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EDITORIAL   ✱✱ EDITORIAL

■ the latest Intergovernmental Panel on Climate 
Change report has once again raised the alarm about 
the critical need for immediate and drastic climate 
action, highlighting the indisputable link between 
climate change and human activity. The science is 
clear: we must limit global warming to 1.5°C above 
preindustrial levels to minimize the damage and avoid 
reaching an irreversible tipping point. To do so, we 
need to halve global greenhouse gas emissions by 
2030 and reach net zero before 2050. 

Addressing the climate crisis requires 
transformational changes that will rely on new and 
emerging technologies, ceaseless innovation and 
extensive collaboration across industry sectors.  
5G has a fundamental role to play, particularly with 
respect to the rollout of digital technologies and the 
digitalization of industrial processes. The ability to 
support a variety of virtual reality and augmented 
reality use cases that can dramatically reduce 
business travel is just one of many examples of the 
broader impact that networks can have both today 
and in the future.

Today’s networks are already playing an outsized, 
multiplier role in tackling climate change by helping 
other sectors cut their emissions. The Exponential 
Climate Action Roadmap confirms this and estimates 
that ICT technology has the potential to reduce global 
carbon emissions by up to 15 percent by 2030. The 
growing use of advanced 5G-enabled technologies in 
smart factories and other industrial settings opens up 
the possibility that our positive impact can be even 
greater than predicted.

FIGHTING CLIMATE CHANGE 
WITH ICT INNOVATION AND 
ENHANCED ENERGY 
PERFORMANCE At Ericsson, we are keenly aware that energy-

efficient and sustainable networks are a 
necessity in the fight against climate change,  
and we are committed to using our specialist 
expertise to enable other industry sectors to 
transition toward a low-carbon economy. Our 
extensive experience of network operations and 
optimization is an invaluable asset to us in our 
work to continuously identify new opportunities 
to minimize energy consumption in mobile 
networks while maintaining a consistently  
high quality of experience. 

The lean design of the New Radio (NR) standard 
represents a major improvement compared with LTE, 
enabling unprecedentedly low energy consumption 
in live 5G networks. Lean design principles are the 
foundation for improving radio-access network 
energy performance in the years and decades 
ahead. It is of the utmost importance that the 
progress that we made in NR with respect to energy 
performance can be extended into future 
standardization and products. 

Figuring out how to increase the use of renewable 
energy to power networks is a critically important 
aspect of our research. Most recently, we have 
been greatly encouraged by the results of a trial 
on Deutsche Telekom’s (DT) 5G-enabled 
network, in which we worked closely with DT to 
efficiently harness solar and wind energy, while 
simultaneously optimizing power supply and 
demand.

Looking ahead, we believe that the main energy 
performance challenge will be scaling processing 
with traffic to meet the digital processing needs of 
high-performing networks with larger antenna arrays 
and bandwidths, and shorter processing 

requirements. In the 6G timeframe, we are 
advocating for a further reduction in fixed idle-mode 
energy usage and peak power requirements – 
changes that will enable the use of smaller, lighter 
products and support novel deployment solutions in 
6G networks.  

We hope this special issue of our magazine helps 
you and your organization chart a more 
sustainable and energy-efficient path forward. 
Please share it with your colleagues and business 
partners to help us spread the message as widely 
as possible. You can find both PDF and HTML 
versions of all the articles at: www.ericsson.com/
ericsson-technology-review 
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Minimizing energy consumption and maximizing the use of sustainable 
energy sources at ICT sites requires a transition toward a smart energy 
setup and a holistic approach to energy management that includes close 
collaboration with the energy utility sector. 

ANETTE HÖGLUND, 
JOHAN PETTERSSON, 
HELENE HALLBERG, 
LARS HUMLA, ERIK 
SANDERS 

The evolution toward a smart energy setup at 
Information and Communications Technology 
(ICT) sites is a key enabler for the creation of 
resilient, robust and cost-efficient radio access 
networks (RANs). At the same time, this 
approach also opens up new income streams 
for ICT site owners to support the electricity 
power system (power grid) with ancillary 
services.

■  While energy efficiency has always been an 
important consideration in network development, 
5G includes an exceptionally powerful set of tools 
that communication service providers (CSPs) can 
use to minimize network energy consumption. As 
impressive as the 5G energy narrative is, however, it 
is only one part of the solution that the ICT industry 
needs to overcome in its energy challenge. Fully 
addressing the challenge will require broad action 

across the entire ICT network that includes the 
evolution of the energy setup to ensure alignment 
with the needs of the smart grid.

There are multiple interdependencies between 
ICT networks and the power grid. Alignment and 
collaboration between ICT site owners and power 
companies will open up possibilities for new  
services and income for ICT site owners, while 
simultaneously contributing to a more resilient and 
robust power grid. 

Growing awareness of climate change [1] is driving 
a mindset shift in the ICT industry toward a more 
holistic approach to benchmarking the energy 
capability needs in a network. With this comes  
a desire to modernize telecom equipment to increase 
energy efficiency. Beyond using 100 percent 
renewable energy, the shift also includes new energy 
perspectives that focus on optimizing the energy 
setup at sites. The aim is to ensure high network 
availability for service assurance and enable intent-
based energy management with the ultimate goal of 
achieving net-zero energy cost.

As the ICT network matures, ICT site owners 
have an ongoing opportunity to reflect on potential 
improvements from an energy setup perspective. 
While a wider range of options are available when 
building new ICT sites, there are many ways to 

reduce energy costs at legacy sites as well. 
Figure 1 illustrates Ericsson’s comprehensive 

energy perspective on network modernization 
where the focus evolves during the journey toward 
net-zero energy cost. The ICT site owner’s focus will 
shift from pure energy consumption reductions in 
the first phase to enabling smart energy in the 
second, and ultimately gaining new income in the 
third. 

As highlighted in Figure 1, there are five evolution 
steps toward net-zero energy cost and beyond:

1. Explore possibilities to reduce energy 
consumption in each network

2. Build and optimize for a low network energy 
consumption

3. Ensure autonomous, resilient and holistic 
energy usage in operations

4. Build power grid and ICT interdependency to 
ensure high availability

5. Open a new source of income by provisioning 
ancillary services for the power grid, such as an 
open energy bid and clearing support.

These steps provide opportunities to reduce energy 
costs as well as opening up the potential to turn 
energy generation into a new source of income.

Energy-optimized 
network 

modernization
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Key definitions

ICT site – a distributed edge 
compute site with radio 
communication capabilities. 
Future sites that are located far out 
in the telecom network will include 
the kind of compute capacity that 
is currently only available in large, 
centralized data centers.

ICT site owner – ICT sites have 
traditionally been owned by CSPs, 
but it is increasingly common in 

many countries for ISPs to own 
ICT sites today. The meaning of 
site ownership varies from case 
to case, but it often includes 
responsibility for supporting 
equipment such as the shelter, 
energy setup and climate control, 
as well as application equipment 
such as radio and data servers.

Transmission system operator 
– a natural or legal person who 

is responsible for operating, 
ensuring the maintenance of 
and, if necessary, developing the 
transmission system in a given area. 

Distribution system operator 
– a natural or legal person who 
is responsible for operating, 
ensuring the maintenance of 
and, if necessary, developing the 
distribution system in a given 
area. 

Energy system setup – a 
technical solution at an ICT site 
that provides the applicable 
type of energy and the interface 
to the power grid, which can 
provide energy backup and 
relies on autonomous central or 
distributed energy management. 

Net-zero energy cost – the 
reduction of an ICT site owner’s 
energy bill (the opex cost) to zero.
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automation is essential to cope with these demands. 
To be successful, this automation must be built on a 
solid understanding of site capability, capacity, 
performance, user demand, weather conditions and 
energy availability at any point in time. 

The energy-saving software features in 5G enable 
CSPs and ISPs to minimize energy consumption 
during low traffic periods, reduce energy waste 
during peak traffic hours and turn equipment on and 
off at exactly the right time [2]. Software functionality 
with AI agents at the site will improve the CSP’s/ISP’s 
understanding of the energy perspective, identify 
the root causes of inefficiencies and take autonomous 
action to turn assets on and off when needed. 

More advanced software functions will make it 
possible to reduce manual work, find faults early and 
maximize network availability. The use of sensors at 
each site to measure temperature, humidity and 
electrical characteristics will provide valuable 
information about the local conditions that make it 
possible to optimize energy utilization and 
maximize the life cycle of site equipment. 

Intelligent agents capable of handling complex 
processes are needed to optimize trade-offs 
between long-term benefits of the agent’s behavior 
and short-term benefits from the immediate steps to 
be taken; for example, how to optimize a network in 
multiple steps and how to operate a network. These 
processes must be learned autonomously, without 
the intervention of a human domain expert.

