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Abstract—Open Radio Access Networks (O-RAN) enhance
RAN flexibility, interoperability, and intelligence by introducing
open interfaces, disaggregation of RAN components, and data-
driven control. This flexibility has the potential to significantly
reduce capital and operating expenses (CAPEX/OPEX) by en-
hancing efficiencies in network energy consumption. Advanced
Sleep Modes (ASMs) are an advantageous energy-saving tech-
nique for 5G base stations (BS), with a set of sleep depths that
progressively deactivate different RAN components. The deploy-
ment and effectiveness of ASMs in O-RAN raises a number of
challenges that have yet to be investigated. This paper surveys and
critically reviews RAN ASMs, as well as other energy-enhancing
techniques applied in O-RAN. It presents the first granular, per-
component O-RAN Radio Unit (O-RU) power model, that will
enable researchers to quantify the power savings gained from
deploying ASMs. A calculation of the energy savings achieved
at each ASM level per O-RU component for different 3GPP
functional splits is provided. The power consumption of O-RU
sub-components for functional splits 6, 7.2x, and 8 is shown. The
default 3GPP functional split 7.2x as adopted by O-RAN shows
that substantial power savings can be achieved by applying ASMs
to the O-RU, achieving a minimum of 80% savings depending
on the choice of SM as compared to power consumption at full
load. Finally, a discussion of the open research challenges and
opportunities in deploying ASMs in O-RAN is provided.

Index Terms—Open Radio Access Network (O-RAN), O-RAN
Radio Unit (O-RU), Advanced Sleep Modes (ASMs), power model,
energy efficiency.

I. INTRODUCTION

Mobile Network Operators (MNOs) account for an esti-
mated 2%-3% of global energy consumption [1] with mobile
network energy expenditure accounting for approximately 5%
of their annual operating expenditure. When profiling the
overall energy consumption of mobile network components
[2], it has been shown that the Radio Access Network (RAN)
consumes as much as 73%. Half of this is consumed by the
radio unit, baseband processing, and main control, with the
second half consumed by air conditioning. Thus, the energy
consumption of the RAN poses a serious challenge for MNOs.
Potential energy savings (ES) can be achieved by employing
next-generation RAN architectures. More recently, the O-
RAN architecture shown in Figure 1 is being investigated

for its many benefits including open interfaces that break
vendor lock-in, disaggregation of RAN components, commer-
cial off-the-shelf hardware (COTS) hardware, and intelligent
controllers that run Machine Learning (ML) algorithms for
near real-time network optimization. These characteristics are
especially applicable for network ES, with the disaggregation
benefits of architectural components, as well as the utilization
of technology improvements such as power amplifier (PA)
enhancements, spectral efficiency, and energy harvesting tech-
niques. It is expected that this will be further extended for 6G-
related energy enhancements such as zero-touch networks, rate
splitting, and leveraging the benefits of Intelligent Reflecting
Surfaces (IRS) [3]. However, such technological improvements
also have their unique challenges. PA improvements are not
cost-efficient as they require high-performance amplifiers and
additional cooling systems. Spectral efficiency requires ad-
vanced technologies, which can be expensive and complex,
and some energy harvesting techniques are weather-dependent.
In contrast, O-RAN can utilize the Non-Real-Time and the
Near-Real-time RAN Intelligent Controllers (RIC) to imple-
ment more intelligent and adaptive ES measures. These can
include SMs [4], network virtualization, and steering traffic
to energy-efficient base stations. Sleep mode techniques in
particular can save significant energy [2] and do not require
any additional hardware. Furthermore, they require less effort
to implement in the network. However SMs need to be
carefully implemented as they can increase network latency,
and the activation time required to wake up RAN components
can degrade the customer experience. The flexibility of RICs
may allow for this latency to be minimized by using Al
traffic predictions. The remainder of this paper is organized as
follows: Section II discusses the implications of the O-RAN
architecture for ES with a particular emphasis on deployment
scenarios and functional splits. Section III gives an overview
of SMs and reviews O-RAN literature related to ES. Section
IV presents a per-component O-RU power model that can
be used to evaluate the impact of any proposed RAN ES
measure at a granular level. In Section V, this model is used to
calculate the O-RU ES that can be gained by utilizing various
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ASM mechanisms while considering multiple functional splits.
Finally, Section VI describes open research challenges and
opportunities relating to ES in O-RAN.

