric power model for multi-
band sub-6GHz cellular BSs, along with numerical parameter
estimates. The model is built around four main components
and cover both instantaneous and average time scales. The
model has proven its reliability by (i) providing accurate
power consumption estimates for typical BS configurations,
and (ii) capturing power-saving features currently deployed,
both matching with on-site measurements. We found that
power consumption of commercial BS is actually higher
than predicted by existing models in the literature, especially
for AAUs. Therefore, it points out the need to implement
enhanced power-saving features to reduce their operating
power when lightly loaded, as they consume high static
power when fully active. Furthermore, we remind that a life-
cycle perspective is needed to assess all the environmental
impacts of a BS, meaning that we should consider, e.g., their
manufacturing, maintenance and end-of-life, in addition to
their energy consumption that models their use phase only.
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