Network energy optimization services
Network energy optimization services help CSPs/
ISPs explore the full potential of reducing energy 
consumption in each technology network (4G and 
5G, for example). CSPs/ISPs gain the confidence to 
activate RAN energy-efficiency features by learning 
how optimization cycles, radio KPI monitoring and 
the tracking of crowd-sourced consumer experience 
data ensure that the network’s Net Promoter Score 
remains high. A network energy optimization 
service can also analyze the system-embedded 
energy metering and network-wide hardware 
installed base to evaluate the need for hardware 
modernization.

The support of digital twins
Digital twins are an ideal solution for ICT site 
owners that want to avoid the effects of erratic initial 
explorations on live mobile networks. A good 
example of where they can be useful is in the case of 
network parameters that are configured on a per-
cell level but may have a strong impact on the 
performance of surrounding cells. A change in any 
of these parameters also affects users served by the 
surrounding cells. 

Finding the optimal configuration for these types 
of parameters is a complex exercise. Digital twins 
make it possible to test on an external entity that 
mimics the behavior of the live network. Once the 
agent has acquired all the necessary knowledge from 
the digital twin, the achieved policy can be safely 
applied to the live network. 

Looking ahead, AI will be fundamental in the 
digital transformation of many sectors as they 
optimize or introduce new services to use energy 
more efficiently, to plan and predict maintenance. 

Optimizing the energy setup at ICT sites
Energy experts predict more frequent disturbances 
in the power grid in the years ahead due to extreme 
conditions such as wildfires, heavy rain and flooding. 
Increasing reliance on renewable energy sources 
and the growing popularity of electric vehicles is also 
expected to have a volatile impact on the power grid. 
With this in mind, CSPs/ISPs that want to ensure 
high network reliability without increasing the 
energy cost should review the capabilities of the 

Approaches to reducing energy consumption
There are four primary aspects that must be 
considered when reducing network energy 
consumption:

1. Hardware modernization and new software 
features

2. Energy-saving software features and artificial 
intelligence (AI) enabled automation

3. Network energy optimization services
4. The support of digital twins.

Hardware modernization and new  
software features
The biggest reductions in network energy 
consumption to date have resulted from the 

introduction of new hardware and the removal of old 
systems. Major hardware modernization projects 
are usually triggered by new releases of spectrum 
and/or new releases of network technology (such as 
5G). Looking ahead, one of the best ways that CSPs 
and infrastructure service providers (ISPs, also 
known as tower companies) can speed up their 
progress toward net-zero energy cost is to consider 
energy consumption when performing traffic 
simulations at the network planning stage.

Energy-saving software features and 
AI-enabled automation
The continuously expanding scope and growing 
complexity of 5G applications is putting greater 
demands on networks to deliver high availability, 
ultra-reliability, low latency and high security. More 
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Figure 1  Ericsson’s comprehensive energy perspective on network modernization
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Terms and abbreviations
AI – Artificial Intelligence  |  CSP – Communication Service Provider  |  DC – Direct Current  |  ICT – 
Information and Communications Technology  |  ISP – Infrastructure Service Provider  |  Li-ion –  
Lithium-ion  |  PV – Photovoltaic  |  RAN – Radio Access Network  |  VDC – Volt Direct Current



2 0 2 2 S P EC I A L  E D I T I O N  # 1   ✱ E R I C S S O N  T E C H N O L O G Y  R E V I E W E R I C S S O N  T E C H N O L O G Y  R E V I E W  ✱  2 0 2 2 S P EC I A L  E D I T I O N  # 1 1312

energy setup at their ICT sites and look for 
opportunities to improve their resilience. 

There are three core actions that ICT site owners 
can take to ensure the provision of a robust and 
reliable ICT network, while simultaneously 
minimizing their impact on the climate and the 
environment:

1. Introduce local renewable energy generation 
(solar and/or wind) and add services such as 
weather forecasting where AI predicts the 
control of energy storage to optimize the usage 
of renewables. 

2. Improve the overall efficiency of the power 
system by reducing the number of conversion 
steps, improving the efficiency/unit and/or 
increasing system voltage. 

3. Establish a smart energy setup capability, where 
the energy availability at the site is based on the 
power grid, storage and resource status, and 
optimize the utilization of site assets.

Figure 2 illustrates the energy system setup that we 
recommend for ICT sites. The creation of a robust 
autonomous energy solution makes it possible for 
ICT site owners to ensure energy availability even at 
the sites that are furthest out on the edge.

Traditionally the telecom network has only had 
radio and core equipment at network sites and has 
relied on data centers for compute capacity. As 
more advanced use cases are introduced in 5G and 
beyond, the need for compute at network sites on 
the far edge will arise, and network sites will turn 
into ICT sites. The implication of this is that the 
energy site system needs to evolve in parallel to 
ensure the allocation of the available energy is done 
in an intelligent way. A smart energy setup will be 
key to achieving resilient and sustainable energy 
usage. 

Energy storage and resource technology
The power grid is the most common source in the 
energy setup at today’s ICT sites, with 
complementary sources utilized when and where 

required. At off-grid sites and for sites with seasonal 
variations, diesel-powered combustion engines are 
still the main complementary source, although 
ethanol and liquefied petroleum gas are replacing 
diesel in some countries. In locations with available 
space, photovoltaic (PV) silicon panels are 
sometimes used. While lead acid batteries continue 
to be the most common choice for backup, batteries 
based on lithium-ion (Li-ion) technology are 
becoming increasingly popular.

To make the site energy setup more sustainable, 
multiple evolutions paths are possible, but some of 
them may have limitations. To reduce the usage of 
diesel, fuel cells can be used with fuels in gas, liquid 
or solid form. Combustion engines will also use fuel 
variants that have lower greenhouse gas emissions.

The need for Li-ion batteries in the coming years 
will exceed the production capacity and that will 
open up for new battery chemistries. PV panels will 
have improved efficiency by tandem cells or other 
chemistries. Even if the efficiency of low-cost, thin-
film PV technologies is lower than traditional 
technologies, they could gain market share and be 
suitable for areas with fewer site restrictions.

Future evolution steps in excessive solar 
locations will hopefully generate hydrogen that can 
be stored and used as long duration backups. 
Combustion engines that can run on hydrogen are 
also expected to emerge. A future wind turbine 
design that can harvest low wind speeds while still 
being robust enough for high winds would make 
wind turbines a potential contributor to the energy 
mix at ICT sites.

The energy setup for ICT equipment includes 
power supply units with remote access and has 
intermittent peak shaving capability. The energy 
evolution will provide the hybrid control and 
intelligence to impact the peak load. The system 
operational voltage may move from 54VDC (volt 
direct current) to 57VDC, including DC/DC (direct 
current) backup. The next step is to evolve from 
48VDC to nominal 400VDC. The higher system 
voltage introduces a reduced size of the cable area 
and decreases the deployment cost of DC 
distribution at ICT sites.

Collaborating for greater resilience  
and robustness
The transformation of power generation from  
a centralized model to a decentralized one, 
characterized by the generation and storage of vast 
amounts of renewable energy sources, creates new 
challenges that require reforms to the electricity 
market. Looking ahead, it will be the responsibility of 
the transmission system operator [3] not only to 
ensure resilience and robustness in the power grid, 
but also to enable interactions in a wider electricity 
sector/community. 

Government strategies will have a big impact on 
how energy markets can develop flexibility in energy 
services at international, national and regional levels. 
Given the opportunity, the ICT network has the 
potential to play a significant role in reducing energy 
congestion and ensuring stable frequency. 

Collaboration will be required to ensure an 
optimized and interoperable path that enables 
adaptive energy consumption by the infrastructure 
at the ICT sites to contribute to balancing energy 
services at the national level.

ICT and power grid interdependency
Many of the requirements on the operational 
performance of ICT networks are similar to those of 
energy utilities, particularly the new decentralized 
power grid from the transmission and distributed 
system operators. Both need to provide capabilities 
that enable the generation and storage of renewable 
energy, boost operational efficiency and increase 
resiliency and reliability. 

In terms of renewable energy and storage 
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Figure 2  Energy system setup at an ICT site
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resources, there is a need to adapt and utilize what is 
available at the edge or local area with small-scale 
production intermittent availability and reduce/
increase energy consumption from time to time. 
Operational efficiency requires capabilities that 
optimize assets and utilization, as well as providing 
high network and service availability. Automation to 
mitigate service disruptions and power outages and 
redirect traffic/power flow in case of disasters is key 
to ensuring resiliency and reliability.