II. IMPLICATIONS OF THE O-RAN ARCHITECTURE FOR
ENERGY SAVINGS

The O-RAN Alliance is a worldwide community of MNOs,
vendors, and research/academic institutions endeavoring to
transform RAN to be more open, intelligent, and interoper-
able. There are 11 dedicated Working Groups (WGs), each
responsible for a specific O-RAN component or functionality.
The activities of WGI [5] are the most relevant to this paper,
as they describe ES use cases, slicing capabilities, as well
as an overview of the general O-RAN architecture. The O-
RAN Alliance introduced open interfaces and virtualization
that enable the operators to mix and match different hardware
and software components from different vendors. Such open
interfaces ensure interoperability between different equipment
providers and enable the integration of diverse components
within the network. Virtualization decouples software from
hardware and enables network functions to run on COTS rather
than proprietary hardware.

The O-RAN architecture disaggregates the BBU into an O-
RAN Central Unit (O-CU) and Distributed Unit (O-DU), as
shown in Figure 1. These run on COTS hardware in a cloud
environment. The O-DU manages higher-layer functionalities
such as the Radio Link Control (RLC) layer, Medium Access
Control (MAC), and the higher part of the physical layer
functionalities. The O-CU manages the control plane including
Radio Resource Control (RRC), Packet Data Convergence
Protocol (PDCP) and the Service Data Adaptation Protocol
(SDAP). The O-RU is usually located at the cell site and
performs low layer PHY and radio frequency (RF) operations.
The concept of the RIC is an essential tenet of O-RAN that
provides intelligence and enhances the efficiency of radio
network operations. The RIC is comprised of the Near-Real-
Time RIC (Near-RT RIC) and Non-Real-Time (Non-RT) RIC.
The Near-RT RIC runs time-sensitive micro-services with time
frames between 10 ms and 1s and orchestrates near real-time
supervision. The Near-RT RIC serves as a platform, enabling
multiple applications called xApps to support various network
functions. xApps are independent of the Near-RT RIC and may
incorporate ML models. They perform real-time optimization
tasks such as traffic steering (TS), interference management,
and cell sleeping management. The Near-RT RIC interacts
with the O-DU and O-CU via the E2 interface to manage
radio resources and ensure efficient network performance. The
Non-RT RIC, with a control loop of more than one second,
usually performs long-term RAN optimization management
and it sends control policy guidance to the Near-RT RIC
through the Al interface. The Non-RT RIC supports rApps
that can be provided by third parties and could be provided
by the RIC platform provider itself to offer services that
support RAN optimization and execute AI/ML functionalities
for policy management and orchestration of RAN resources.
rApps perform tasks that include network slicing or energy-

Service and Management and Orchestration (SMO) | . non-RT RIC control
O Loop (>=1s)
o1

Near-RT RIC Control
Loop (>=10ms <1s)

o

Open FH-M-plane Al

02 ‘

Open FH-M-plane . Open CUS-plane Q RT Control Loop (<<10ms)

O-RU

—— 3GPP Interfaces
—— O-RAN Interfaces

O-Cloud

Fig. 1: O-RAN Architecture.

saving management. The Service Management and Orchestra-
tion (SMO) is responsible for the deployment, configuration,
and scaling of RAN components. The O1 interface connects
the RAN components with the SMO framework.

Based on latency and cost considerations, the O-RAN Alliance
has defined 6 deployment scenarios [6] indicating placement
options of key network functions, ranging from virtualized
network functions (VNFs) deployed at the O-Cloud to physical
network functions (PNFs) deployed at the cell site [6]. As
such, O-RAN deployment scenarios play an essential role in
the energy consumption of the RAN, and given that most of
the O-Cloud components are deployed on COTS hardware,
this minimizes O-RAN energy consumption. Of the 6 specified
scenarios, the O-RAN Alliance has selected scenario B as an
initial use case in which the O-CU and O-DU are deployed
at the edge cloud and the Near-RT RIC is deployed at
the regional cloud. 3GPP functional splits offer the option
of placing O-RAN network functions in different Points-of-
Presence (PoPs). In functional split 6, all PHY layer and RF
functions are performed in the O-RU while the O-CU and
O-DU manage the MAC and RLC tasks. In functional split
8, all responsibilities from PHY to RRC layer, except the
RF functions, are performed at the O-DU while the RF is
performed at the O-RU, but it also requires a high-capacity
front haul network. In the 7.2x functional split (recommended
as default by the O-RAN Alliance), the low layer PHY and RF
tasks are performed at the O-RU, and the higher layer PHY
functions are performed at O-DU. 3GPP 7.2x has been shown
to offer improved performance because of the low impact on
transport bandwidth.

III. ENERGY SAVING AND SLEEP MODES IN RAN AND
O-RAN

Cellular networks must have the capacity to meet user
demand. As the traffic demand fluctuates in both the time and
space domains, operating the RAN to handle peak traffic de-
mand can result in significant unnecessary energy expenditure
at times when the traffic demand is lower. A key strategy
is to turn off RAN components to save energy when low
traffic loads are evident. A review of fundamental techniques
is now given, with a particular emphasis on 3GPP ASMs.
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Furthermore, recent efforts to apply ASMs within the O-RAN
architecture are discussed, along with a review of the literature
on other O-RAN ES techniques.

A. RAN energy-saving techniques

Numerous RAN ES techniques have been proposed that
focus on shutting down selected components. These tech-
niques include symbol shutdown, channel shutdown, carrier
shutdown, and ASMs. In symbol shutdown, the PA is muted
for a certain number of empty symbols if no information is
to be transmitted. It was reported in [2] that this can account
for an 8% power reduction in the radio processing unit. In
channel shutdown, selected RF channels are muted in low-
load scenarios while ensuring that the remaining channels can
suffice to serve the current users. In [7], a 20% reduction in
power consumption was reported by using this option, with a
coverage loss of 6dB. During off-peak hours, higher capacity
(frequency) blocks are dynamically shut down exhibiting a
commensurate 2% power consumption reduction for the whole
BS [2].

B. Advanced sleep modes

The application of the aforementioned RAN ES techniques
can have unwanted consequences in terms of customer ex-
perience, caused by low data rates from delays in restoring
shut-down components. This can be mitigated by utilizing
ASMs in which RAN components are gradually turned off,
enabling a BS to adjust its power dynamically based on current
network conditions, and emerged from papers such as [8].
3GPP ASMs comprise 4 sleep levels (SM1-SM4) by grouping
sub-components with similar transition times that include
specified activation/deactivation periods. Their characteristics
are summarised in Table I. SM1 is the shortest SM duration
with a transition time equal to 74 us (i.e., one OFDM symbol
assuming a sub-carrier spacing (SCS) of 15 kHz). It is worth
observing that this will vary depending on the choice of SCS,
with 5G NR networks accommodating 15 kHz, 30 kHz, 60
kHz, 120 kHz, and 240 kHz. In this mode, the PA and some
components of the digital baseband and analog front-end (FE)
are deactivated. SM2 corresponds to a longer sleep duration
with a transition time equal to 1 sub-frame of 1 ms. In this
mode, more components of the analog FE are deactivated.
SM3 requires 10 ms (a frame), and almost all analog FE
components are deactivated. SM4 is the longest SM duration
with a transition time equal to 1s, where all the components
are deactivated, and the base station only retains its wake-up
functions. Published ASM-related research focuses on either
optimizing the ASM sleep duration [9]-[11] or the decision-
making process that triggers the transitions between ASM
levels [12]-[15].

While it has been shown that ASM levels and durations al-
low the network to be optimised based on the current network
conditions, the existing literature is limited in that it focuses on
base stations acting independently without adopting a network-
wide strategy. There is an absence of studies investigating
the implementation and evaluation of ASMs in O-RAN in

TABLE I: Characteristics of 3GPP Advanced Sleep Modes.