Figure 3 illustrates the interdependency between 

the ICT network and the power grid. Significant 
mutual gains can be achieved by enabling 
communication and service collaboration between 
the two. Reliability, availability and resilience are 
essential to ensure high network availability and 
service assurance, as well as increasing robustness 
and improving maintainability, which reduce total 
cost of ownership in the long run. 

The ICT network and the power grid can mutually 
benefit in their respective service sectors by sharing 
relevant performance and status information at 
multiple intersection points, particularly when the 
situation at sites is challenged by extreme situations 
like wildfires. This approach enables both networks 
to maintain service in the local geographical area, 
ensuring their ability to support local residents and 
businesses when they are needed most. 

Creating ancillary services for the power grid
ICT site owners can start now to prepare for the 
possibility to support the power grid's needs of 
different types of ancillary services, thereby opening 

up a new source of income [4]. This can be done in 
five steps:

1. Establish an energy profile for the site and 
optimize site power system capacity.

2. Introduce a segmentation usage capability of 
energy storage for different purposes such as 
ICT network backup and ancillary services. 
Consider adding storage to increase the income 
potential from the energy ancillary service.

3. Optimize the ICT site’s own energy consumption 
and local energy production while balancing it 
with energy storage at the site.

4. Manage the energy consumption of multiple 
grid-connected ICT sites as one entity to 
maximize the impact on the power grid. 

5. Utilize energy arbitrage by producing energy at 
the ICT sites and sharing it with the power grid 
when needed. 

An efficient deployment includes AI-based 
automation to best optimize business intents and 
support the smart energy capabilities for both the 
ICT network and the power grid [5].

Supporting the digital transformation of the 
energy sector
Energy utilities currently use a variety of 
telecommunication technologies including fixed, 
fiber, microwave and mobile. In all cases, the 
communication has to be secure and highly 
available, as energy services must be reliable and in 
balance, according to the redundancy policy in 
operation. 

Looking ahead, it is clear that the digital 
transformation of the energy utility sector would 
benefit from the introduction of LTE/5G technology 
[6]. These technologies make it possible for ICT sites 
to provide energy utilities with insights for the 
geographically distributed low-voltage power grid 
with characteristics of outages and performance 
degradation. Further, with the help of AI agents, 
LTE/5G networks can help predict performance 
degradations/deviations and their potential impact.

5G networks are particularly well suited to smart-
grid management [7]. The 5G network can be either 
commercial or private depending on preferences on 
the energy utility. With a 5G network in place, an 
energy utility can ensure that its critical functions are 
implemented in a resilient, reliable and secure way. A 
5G network is also the most efficient way for an 
energy utility to establish a cost-effective strategy for 
connecting grid assets over a wide geographical 
area. All new devices in the power grid use wireless 
technology for communication. Long-term, stable 
technology evolution is guaranteed, in alignment 
with the long life-cycle considerations of the telecom 
segment.

Conclusion
Whenever the need or desire to modernize ICT 
sites arises in a local or regional area, new energy- 
related opportunities arise with it. A holistic 
approach is key to maximize the potential for 
energy consumption reductions in existing and 
future ICT networks across the whole service life 
cycle. To be successful, it is essential that ICT site 
owners explore and identify candidates to reduce 
energy consumption as early as possible – ideally in 
the network planning stage. During the deployment 
stage, it is crucial to build and optimize for low 
energy consumption. With respect to in-service 
operations, artificial-intelligence-based 
automation, together with active network energy 
optimizations, make it possible to minimize energy 
consumption without negatively impacting quality 
of service (QoS) in the networks.

As they plan for the future, ICT site owners also 
need to consider the fundamental changes that are 
taking place in power generation and distribution. 
These changes, along with new energy consumption 
patterns, have created multiple challenges for the 
electricity utility sector. Mitigation alternatives will 
be costly and take a long time to deploy. By investing 
in a smart energy setup at ICT sites, ICT site owners 
can gain access to a resilient energy source that 
reduces their energy costs to net zero, while 
simultaneously opening up a promising new income 
stream by connecting with the smart grid. 
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Figure 3  The interdependency between ICT and the power grid
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Continued focus on energy performance in 5G and 6G development  
will be essential to enable new deployment scenarios with smaller and 
lighter telecom equipment, as well as minimizing the climate impact of 
mobile networks.

CECILIA ANDERSSON, 
JONAS BENGTSSON, 
GREGER BYSTRÖM, 
PÅL FRENGER, 
YLVA JADING,  
MY NORDENSTRÖM

As the 5G rollout continues and we look ahead 
to 6G, the exponential growth in processing is 
going to be one of the biggest challenges from 
an energy performance perspective. 

■  The telecom industry has a long history of 
prioritizing peak performance and high capacity. 
Until recently low energy consumption was typically 
perceived as a nice-to-have extra benefit rather than 
a crucial feature of state-of-the-art mobile network 
equipment. As awareness about the need to 
optimize energy performance in telecom networks 
continues to grow, several challenges must be 
addressed. 

In 5G networks, digital processing in base stations 
can increase more than 300 times compared with 
early Long Term Evolution (LTE) products, primarily 
due to an increasing number of antenna branches, 
broader bandwidths and shorter transmission time 
intervals (TTIs). This increase is expected to become 
even larger in 6G. To handle this increase responsibly 
from an energy consumption perspective, it is 
essential that the future 6G standard is as lean as 
possible. Most importantly, the amount of mandatory 
and always-on signaling must be kept to a minimum, 
which will enable underlying components and 
subsystems to provide sufficiently high levels of load 
dependence in their energy consumption. 

The percentage of energy consumption 
originating from compute and digital silicon will 
continue to rise as the New Radio (NR) rollout 
continues. The trends of increased bandwidth, more 
antenna ports and shorter TTIs are driving an 
exponential increase in processing needs on the 
digital frontend, which propagates into the radio 
unit, beamforming and layer one processing. 
Processing needs for layer two, packet processing 
and control functions are also increasing, but not as 
quickly. 

What is energy performance?
In existing mobile systems, where energy 
consumption has low dependence on the load and 
traffic growth is high, an energy-efficiency metric is 
not particularly useful. Even if no effort is made to 
reduce energy consumption, traffic growth will 
cause energy efficiency to improve from one year to 
the next.

The term energy performance broadens the focus 
beyond energy per bit to total energy consumption, 
highlighting the similarities between achieving high 
system performance and low energy consumption. 
Optimizing energy performance means minimizing 
the energy consumption for a set of performance 
requirements (user throughput, capacity, latency and 
so on). The concept of energy performance makes 
the trade-off between energy consumption and 
performance requirements transparent. 

Energy performance is relevant in three separate 
contexts – economy, ecology and engineering – that 
have different stakeholders and use different 
terminology. In the economic context, optimizing 

energy performance results not only in lower 
operating expenses for mobile network operators, 
but also in the potential for lower capital expenses 
due to the use of smaller and lighter equipment. This 
equipment enables new and simplified deployments 
as well as less-costly power supply and energy 
storage solutions. Low energy consumption is 
therefore of particular importance when discussing 
the costs for enhanced availability and enhanced 
national security. 

In the ecological context, the value of optimizing 
energy performance is best demonstrated by the fact 
that about 94 percent of Ericsson’s total carbon 
emissions impact is associated with the operation of 
our products [1]. 

The engineering context is arguably the most 
underestimated and underutilized aspect of energy 
performance. A sharp focus on reduced energy 
consumption in the product engineering phase will 
yield desirable reductions in product size and 
weight. Tighter energy performance product 
requirements drive technical, managerial and 
organizational innovation in a greater change 
process that leads to closer collaboration over 
multiple areas of technology. 

Improving energy 
performance in  

5G networks  
and beyond

  THE TERM ENERGY 
PERFORMANCE BROADENS 
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PER BIT TO TOTAL ENERGY 
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Terms and abbreviations
AI – Artificial Intelligence  |  C-RAN – Centralized RAN  |  CSI – Channel-State Information  |  D-RAN 
Distributed RAN  |  KPI – Key Performance Indicator  |  LTE – Long Term Evolution  |  MB – Megabyte  |  
Mbps – Megabits Per Second  |  MHz – Megahertz |  MIMO – Multiple-Input, Multiple-Output  |  ms – 
Millisecond  |  NR – New Radio  |  PA – Power Amplifier  |  PRB – Physical Resource Block  |  RAN – Radio 
Access Network  |  RAT – Radio Access Technology  |   RF – Radio Frequency  |  Tbit – Terabit  |  TTI – 
Transmission Time Interval  |  UE – User Equipment  |  W – Watt 
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the physical layer so that only a minimum of signaling 
would be necessary when there is no data to 
transmit, but this required a new standard. 