Sleep level | Deactivation Minimum sleep | Activation du-
duration duration ration
SM; 35.5 us 71 us 35.5 ps
SM> 0.5 ms 1 ms 0.5 ms
SM 3 5 ms 10 ms 5 ms
SM4 05s 1s 05s

particular. In the recent literature, only the O-RAN Alliance
has described the possible application of ASMs for O-RAN.
This topic is addressed in the next subsection.

C. O-RAN energy saving techniques

Research applying ES techniques within the O-RAN archi-
tecture is still in its infancy. However, there have been some
recent efforts that have sought to implement and evaluate
the impact of ES techniques on various parts of the O-
RAN architecture. Importantly, to the best of the author’s
knowledge, no work to date has considered the application
of ASMs in O-RAN, aside from a reference in an O-RAN
Alliance document [16] which will be considered later in
this section. In [17], the author proposed three xApps: for
TS, beamforming, and cell sleeping. The network has small
and macro BS’ connecting users with multiple radio access
technologies (RATSs). The cell sleeping xApp is designed to
shut down the less busy small BS’ based on traffic load ratio
and queue length. Simulation results showed an increase of
up to 37.9% in the average energy efficiency compared to a
baseline approach. In [18], LTE BS’ are deployed for better
coverage, and 5G small cells are deployed to achieve high
throughput. A traffic prediction xApp is used to indicate if
demand will drop below a threshold in which case a cell
sleeping rApp is initiated to optimize the cell’s energy. The
evaluation shows a 39.7% increase in energy efficiency when
compared to an ’always on’ cell-sleeping rApp.

The O-RAN Alliance has described an ES mechanism [16]
considering different use cases including carrier and cell
switch off/on, RF channel reconfiguration off/on, and ASM
selection. ES is achieved by turning off a certain number
of carriers or entire cells during low traffic load. A load-
dependent ES rApp is designed to manage the traffic of the
network. The O-RAN Alliance proposes that the ES rApp
is defined in the Non-RT RIC, and it receives carrier/cell
characteristics that include traffic load per cell and carrier,
user mobility information, and energy consumption measure-
ment reports through the Ol interface. When the traffic load
decreases, the ES-rApp creates a TS policy to move all users
from the capacity cell to the coverage cell and sends the TS
policy to the TS xApp through the A1 interface. The TS xApp
performs a handover procedure based on the policy received
from the rApp and cell load, RSRP information through the
E2 node. An estimated potential ES of up to 340W per O-
RU can be achieved by carrier shutdown during low-load
traffic. A channel switching technique also runs an AI/ML
model training host on the non-RT RIC and an AI/ML model
inferencing host in the near-RT RIC, with the model trained
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on data received from the O1 interface. An estimated ES
gain of up to 80W in each O-RU is achieved in the case
4T4R by turning off 2TX/RX arrays. The O-RAN Alliance
also described an ES mechanism utilising ASMs. Cell-specific
parameters are executed at the Near-RT RIC using data,
including cell traffic load, certain energy KPI measurements,
and user service type. The Non-RT and Near-RT RIC include
a unique identifier for each SM and additional parameters that
include ASM activation/deactivation times as well as duration
times between SMs.

As such, given the potential energy savings to be gained if
ASMs are applied in O-RAN, the next section describes an
analytical O-RU power model to measure, at a component
level, the energy savings that could be gained. Subsequent
sections detail the projected energy savings, plus open research
challenges relating to their deployment.

IV. O-RAN O-RU POWER MODELLING

Accurately estimating and measuring the effectiveness of ES
techniques such as ASMs for O-RAN is vital to prove their
impact and guide their use. Abubakar et. al. [19] proposed
a power consumption model to represent this at an overall
system level, based on the components of the radio network
and the transport network. The model can be expressed as
follows.

L L
Protal 0-raN =Fcloud + Z Ponui + 2 FPorui (D
=1 i=1
Peioug represents the power consumption by O-Cloud in O-
RAN. The primary components of Fgjog include the O-CU,
O-DU, and RIC, and are dependent on different deployment
scenarios. The Ppony represents the power consumption in
an optical network unit (ONU). It includes the energy con-
sumption of optical transceivers, transponders, switches, and
multiplexers. Pogry is the power consumption of O-RUs in
the network. The O-RUs are usually deployed as a PNF with
proprietary hardware and are the primary source of power
consumption within an O-RAN architecture. In the next sub-
section, an analytical power model for O-RU is presented,
quantifying the per-component power contribution.

A. Proposed O-RU power consumption model

This section presents a novel O-RU analytical power model
to evaluate the power consumption of the O-RU at a compo-
nent level. This evaluation can enable the identification of the
power profile of individual components. Firstly, the various
analog and digital sub-components of the O-RU are discussed
assuming a functional split 7.2x. Subsequently, the analytical
power model for O-RU is presented. This granular model is
essential for identifying the most energy-intensive parts of the
O-RU and for evaluating ASM performance for the O-RU.

1) O-RU components: Figure 2 illustrates the O-RU com-
ponents assuming a 7.2x functional split. The primary power
consumers in an O-RU are the RF and digital processing units.
The RF processing unit is responsible for transmitting and
receiving electromagnetic signals and comprises a PA and an

TABLE II: Scaling Exponents for Digital Sub-components

Subcomponent BW | Ant. | Load | Streams Q Mod.
FFT/IFFT 1 1 0 0 1.2 0
Beamforming 1 2 0 1 1.2 1
Filtering 1 0 0 0 1.2 0
Up/Down Sampling 1 0 1 0 1 1
DDC/DUC 1 0 0 0 1.2 1
DPD 1 0 1 0 1.2 0
Control 0 0.5 0 0.2 0.2 0
Network 1 1 0 1 0 0

analog FE. The analog FE includes digital to analog/analog to
digital converters, low noise amplifiers, up/down mixers, fre-
quency synthesis, buffers, and other components that perform
basic operations that consume much less power. The digital
processing unit performs low layer PHY functions, including
digital/analog beam forming, base-band filtering, FFT/IFFT,
and some functions in the digital front-end that include digital
pre-distortion (DPD), up/ down sampling, and digital up/down
conversion. The digital control unit performs some additional
functions such as activating different parts of the system,
managing data flow, and back-hauling to the core network. All
of these components consume power based on the processing
load, task complexity, and different input parameters that
include bandwidth, number of antennas, spectral efficiency,
system load, number of spatial streams, and quantization.

To derive an analytical model for an O-RU on a per
component level, we leverage the work of Desset et. al [20],
who presented a power model to compute the scaled power
consumption, Py, of an LTE BS on a component level. This
is expressed as follows:

T . Si,x

act,?

Ptolal = Z Pi,refl | ( >
zeX

. X
1€ Ipigital ref
Pigital
. @
act,i

+ 2 Pi,refH(ﬁp ) +Pamp

9€ I Analog reX ref

Panalog

This model combines the power consumption of digital
components (Fyigital), and analog components (Pipalog). Each
sub-component’s power consumption is influence by 6 differ-
ent input parameters, denoted as X. These include bandwidth
(BW), number of antennas (N), system load (L), modulation
scheme (M), number of spatial streams (K), and quantization
(Q). act and zr are actual and references parameter values.
Actual values represent the specific operations based on real-
world deployments and scenarios. Reference values represent
baseline parameters for establishing power consumption under
the standard and default operational reference conditions.
Scaling exponents describe how the power consumption of
each sub-component scales with changes in operational pa-
rameters. These exponents are derived from empirical data
and theoretical models from a diversity of sources including
data-sheet measurements, scientific publication manufacturer
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Fig. 2: O-RAN O-RU assuming functional split 7.2x.

information, and technology trends. s;, is the scaling co-
efficient for the analog and digital sub-components. If the
relationship between any sub-components and the system
parameter is linear, the scaling coefficient is set to 1 and for
nonlinear, it is configured greater than 1. If the relationship
is independent, it is configured as 0. The scaling exponents
of different digital and analog components for the different
input parameters are given in Tables II and III. P; s is the
reference power of sub-component ¢, where ¢ is part of a set
Of Tanalog O Ipigitai Sub-components forming the O-RU under

TABLE III: Scaling Exponents for Analog Sub-components.
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standard reference conditions that include specific technology
node size and different input parameters. In the next sub-
sections, we describe the methods to compute P; ¢ for the
digital and analog components.