When 5G NR was developed, we ensured that its 
physical layer had an ultra-lean design [4]. This 
design makes features such as micro-sleep 
transmission much more efficient, and the effect on 
live networks is already significant [5]. Micro-sleep 
transmission has had a major impact over the course 
of the past decade by dramatically decreasing the 
energy consumption in the analog radio parts of 
base stations.

5G NR is also designed for massive MIMO 
(multiple-input multiple-output), and it supports 
wider bandwidths than 4G LTE. A typical LTE base 
station has two transmit and receive branches, 
20MHz of spectrum, and the digital processing time 
in the base station is 1ms (corresponding to one 
TTI). Early NR products have 64 antenna branches, 
support 100MHz of spectrum and have a TTI of 
0.5ms. This implies that digital processing in radio 
base stations needs to increase 320 times compared 
with early LTE products. 

In today’s NR products, the energy that digital 
components use can be as large, or larger, than the 
power used by the analog components (mainly PAs). 
The additional bandwidth and additional antennas 
were also introduced while keeping the radio 
frequency (RF) power spectral density constant at 
around 2W/MHz. While a typical 20MHz LTE base 
station could deliver 40W RF output power, a 
100MHz NR base station can be capable of 
delivering 320W RF power. 

More bandwidth and more RF power increased 
the peak power usage of analog components, while 
more antenna branches and more digital processing 

increased the power consumption of digital 
components (see the middle part of Figure 1). This 
massive upscaling of capabilities has resulted in an 
increasing energy consumption trend in the 
industry. Fortunately, it is possible to alter this trend 
with new building practices. Our research shows 
that it is possible to move from today’s situation (the 
middle part of Figure 1) toward a more energy-lean 
tomorrow (the right part of Figure 1) by taking the 
following actions:

1. Improve the load dependence of components 
(especially digital ones) by significantly 
improving sleep modes in terms of idle-mode 
energy usage, reactivation times and 
granularity. One example of a technique that is 
currently underutilized in many digital designs is 
dynamic voltage and frequency scaling (DVFS).

2. Relax the requirements for analog components 
dynamically (when possible).

3. Implement more power management functions 
in the network nodes (requires more load-
dependent components to be effective).

4. Use artificial intelligence (AI) techniques to 
achieve network-level optimizations (requires 
more load-dependent network nodes to be 
effective).

5. Consider removing support for legacy 
technologies such as WCDMA (Wideband Code 
Division Multiple Access) and GSM (Global 
System for Mobile Communications). 

This last point is particularly important, as 
supporting legacy technologies results in 
requirement creep and consumes development and 
testing resources, thereby reducing the resources 
available for the implementation of power-saving 
functions.

Successful execution of these actions would not 
only optimize energy performance; it would also 
enable operators to reduce total network energy 
consumption by adding additional capacity as traffic 
increases, as more capacity results in more idle mode 
operation [6].

Depending on the context, the impact of energy 
usage can be expressed in terms of money, carbon 
emissions, thermal design constraints and so on. But 
regardless of how the benefit is viewed, the solutions 
required to reduce energy consumption are very 
similar. It is important, however, to differentiate 
between targets whose purpose is to reduce average 
energy use (mostly relevant for operational costs, 
carbon emissions and the like) and those aimed at 
reducing peak energy use (mostly relevant for 
product dimensioning, thermal design, size and 
weight). Fortunately, though, effective solutions for 
energy reduction often reduce peak and average 
energy use simultaneously.

The network energy performance journey
Figure 1 illustrates the energy performance journey 
of mobile networks. The graph on the left shows the 
power consumption of a typical LTE base station in 
the period 2010-2020. The graph in the middle 
shows the power consumption of a typical New 
Radio (NR) base station today. The graph on the 
right shows the projected power consumption of a 
mature NR base station beyond 2025.

In LTE, the energy consumption of the radio 
access network (RAN) was dominated by base 

stations that comprised around 80 percent of the 
RAN electricity use. Furthermore, within each base 
station, around 80 percent of the energy consumption 
was used in the power amplifiers (PAs) [2]. During this 
time the main energy performance goal was to reduce 
the idle-mode consumption of the PAs.

Network traffic was much lower in the early days 
of LTE. In a countrywide network, only 5 percent of 
the physical resource blocks (PRBs) were typically 
used for data traffic, while around 95 percent of the 
PRBs were empty. The high static energy 
consumption and low average traffic resulted in very 
low load dependency in the network, where the 
additional energy increase due to the traffic in the 
network was well below 2 percent of the total energy 
used [3]. 

In order to improve the load dependency, we 
introduced micro-sleep transmission, an energy-
saving feature that deactivates and reactivates PAs 
in microseconds. Micro-sleep transmission is 
effective at all times when there are no transmissions 
from the base station. However, it could be even 
more effective if the LTE standard was not filled 
with mandatory and always-on reference signals 
that cannot be turned off, even when there is no 
traffic. The obvious solution to this was to redesign 
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Figure 1  The energy performance journey of mobile networks
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Insights from field data 
While some operators run their networks with the 
power settings of every base station fixed at the 
maximum level, others have more optimized and 
diverse configurations. Figure 2 provides 
histograms of configured maximum transmission 
power for two European operators. Operator A, on 
the left, optimized the power levels in its network, 
while Operator B, on the right, used default 
maximum power settings.

One study on this topic [7] indicates that the total 
network energy usage can be reduced by around 10 
percent without compromising performance simply 
by tuning the output-power levels, as shown in 
Figure 2. There are similar differences in how 
existing energy-saving features such as MIMO sleep 
mode, booster carrier sleep, cell deep sleep and the 
low energy scheduling solution are activated (or not) 
in different networks. This indicates a clear need for 
improved tools to optimize the energy performance 
in existing networks.

Meaningful reference points
Some energy-saving solutions are associated with a 
negative key performance indicator (KPI) impact. 
However, we would argue that this often depends on 
the reference KPI chosen to compare with, or 
perhaps even more importantly, what target KPI is 
expected to be fulfilled. 

Figure 3 illustrates the total downlink traffic 
volume (purple) and the mean user throughput 
(blue) in a real network for one day. Due to variations 
in traffic volume, the user throughput differs by 
about a factor of two between the peak traffic hour 
and the minimum traffic hours. The question is, 
when evaluating the throughput obtained with an 
energy-saving feature turned on, should we relate 
that to the performance during peak hour or during 
the minimum traffic hour? The large KPI variations 
that we normally observe in the network are not 
always desirable, and an energy-saving feature might 
even be an attractive way to both obtain energy and 
cost savings, as well as more predictable throughputs 
in a network throughout the day. 

It is not necessary to set the desirable KPI for an 
energy-saving feature to the minimum KPI obtained 
at peak hour. It can also be set to other targeted KPIs 
for a specific network, such as a KPI for which the 
network has been dimensioned. The network 
dimensioning KPI target can be regional and/or 
service dependent. In some areas such as city centers 
or indoor factories, the requirements may need to be 
higher, while in other areas they can be more relaxed. 
In the end, this should be an operator policy decision. 
One could, for example, allow a fraction of the 
performance above the minimum performance 
requirement to be used to reduce energy 
consumption. 

Centralized versus distributed radio access 
networks
It is often argued that a centralized RAN (C-RAN) is 
inherently better than a distributed RAN (D-RAN) 
deployment for enabling low-network power-
consumption solutions. As mobile networks are 
dimensioned for peak traffic, resources are always 
overprovisioned at some places in the network. As 
peak traffic occurs at different times of day in 
different locations of a network, a C-RAN can exploit 
pooling gains when processing resources can be 
shared in a common pool. In addition to the 
processing-pooling gain, C-RAN deployments can 
also utilize more efficient cooling, power-supply and 
energy-storage solutions. Based on this, 
considerable gains have been reported [8]. 

It is important to understand which parts of a 
network that can realistically be centralized in a 
C-RAN deployment and under what circumstances. 
C-RAN deployments are typically assumed to 
operate on off-the-shelf hardware, which opens up 
the possibility to add value with custom-made silicon 
that can deliver higher load dependence and lower 
fixed energy costs. Increased latency is a 

consideration that will limit the centralization of the 
more time-critical and power-consuming lower-
layer processing, such as the digital frontend. The 
analog (radio) parts must also remain distributed in a 
C-RAN deployment, as the users will still be 
distributed.

Traffic: RAN for mobile broadband and beyond 
There are two main approaches to reducing energy 
usage in RAN: rush to sleep, and rate adaptation. 
The rush-to-sleep approach aims to transmit the 
data as fast as possible in order to maximize the time 
in sleep mode. Rate adaptation instead aims to adapt 
the transmission rate to instantaneous requirements 
and thereby enable energy savings by under-
clocking or deactivating some components while 
transmitting data. 

When looking at traffic statistics in real networks, 
it is evident that both of these approaches are 
needed. About 95 percent of all data sessions are 
small (less than 1MB), and the one percent largest 
sessions contribute to almost three quarters of the 
total data volume. For small data sessions, rate 
adaptation is an effective way of reducing the energy 
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Figure 3  Variations in traffic volume (purple) and user throughput (blue) over a day in a real network
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needs, as large bandwidth and many antenna ports 
are not required for most sessions. In contrast, the 
best way to handle large sessions from an energy 
performance perspective is by combining high data 
rates with effective mechanisms for the equipment to 
rush to sleep once the transmission is finalized.

Video traffic is currently estimated to account for 
69 percent of all mobile data traffic, a share that is 
forecast to increase to 79 percent in 2027 [9]. To 
deliver a satisfactory user experience, a network 
must be able to play video content on demand, 
without delays or stalling. Video streaming uses 
buffering to smooth out throughput variability. As a 
result, video is a service that can easily be made 
compatible with power-saving features in the RAN. 

The ability to avoid stalling requires rate 
adaptation on a relatively slow timescale (seconds). 
Ensuring a sufficiently short time-to-play for video 
services and time-to-content for web services 
requires an almost instantaneously available bitrate 
in the order of 20Mbps [10]. As acceptable time-to-
content and time-to-play numbers can be in the 
order of one to four seconds, “almost 
instantaneously” needs to be significantly smaller 
than this (100ms, for example). 

For web and video services, it is therefore 
sufficient for a base station to provide about 20Mbps 
to any user within 100ms if additional capacity to 
accommodate the new service can be made available 
within one second. This would result in around 1.5 
seconds time-to-content, which is classified as 
excellent in the 2025 scenario in a recent Ericsson 
Mobility Report [9].

Critical machine-type communication and other 
low-latency services can also be made compatible 
with RAN-power saving features if the low-latency 
requirements are managed with care. Low-latency 
service requirements must be broken down into two 
additional categories: service-registration latency 
and protocol ramp-up latency. The activation of a 
low-latency service requires a quality of service 
guarantee from the RAN, which includes a setup 
procedure that can be allowed to take 100ms or 
more. 

In addition, low-latency requirements need to be 

contained regionally and per band. It is not 
necessary to provide countrywide support for ultra-
low latency to enable factory automation in very 
limited areas. All the bands, cells and nodes that 
support low-latency services are not needed all the 
time. Even the most critical low-latency service does 
not require a network that is constantly in a high-
alert state that prohibits the use of energy-saving 
rate adaptation or capacity adaptation in the RAN. 

In short, it is possible to support all services today 
and in the future (as far as we know) while 
deactivating close to 100 percent of the excess 
capabilities in a base station if the following two 
conditions are met: 

1. At least 20Mbps can be provided to an 
additional user within 100ms.

2. Any additional required capacity and rate can 
be made available within one second.

Any active but unutilized spare capacity beyond this 
is a waste of energy. 

Standardization and 6G
System design by standardization is the foundation 
that enables energy-efficient design of an entire 
network. But having a good standard is not enough – 
components and products must utilize the potential 
that the standard provides. Network management 
that includes the application of AI tools for load 
balancing and energy consumption minimization is 
also essential. To be effective, network management 
requires a good standard that enables low-energy 
and load-dependent operation, as well as products 
that utilize the energy savings that the standard 
enables.

NR is a lean standard that is already a powerful 
enabler of low network-energy usage. The most 
important thing from an energy performance 
perspective moving toward 6G is to maintain and 
extend the lean properties on which NR is based, 
such as enabling up to 160ms of transmission-free 
periods. For 6G the concept of lean design should be 
extended to better support network densification 
and even larger massive MIMO antenna arrays 

without requiring excessive spatial repetition and 
beam sweeping of idle-mode signals regarding 
synchronization, system information and paging.

Today’s NR specifications provide signaling 
support for idle-mode user equipment (UE) to see 
the full set of beams, bands and nodes that are 
configured and that can be made available in active 
mode. The need for this transparency in standards 
and products is questionable, given the energy cost 
of associated transmissions and shorter 
transmission-free periods, as well as reduced sleep 
possibilities. 

In the discussions about next-generation 
technologies, there is a tendency to allow 
requirements from one area to propagate into other 
areas, or even into all areas. The support for extreme 
capabilities – such as extremely high data rates with 
corresponding extreme transmission bandwidths, 
extremely low and predictable latency and extreme 
reliability – is important to enable the wide range of 
use cases envisioned for 6G. 

At the same time, such capabilities come with a 
cost in terms of network energy consumption. It is 
crucial that this cost is limited to the situations where 
and when the specific capabilities are required. One 
way of doing this is to prevent requirements for 
active mode from also applying to idle mode. We 
would argue that it is worth considering a stricter 
separation between active and idle mode in future 
networks. 

In addition, efforts should be made to design 
functionality so that it is self-contained, refraining 
from the reuse of signals specified for one 
functionality to support other. This may sound 
counterintuitive, but experience shows that the 
associated dependencies between different 
functionalities often prevent desirable sleep-mode 
possibilities. A prime example of this is the cell-
specific reference signals in LTE that are used for 
both active-mode demodulation of data and for idle 
mode UE cell search and mobility. This reuse results 
in a very high cost for transmitting signals in idle 
mode. 

One of the improvements we would like to see in 
6G is the ability to avoid the overhead cost of 

obtaining channel-state information (CSI) when 
there is no data to transmit. A more preamble-based 
design of the physical radio links, where 
synchronization signals and reference signals for CSI 
acquisition are transmitted together with the data 
bursts, would make the cost of all supporting signals 
(synchronization, CSI acquisition and so on) explicit. 
More opportunistic scheduling of such supporting 
signals would become more natural as a result.

The availability of more shared and pooled 
infrastructure can contribute to further lowering 
total network energy consumption. Examples of this 
include multi-radio-access technology (RAT), multi-
operator and/or multi-band operation. Although 
there already are several standardized solutions for 
operations in such scenarios, further enhancements 
are worth investigating. 

With regard to the role of AI in energy 
performance improvements, the vast majority of AI 
functionality is expected to be related to 
implementation rather than specification. However, 
standardized AI-supporting functionality related to 
observability and control that targets energy 
optimization at network level would be helpful.

As the work on 6G progresses, it is important to be 
mindful of the risks associated with introducing new 
functionality into later releases of technology 
specifications. The potential of lean design can easily 
be compromised both in standards and 
implementation, depending on how new 
functionality and the associated signaling is added. 

To summarize, 5G is already a very good standard 
that enables the implementation of low energy-
consuming behavior in mobile systems. Lean design 
can be further optimized and enhanced in 6G by 
including additional domains (frequency bands, 
beams, nodes, RATs, slices and so on). 

Conclusion
Lean design is the foundation for improving radio 
access network energy performance. The lean 
design of New Radio (NR) standard was a major 
improvement compared with Long Term Evolution 
(LTE), enabling unprecedentedly low energy 
consumption in live 5G networks. It is of the utmost 
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importance that this progress is not compromised in 
future standardization and products. 

Looking ahead, the main energy performance 
challenge will be scaling processing with traffic to 
meet the digital processing needs of high-performing 
networks with larger antenna arrays and bandwidths, 

and shorter processing requirements. In the 6G 
timeframe, we are advocates for a further reduction 
in fixed idle-mode energy usage and peak power 
requirements – changes that will enable the use of 
smaller, lighter products and support novel 
deployment solutions in 6G networks. 
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Communication service providers around the world are looking for new 
opportunities to reduce energy consumption in their networks. As a 
complement to other approaches, we have evaluated a promising new 
method: applying micro-sleeps in packet processing nodes. Micro-sleeps 
can be opportunistically applied in all idle periods, thereby saving energy 
across a wide range of traffic conditions.

LEIF JOHANSSON,  
PER HOLMBERG, 
ROBERT SKOG

There are several ways to improve the energy 
efficiency of mobile communication systems 
and reduce the amount of energy it takes to 
provide mobile broadband services.

■  As part of its efforts to reduce network energy 
consumption, a communication service provider 
(CSP) may choose to upgrade to new hardware 
(HW) that consumes less energy than the previous 
generation. It is also possible to cut energy 
consumption with the help of an advanced scale-in/
scale-out mechanism that reduces the amount of 
HW in use when traffic is low, such as during the 
night. In these conditions, some servers can be 
turned off, which results in energy savings.