2) Power consumption of digital components: The ref-
erence power of the digital components illustrated in Fig-
ure 2 depends on the computational complexity of digital
components and the intrinsic energy efficiency. Complexity
refers to the computational workload required to perform
various signal-processing tasks. Complexity is measured in
Giga Operations Per Second (GOPS) and encompasses all the
computational tasks required for signal processing, including
arithmetic operations, data transfers, and memory accesses.
It is a critical parameter when evaluating a digital compo-
nent’s power efficiency and performance in communication
systems. Each digital component has a specific complexity
value, dependent on the operational task and reference input
parameters. Complexity numbers of digital components are

TABLE IV: Technology Node Sizes by Year from [21].

Year (Product) | Nodeg,. (nm)
2010 65
2012 40
2014 28
2016 20
2018 14
2020 10
2022 7
2024 5
2026 3
2028 2

converted into reference power by dividing them with intrinsic
energy efficiency 7y, which is expressed in (GOPS/W) as
defined in [20]. C.(GOPS)

Piger = — ——— ——

7int(GOPS/W)

To derive the reference power of a given digital sub-component
i, it is firstly necessary to calculate the computational
complexity of said digital component. This can be derived
through different expressions defined in [22], [21], and [23].
Once the computational complexity of digital components is
derived, it is next necessary to derive the energy efficiency.
This represents the total number of GOPS performed per
watt of power consumed. It depends on several factors,
including semiconductor technology nodes (usually measured
in nanometres (nm)), different input parameters, and circuit
design. Due to the advancement of technology, newer nodes
typically enhance efficiency because of smaller transistor
sizes and lower power consumption. In [21], the authors
present a scaling table that scales down the CMOS technology
node every two years with different power savings shown
in both digital and analog components based on this CMOS
reduction. This ranges from 65nm in 2010 to an anticipated
value of 2nm in 2028 and is shown in Table IV. In [21],
digital components estimate a consistent power saving of
50% up until 2016, after which there is a reduction in power
savings of 35%. Based on this, we can derive Equation 4 to
compute the intrinsic energy efficiency for any technology

3

tech_cur
year, Mipe — -
tech_ref n 1
) Tint x [ Tizy <1ff~)
ech_cur __ z 4)
Mint - Q Si,z (
(@) x overhead
0
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The reference intrinsic energy efficiency of any technology
node, ni‘ﬁfh—ref, can be computed by taking 75 GOPS/W as
a reference value for 65nm. f; is the percentage of power
saving per year, depending on the reduction in technology
node size. Intrinsic energy efficiency is also scaled to the
selected quantization level based on the scaling exponent, and
in Equation 4, @) and @) represent the targeted and reference
technology node quantization level values. The overhead factor
is also incorporated to include the power consumption of data
transfer and some memory operations.

3) Power consumption of the analog components: Analog
components consume a specific amount of power depending
on the CMOS technology node size. To compute the reference
power P ., technology scaling is used for analog components
also. The P, for any selected CMOS technology node can
be computed through the following expression [20].

Dlmf
(N**l)
I

,ref 2

cur tech_ref

iref — 1€ IAnalog 5

Pech_ref,iref 18 the reference power of different analog com-

ref

ponents for reference CMOS technology. % represents the
ratio for the reference node size to current technology node
size.

4) Power consumption of power amplifier: PAs are the
primary source of energy consumption within an O-RU. The
power consumption of a PA does not depend on the single
reference power number or scaling rules. Rather, it depends
on the actual measurements and P, can be expressed as
follows, as presented by Al-Karawi et. al in [24].