Regardless of the energy-saving mechanism, 

however, it is essential to ensure there is no negative 
impact on real-time characteristics such as jitter and 
packet latency. It is also important to note that the 
correlation between Moore’s law and power 
consumption savings for each new HW generation 
has decreased.

Our latest research indicates that CSPs could save 
additional energy in their data centers by applying 
micro-sleeps in packet processing nodes. This 
approach has both lower overhead and lower latency 
than existing methods, and makes it possible to 
reduce power consumption even at high load, 
without degrading application performance. 
Because power management is implemented in 
communications libraries, it is easy to integrate into 
existing applications. 

Packet processing in communication networks
Packet processing in communication networks 
involves the application of different functions and 
algorithms to ensure that each packet can run 
through the network efficiently. It includes steps such 
as packet identification, inspection and 
manipulation.

The network packet is a fundamental component 
in a packet-switched network. It consists of three 
main parts: the header, the payload and the trailer. 
The header contains information such as the sender 
address, the destination address, the length of the 
packet and the packet sequence number. The 
payload contains the transferred data – that is, one 
part of a video, e-mail or other type of content. The 
trailer marks the end of the packet and can also 
include error detection and correction information.

The different packet processing functions  
and algorithms range from fairly simple to more 
complex ones. A basic routing function is a good 
example of simple packet processing. More complex 
packet processing functions involve the application 
of different policies, charging and manipulation of  
the packets.

User plane packet processing nodes
While micro-sleeps can be applied to all types of 
packet processing, our research indicates that they 
are particularly impactful when used in the user 
plane function (UPF).

According to its definition in 3GPP, the UPF is a 
user plane packet processing node in mobile systems 
that links the RAN to the internet (or similar data 
networks) [4]. Simply put, the main purpose of the 
UPF is to forward packets to and from the internet. 
This is often done in combination with different 
traffic optimization functions that range from pure 

Transmission Control Protocol (TCP) optimization 
to more advanced video optimization in 
combination with intelligent traffic congestion logic.

The UPF includes several complex processing 
functions such as GPRS Tunneling Protocol User 
Plane encapsulation and decapsulation. Other UPF 
functions include access control, bearer lookup, QoS 
mapping and marking. It also follows rules for 
guaranteed bitrate and maximum bitrate. Packets 
passing through the UPF are also subject to online/
offline charging – that is, the application of different 
charging policies. 

Instructions about how to process packets for 
different user equipment come from the session 
management function/policy control function. The 
processing of packets from different users occurs 
independently for the most part. All the packet 
processing functions and algorithms must meet the 
system requirement of real-time characteristics such 
as jitter and packet latency.

Kernel packet processing
The built-in, native networking support in computers 
is implemented as part of the operating system (OS) 
kernel and uses the POSIX (Portable Operating 
System Interface) socket as its standard application 
programming interface (API). 

Energy-efficient 
packet processing in 
5G mobile systems
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interaction, and all network-related interrupts are 
disabled. It is up to the application to make sure that 
packet queues and ring buffers to the NIC  are 
checked frequently for new packets. 

To avoid packet drops and reduce packet latency, 
the DPDK-based application is designed to check 
the packet ring buffer in busy-waiting mode, where 
the complete core is assigned to the application 
thread. This enables packet processing without any 
context switching or HW interruptions and minimal 
cache pollution, as the application thread is the only 
user of the core. Measurements using DPDK as a 
kernel bypass for packet processing show that 
millions of packets can be received in a single core 
and pipelined to other cores for further packet 
processing. 

Kernel-bypass packet processing solves the issue 
of how to handle packet processing at speeds of 200 
Gigabit Ethernet and beyond, but the busy-waiting 
technique of packet reception comes at a cost. No 
energy savings will be achieved if all the packet 
processing cores are 100 percent utilized in busy-
waiting mode.

In kernel-bypass packet processing, ethernet 
packets are transferred directly to the user-mode 
application memory. Power management needs to 
be performed in the user-space within the DPDK 
library. It is important to note that DPDK interacts 
with the kernel power management when changing 
core frequency [1].

Energy-efficient packet processing using DPDK
Higher data rates in packet processing have made it 
necessary to change packet processing to use DPDK 
with dedicated cores, user-mode execution and 

poll-mode drivers to remove the high overhead from 
context switches and system calls. Unfortunately, 
though, this solution is not as energy efficient as 
modern HW allows it to be. There are three main 
issues that need to be addressed:

1. The busy-waiting mode consumes more power 
than necessary when waiting for work. 

2. OS power management is slow and cannot 
utilize idle time between packets and bursts of 
packets for high-speed interfaces.

3. The busy-waiting mode in DPDK always makes 
the core appear to be 100 percent utilized, with 
no information upon which to base power 
management decisions such as scaling down at 
periods of low traffic.

To solve these issues, power management actions 
must be fast, controlled directly from the packet 
processing application and executed in user mode. 
Two developments have made this possible. Firstly, 
server processors now have support for entering 
power-saving sleep states directly from applications 
in user mode. Secondly, the latest release of the 
DPDK library includes an option to utilize these 
sleep states while waiting for new networking events, 
making it possible to avoid the problems associated 
with the busy-waiting loop [1].

User-mode sleep states
Processors have specific instructions for entering 
sleep states, waiting for events and waking up. 
Previously these instructions were only available in 
the OS in supervisor mode, but new versions of these 
instructions have become available that are safe to 
use for implementing user-mode micro-sleep states. 
They are much faster than the old instructions and 
can be implemented without OS support.

The latest instructions allow a user-mode 
program to set up an event to monitor (that is, specify 
the update in the ring buffer that the program will 
wait for), define the maximum allowed wait time and 
then enter sleep state. When the event occurs (or the 
maximum wait time expires) the program simply 
wakes up and continues executing. There is no 

In kernel packet processing, user-mode 
application programs use the POSIX socket API to 
send and receive packets, while the kernel driver/
scheduler handles the interaction with the network 
interface card (NIC). If the network is not ready (no 
packet has arrived) the kernel can decide to block 
that application while waiting. 

The left side of Figure 1 illustrates how kernel 
packet processing works, with “App” representing 
user-mode applications. In this model, the OS is 
aware of the idle time, and OS power management 
can work to save power. 

Kernel packet processing has multiple 
disadvantages. Most importantly, the high overhead 
of the OS calls and the copying of packets to/from 
the kernel space makes it hard to scale to high 
networking speeds and high packet rates. For 
example, the time between 1,534-byte packets on a 
200Gbit Ethernet is 61ns. This corresponds to the 
execution time for performing a system call, which 
does not leave sufficient time to perform the packet 

processing itself. The speed of today’s network cards 
makes kernel-packet processing challenging at best, 
and impossible at worst. 

Power management in the kernel can be 
problematic at high networking speeds. The OS 
kernel monitors and saves energy based on core 
utilization. This is a much slower mechanism that 
does not have the ability to follow the rapid changes 
in high-speed network traffic, resulting in queue 
buildups, delays and even packet drops.

Kernel-bypass packet processing
Kernel-bypass packet processing eliminates the 
kernel execution overhead by moving packet 
processing directly to the user-space, as shown on 
the right side of Figure 1. In this scenario, the OS can 
dedicate a network interface to an application such 
as the Data Plane Development Kit (DPDK), which 
can program the HW from the user-space. 

When DPDK is used, packets are received 
directly in user-space memory without kernel 

Kernel packet processing

Kernel driver/scheduler

Core 0 Core 1 Core 2 Core n Core 0 Core 1 Core 2 Core n

Power management Kernel driver/scheduler

Packet processing library

APP APP APP APP APP APP
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Hardware interrupt
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Ethernet 
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Figure 1  Kernel packet processing versus kernel-bypass packet processing

  WHEN THE EVENT 
OCCURS (OR THE MAXIMUM 
WAIT TIME EXPIRES) THE 
PROGRAM SIMPLY WAKES  
UP AND CONTINUES 
EXECUTING  
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overhead to enter OS kernel, to do context switches 
and so on.

Examples of such user-mode instructions for 
setting up an event to monitor and for entering sleep 
state are UMONITOR and UMWAIT in Intel 
processors [2] and MONITORX and MWAITX in 
AMD processors [3]. These instructions make it 
possible to save energy for much shorter idle periods 
than was previously possible. They can also be 
efficient at higher communication speeds.

DPDK integration 
Support for the new user-mode sleep-state 
mechanism has recently been added to the DPDK 
library, which makes it possible to enter energy-
saving sleep states directly in the poll loop doing 
busy-waiting of DPDK descriptor ring or rings. 

If the polls of the descriptor ring (or rings) are 
empty, an event monitor is set up and a final poll is 
done before user-mode sleep state begins. Relevant 
updates – such as an NIC or other central processing 
unit (CPU) core updates related to the monitored 
position in the ring – will be detected by processor 
HW, which will then wake up the CPU core to 
restart execution of the next instruction, continuing 
the poll. The poll loop will then detect the update. 

Figure 2 illustrates how power management is 

integrated into the DPDK. In this setup, the network 
device allocates the ring buffers and packet buffers 
in the application user-mode memory and updates 
the ring buffer with the new packet buffer point at 
packet reception. User-mode sleep state is entered 
when the ring buffer is empty (that is, the queue to 
the NIC is empty). Wake-up is triggered when the 
NIC updates the ring buffer. It is important to note 
that the proposed power management does not 
impact the application logic.
 
Observability
Processors include a measurement functionality for 
time spent executing and time spent in different 
sleep states. User-mode sleep states make the CPU 
thread utilization visible for this measurement 
functionality, and the CPU thread utilization can 
also be observed for the DPDK application. CPU 
thread utilization can also serve as input to the 
control loops for other types of power management 
(such as frequency scaling) that may be used as a 
complement to user-mode sleep states, potentially 
leading to further improvements in energy efficiency. 

Hardware offload
HW offload is a technique that transfers the 
handling of selected flows from the processor (the 

slow path) to the NIC (the fast path). This approach 
frees up the CPU core and makes micro-sleep 
technology more effective because a larger number 
of CPU cores have the opportunity to micro-sleep. 
HW offload also improves the efficiency of the 
Peripheral Component Interconnect bus and offers 
other potential benefits with regard to improving 
throughput, efficiency and latency in the system.

Processor core voltage/frequency scaling 
Scaling down CPU core voltage and frequency is a 
complementary method for achieving the best 
efficiency over longer periods of lower processing. 
There is a trade-off with user-mode sleep state, as 
scaling down also means shorter idle times. 

Since power consumption increases proportionally 
to the square of the voltage, it is favorable to scale 
down the voltage and frequency when the packet rate 
drops for a period of time. A fast and reliable 
monitoring function is needed to detect increased 
packet rates and, most importantly, packet bursts. 
The faster and more reliable the detection is, the more 
aggressively the voltage and frequency can be scaled 
down without causing negative effects and degrading 
KPI due to queue buildups that increase latencies, 
timing jitter and the associated risk of packet drops. 

DPDK provides interfaces that enable fast control 
of CPU core voltage/frequency scaling. In our 
implementation, we use a fast packet-burst detection 
in DPDK together with a control loop that maintains 
a performance margin that handles even the worst-
case burst scenarios. When there is a margin, the 
user-mode wait states offer an alternative method of 
energy saving, and we can avoid any negative impact 
on packet processing without compromising energy 
efficiency. 

Processor uncore voltage/frequency scaling
Uncore refers to the parts of the processor outside 
the actual cores – that is, the interconnection 
between the CPU cores (and other functions) and 
the interfaces on the processor that are shared and 
used by all CPUs. Scaling down the voltage and 
frequency of the uncore is a complement to energy-
saving mechanisms implemented in the core. As in 

the core, it is favorable to scale down the voltage and 
frequency in the uncore when the packet rate drops 
for a period of time. 

As the uncore is shared by all CPU cores, 
frequency needs must be coordinated between all 
cores and applications, including those outside 
DPDK, making uncore changes a slower mechanism 
than core frequency changes.

Experimental validation and results
We ran two sets of lab experiments to validate the 
user-plane micro-sleep design. In the first set, we 
generated a workload that we consider to be realistic 
and applied it to a UPF application. The UPF 
measurements showed that processor energy 
consumption decreased from 190W to 61W at low 
traffic load and from 190W to 145W at maximum 
traffic load. Beyond quantifying the potential energy 
savings in a realistic use case, our results verified that 
power-saving methods work well with existing 
communication applications.

Our second set of experiments used synthetic 
workloads that were designed to simulate extreme 
conditions. The results of these experiments indicate 
that the power-saving methods are stable and 
efficient, with negligible impact even in worst-case 
conditions. 

Energy-efficient packet processing applied  
on a user plane function
In the first set of experiments, we applied the DPDK-
based power management with micro-sleep and 
frequency scaling on an Ericsson UPF application. 
To measure the energy gain when using HW offload, 
the UPF is designed to off-load packet flows with the 
highest bandwidth to the network device.

  THE RESULTS OF THESE 
EXPERIMENTS INDICATE 
THAT THE POWER-SAVING  
METHODS ARE STABLE AND
EFFICIENT  
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Figure 2  Power management integrated into the DPDK
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As a traffic model, we used a traffic mix from our 
internal stability test. We generated the traffic using 
an external traffic generator that simulates the 
surrounding network elements. Figure 3 presents 
the results. The blue bar shows CPU power 
consumption when running the DPDK-based UPF 
unmodified at idle load, at 50 percent of the 
maximum traffic load and at 100 percent traffic load. 
The green and purple bars show the energy 
consumption when running the same traffic load 
with power management without HW offload, and 
with both power management and HW offload. 

The measurements show a 68 percent processor 
power reduction at idle load when using power 
management (the green bar on the far left in Figure 3). 
The bars for 50 percent load and 100 percent load 
with enabled power management show the 
reduction in processor power even as traffic load 
increases. 

It is difficult to perfectly balance the processor 
load and thereby enable the cores that are not fully 
loaded to sleep and save energy. In our case, 10 

percent of the energy could be saved at maximum 
traffic load (the green bar on the far right in Figure 3). 
This result will vary depending on the application 
and traffic mix.

NIC HW offload technology enables further 
opportunities for micro-sleep, leading to an overall 
24 percent reduction at maximum load (the purple 
bar on the far right in Figure 3). The amount of power 
that can be saved using HW offload will depend on 
the ability of each application to utilize it and thereby 
save processor resources. 

Synthetic benchmarks
Our proposed power management solution using 
micro-sleep and frequency scaling targets packet 
processing with an extremely low impact on packet 
latency and a fast reaction to traffic bursts. For 
example, in low-latency power management, traffic 
bursts must not cause any packet drops. The new 
user-mode sleep states enable the core to wake up 
within a few 100ns and should have minimal impact 
on the total packet latency. 

To measure the packet latency and the speed at 
which the power management functionality can 
react to traffic bursts, we used a synthetic 
benchmark where the application’s impact on the 
packet latency is reduced as much as possible when 
receiving network traffic. This enabled us to measure 
the packet latency impact when using user-mode 
sleep states and frequency scaling. The synthetic 
benchmark is also used to measure how fast the 
system can scale up the performance when receiving 
traffic bursts.

The synthetic benchmark program fetches 
Ethernet packets using DPDK, swaps the media 
access control address and sends the packet back to 
the original source. The source machine measures 
the time from the sending of the packet to the 
receiving of the packet (known as the round-trip 
delay (RTD)) including packet drops. User-mode 
sleep is used when queues to the network device are 
empty and frequency scaling is triggered when 
network traffic increases/decreases. 

Figure 4 shows the maximum measured RTD 

down to the last second, measured on the external 
traffic generator. At low traffic, the RTD is slightly 
higher when using power management (the green 
line in the bottom half of Figure 4) due to reduced 
core/uncore frequency. When traffic increased from 
27Mbit/s to 190Gbit/s, the core/uncore frequency 
changed to maximum speed using the implemented 
DPDK burst detector. The power management 
impact of the packet delay is negligible at maximum 
load (190Gbit/s). 

Our results indicate that the measured worst-case 
RTD or maximum packet jitter is not impacted, even 
if the RTD value is slightly higher at low traffic load. 
No packets were dropped during the measurements.

Conclusion
Our research clearly demonstrates that is possible to 
reduce energy consumption while simultaneously 
meeting the requirements of latency-sensitive 
applications. The latest generation of server 
processors enables fast power-saving transitions by 
entering sleep states directly from applications in 
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user mode, with no impact on important KPIs like 
jitter and packet latency. With no overhead to enter 
the OS kernel and no context switches, the central 
processing unit core simply wakes up and continues 
executing when packets arrive during user-mode 
sleep state. Because power management is part of 
the user-mode packet processing library, energy 
savings are easy to integrate and validate on existing 
Data Plane Development Kit-based applications.