Pr
77amp(P T)
It depends on the transmitted power, Pr, and the total ef-
ficiency of the amplifiers 7.mp, While observing that effi-

ciency also varies with respect to transmitted power 7amp(Pr).
Thus, P,yp can be minimised by increasing the efficiency of

namp(PT)-

-Pamp = (6)

V. APPLICATION OF O-RU MODEL FOR POWER
MODELLING IN O-RAN

By using the proposed analytical power model derived in the
previous sections, it is now possible to estimate O-RU power
consumption on a per-component level, assuming the network
parameters defined in Table V. The power consumption of O-
RU components is computed at full load and also at different
SM levels. The O-RU components that can be shut down for
each ASM sleep level in an O-RAN architecture are shown in
Table VI. O-RU components for a functional split 7.2x with
the same transition time can be turned off at each SM level.
The depth of SM can be selected based on network conditions
without degrading the QoS of the network. TableVII represents
the detailed power profile for a given operational scenario.
At full load, the total power consumption is is 393W, which
drastically drops to 3W in SM4.

TABLE V: Network Parameters.

Parameter | Value Parameter | Value
BW 100 MHz N 4

Q 12 bits Pr 40 W
Nodegize 5 nm K 4

[ 3.5 GHz M 64-QAM
fs 30.72 MHz | Ts 71.4 ps

Figure 3 also demonstrates the effectiveness of ASMs when
applied to both digital and analog processing. Figure 4 presents
the power consumption of the O-RU for different 3GPP
functional splits. ASMs are applied to functional splits 6,
7.2x, and 8 with power consumption for different operational
conditions computed. Split 6 consumes the highest power,
followed by 7.2x, with split 8 consuming the least power.
However, split 8 also requires low latency and a high capacity
front haul connection, which is expensive to implement. Split
7.2x is preferred in high-capacity urban scenarios because of
its balanced approach to network efficiency and flexibility with
significant savings in terms of power consumption.
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Fig. 3: O-RU power savings for different ASM levels assuming
functional split 7.2x.
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Fig. 4: O-RU power savings for different functional splits.

VI. OPEN RESEARCH CHALLENGES AND OPPORTUNITIES

Certain challenges exist in implementing ASM strategies in
next-generation O-RAN architectures. However, some emerg-
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TABLE VI: Deactivation of O-RU sub-components as a func-
tion of ASM level.

Components Sub-Components SM1 | SM2 | SM3 | SM4
Power Amplifier | v 1 7 1 7
Analog Front End
LNA v v v
Frequency Synthesis v v v v
ADC v v v/
VGA v v v v
RF Processing Unit CLK Generation v v v
Mixer v v v v
Feedback Mixer v v v v
Modulator v v v v
DAC v v v
Feedback DAC v v v
Pre-driver v v
Buffer v v
Digital Front-end
Digital Pre-distortion (DPD) v v
‘e " . Digital Up/Down Conversion v v
Digital Processing Unit © Up/Down Sampling 7 7 7 7
Low-PHY Layer Functions
FFT/IFFT v v v
Digital Beamforming v v v v
BB Filtering v v v
TABLE VII: Power profile for 4T4R O-RU.
O-RU RF Digital Pro- | Total O-RU
Operation Processing cessing Unit | Compo-
Scenarios Unit Power | Power (W) nents Power
W) W)
Full Load 365 32 397
SM1 60~ 61 25~27 88
SM2 23~25 13~15 40
SM3 16~18 8~10 28
SM4 8§~10 3~5 15

ing 6G technologies also present opportunities to deliver en-
ergy efficiencies. Open research challenges and opportunities
are now discussed.

A. Network slicing

Implementing ASMs in an architecture that employs net-
work slicing poses challenges due to differing QoS require-
ments, e.g. diverse latency, bandwidth, and reliability per net-
work slice. Coordination policies are necessary across multiple
slices to manage network stability to prevent unfairness to
services associated with a given slice. An adaptive ASM xApp
algorithm for each slice in the network should be able to
handle the dynamic nature of service demands in different
network slices both in the time and space domains. This is
currently unaddressed in literature. Importantly, the prediction
of network traffic for UEs connected to multiple slices simul-
taneously is complex as each slice may have different traffic
patterns at peak times.

B. Energy efficient coordination amongst O-RUs

When selecting the SM level, different O-RUs may have di-
verse traffic patterns and policies. Inter O-RU communication
managed by O-DUs is necessary to determined the dynamic
SM levels for the O-RUs. Traffic mobility is also a critical
challenge when implementing SM techniques. Connected &
Automated Driving (CAD) presents several challenges because
of the dynamic nature of mobility which requires frequent
re-evaluation of system-wide energy efficiency ASM policies.
This is further complicated by vehicular UEs running services
that may be connected with multiple network slices to satisfy
diverse QoS requirements. In contrast, the predictability of

mobility of vehicular traffic may also offer an opportunity
to proactively adapt ASM cell sleeping xApps. Also, when
some cells are in SM, avoiding coverage gaps and ensuring
continuous user connectivity is necessary. These challenges
require solutions that include real-time traffic prediction, ultra-
fast wake-up mechanisms, and adaptive power management
strategies. Coordinated Multipoint (CoMP) transmission and
reception managed at the O-DU and O-CU is required to
handle the dynamically changing network load, and for real-
time coordination and management of high physical layer
to ensure energy-efficient handovers. A traffic steering xApp
must be designed in such a way to handle these challenges
so that each O-RU can select the SM level according to the
overall state of the network.

C. Coordinated MAC layer scheduling in the presence of
ASMs

A MAC scheduler allocates radio resources within symbols,
subframes, and frames. It cannot be controlled from the Near-
RT RIC perspective, which poses a significant challenge for
ASMs. Another key issue for ASMs is the need for cooperation
and control of ASM features with the MAC scheduler to save
energy by switching off O-RU components for a symbol or
subframe/slot. Coordinated and adaptive MAC layer schedul-
ing algorithms are necessary to adapt to dynamic environments
in the presence of ASMs. Such algorithms must also account
for the user mobility patterns to ensure seamless transitions
between different cells.

D. Mitigating conflicts amongst XApps

Different xApps must be deployed to enhance the network
energy without degrading the quality of service and overcom-
ing the above-discussed challenges. These xApps include a cell
sleeping xApp for ASMs, a TS xApp for mobility and load
management, and a resource management xApp for network
slicing. xApps works simultaneously to optimize the network
resources. Some challenges are also introduced when multiple
xApps work together to optimize network resources. One of
the major challenges is when there is a conflict between their
objectives. Effective management of these conflicts is crucial
to handle network efficiency and quality of service.

E. Intelligent reflecting surfaces (IRS)

IRS are passive reflective elements that can improve next-
generation performance without deploying additional power-
intensive infrastructure. In particular, they aim to enhance
wireless network coverage and signal quality by reflecting
and focusing signals toward users in low-coverage areas. The
authors in [25] explored the deployment of IRS in V2X
communication within the O-RAN architecture. A multi-IRS
system is deployed to improve the sum rate of the network in
an environment with severe signal blockage. Deploying IRS
within an O-RAN architecture alongside ASM could signif-
icantly benefit network energy efficiency without additional
infrastructure. This mechanism enables the BS to operate at
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lower power levels without degrading the network perfor-
mance. However, this deployment also introduces several chal-
lenges. Real-time dynamic phase adjustment towards intended
users is essential when deploying IRS with SMs. Accurate
channel estimation and synchronization between the IRS and
the transmitter/receiver are essential for optimal performance.

VII. CONCLUSION AND FUTURE WORK

This paper presented a per-component analytical O-RU
power model. This model can be easily scaled for different
scenarios by changing parameters and values. By categoriz-
ing the various components of the O-RU into the RF and
Digital Processing Units, a granular analysis of the power
consumption of the O-RU across different functional splits
is presented. Additionally, a calculation of the power savings
up to 97% 1is achieved between the hardware active state and
deepest sleep mode. This research contributes to the ongoing
efforts to design an energy-efficient O-RAN architecture. Our
future research will address the challenges associated with
implementing ASMs in O-RAN, including the integration of
an ASM x-App for dynamic power management.
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