The combination of micro-sleep, hardware 

offload and frequency scaling has the potential to 
lead to significant energy savings. Our experiments 
on an Ericsson user plane function show that 
processor energy consumption decreased from 
190W to 61W at low traffic and from 190W to 145W 
at maximum traffic. We also carried out experiments 
using a synthetic benchmark, which demonstrate 
that our proposed power management solution has 
no measurable impact on worst-case round-trip 
delay and worst-case packet latency. 
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Finding ways to make networks more energy efficient without negatively 
impacting QoE is critical to network operators for both cost and sustainability 
reasons. To assist in these efforts, we are exploring the potential of using 
artificial intelligence (AI) techniques to recommend energy-efficient 
configuration settings for network nodes.
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Our estimates indicate that the cost of the 
energy required to power networks 
represents between 10-30% of the network 
operating expenses of a communication 
service provider (CSP), depending on the 
specificities of its local energy market. In 
total, this expenditure adds up to 
approximately 25 billion USD per year [1].

■ Despite the many energy-efficiency solutions 
already implemented in mobile networks, energy 
consumption continues to rise in response to the 
rapid growth of both network traffic and data 
volumes. Our research indicates that additional 
energy-efficiency gains can be achieved by using 
machine-learning (ML) techniques that enable 
higher levels of automation.

ML is a type of artificial intelligence in which 
models learn patterns from data without being 
explicitly programmed. By recommending 
configuration settings that can be applied to base 
stations and other equipment, ML-based techniques 
make it possible to reduce energy consumption in 
network elements without impacting QoE. 

Access nodes are at the center of our work to 
improve energy efficiency in networks. An access 
node (often simply called a node) refers to the 
relationship between connected user devices and the 
network elements to which those devices are 
connected. Access node configuration settings 
strongly influence node energy consumption and 
potentially many observable network performance 
QoS metrics.

As configuration settings rarely change at a 

particular node, the ability to regulate node energy 
consumption requires a mechanism that enables the 
generation and evaluation of new configuration 
settings to explore their impact. To avoid generating 
configurations that may negatively impact existing 
key performance indicator (KPI) levels, new 
configurations need to be bounded by different KPIs 
that constrain the search. 

Given that some configuration settings may 
require more time than others to take effect, there is 
a need for accurate predictive models that make it 
possible to foresee when such changes can be 
applied ahead of time. This would then minimize any 
potential disruption to the network’s operation. An 
ideal solution would identify as many potential ways 

to reduce energy consumption on the current 
functionality of the network elements. 

With all of this in mind, we have developed a 
concept for end-to-end (E2E) energy optimization 
that encompasses everything from the power system 
to the nodes to the network level. Figure 1 illustrates 
our concept, highlighting the energy 
recommendation engine that is at its core. 

Data set for the energy recommendation engine 
All the data used in our work on the energy 
recommendation engine was collected from a live 
network. We primarily used performance 
management (PM) and configuration management 
(CM) data as measured in the base station, where 

Ensuring

Terms and abbreviations
CM – Configuration Management  |  CVAE – Conditional Variational Autoencoder  |  DL – Downlink  |  E2E – End-
To-End  |  GNN – Graph Neural Network  |  KPI – Key Performance Indicator  |  ML – Machine Learning  |  PM – 
Performance Management   |  PRB – Physical Resource Block  |  PSU – Power Supply Unit  |  UL – Uplink

Figure 1  End-to-end energy optimization from power system to node to network
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One of the weaknesses of conventional 
forecasting techniques such as long-short term 
memory is the inability to account for the spatio/
temporal relationship that exists between nodes. 
This is problematic because nodes are positioned 
strategically in various parts of urban or rural spaces 
and configured accordingly to serve the requests 
made by user equipment in their vicinity. 
Information about their spatio/temporal 
relationships is highly relevant in forecasting.

We have studied the possibility of combining 
graph convolution with regular 2D convolution. This 
approach combines two inputs: the adjacency matrix 
that represents the network’s topology, and the time 
series of each node for a different KPI. The network’s 
topology is constructed using geographical 
information per node. This information is then 
represented as an adjacency matrix, which captures 
the temporal aspects of each node. 

Time-series information per node is preprocessed 
to produce the corresponding input and output 
predictive window. In this case, we use 12 hours and 
learn to predict the next 12. Graph convolution and 
regular 2D convolution is interleaved to build a 
combination of the two. Our results indicate that this 
approach increases model performance in multi-site 
prediction. 

The second way that we have used GNNs in this 
project is to generate conservative recommendations for 
energy efficiency based on historical information – that 
is, we used GNNs to create a recommendation engine. 

To understand these changes, we represent the 
relationship between different nodes in a 
telecommunication network and their configuration 
sets as a graph. In graph theory, a graph is a structure 
that contains a set of objects (or nodes) that are 
connected to each other through links. A link 
between two nodes means that the two are 
associated. In this context, we consider a 
heterogeneous graph, as the objects that we connect 
are of different types. More specifically, we associate 
nodes with configuration sets, and the association is 
represented by a link between them. 

In addition, each link is labeled based on the 
efficiency of that association from an energy 

perspective as well as on the number of connected 
subscribers. For each of these elements of the graph 
we learn a representation of that, driven by its features 
such as the hardware installed or the different types of 
parameters in each configuration set. 

As a result, the problem is transformed to a link-
attribute prediction problem, where we train a 
model that learns to predict how energy efficient that 
association was. Even though this system is not 
capable of generating new configuration sets, we see 
that it is capable of matchmaking similar nodes with 
potentially similar configuration sets that can have a 
lower energy impact than the one currently used.

Conditional variational autoencoder
The high-level definition of a generative model infers 
generalized distribution of observation features that 
are confined by the constraint conditions. The 
CVAE generative model-based recommendation 
engine consists of multiple components including an 
encoder, decoder, prediction model for the target 
KPIs and a prediction model for the energy-
consumption target. 

The encoder model compresses the 
representation of the raw CM dataset into a low 
dimensional matrix, which is referred to as latent 
space. Latent space consists of points, where each 
point in a 2D latent space represents a full CM 
configuration setting that is constrained with an 
energy consumption and a KPI value. 

Due to the nature of the CVAE, the CM 
configurations with the same energy and KPI 
constraint categories are located close to each other 
in the latent space. The decoder reconstructs the 
complete configuration file, which could consist of 
many CM attributes (configuration parameters and 
settings), from the embedding representation in the 
latent space. The latent variables that represent the 
targeted KPI and energy-consumption levels are 
drawn by uniform random selection from the many 
that represent the same category of the targeted KPI 
and energy levels. The decoder then uses the input to 
generate new configuration attributes.

In deployment, we provide constraints as input to 
the decoder of the CVAE model bounded by the 

energy measurements are already part of the 
collected dataset within the PM. As a result, there is 
no need to deploy new hardware to get the data. The 
radio network performance counter data sets 
contain observations on cell performance such as 
the activity count in downlink (DL) and uplink (UL) 
directions, the utilization in the cell and units.

To ensure zero negative impact on QoE, we used 
KPIs to constrain our models. While it is technically 
possible to include additional and/or alternate KPIs 
based on operator preferences, we selected these 
five based on how they affect energy consumption:

1. Number of connection attempts to a cell
2. Average number of users in a cell
3. Throughput 
4. Latency
5. Interference.

When telecom networks are installed, they are 
typically configured with certain parameters such as 
the number of cells and the hardware unit types 
(indicating frequency bands) and so on. Possible 
reasons for a reconfiguration could be a problem 
such as a software issue or a hardware failure after 
the installation of new parts that may come from 
different vendors. Over time, subtle changes and 
different tuning may lead to different energy 
consumption levels, where, for the same amount of 
traffic, this may in some cases be positive (less 
energy consumption) while in others it is negative 
(more energy consumption).

The CM data set that we used consists of 
hundreds of configuration attributes of the sector, 
including the settings of each radio cell (such as 
frequency in DL and UL directions) and installed 
hardware types. We used this information to be able 
to recommend multiple configuration changes at 

once, rather than focusing on one at a time. 
The output of the energy recommendation engine 

consists of a set of configuration attribute changes 
for a corresponding node. The output captures the 
interplay between different nodes and 
configurations rather than focusing on isolated fine 
tuning on a per-node level, which may have an effect 
on other nodes.

Methodologies used in the energy 
recommendation engine
A content-based recommendation model requires a 
good representation of the configuration settings in 
the embedded (also known as latent) space. Such a 
representation can be hard to obtain manually due 
to the high number of configuration attributes. 

Conditional variational autoencoders [2] (CVAEs) 
and graph neural networks [3] (GNNs) are two of the 
most suitable and complementary techniques for our 
purposes, as they are both fueled by the success of 
neural networks. While a CVAE is generative and 
adversarial, helping to explore large spaces in 
bounded conditions, a GNN can act as a critic (or 
discriminator) that can suppress abnormal 
recommendations, especially when the 
recommendation model diverges too much. 

In addition to GNNs and CVAEs, we also used 
conditions to confine the new configuration settings 
under specific KPIs that should not be broken while 
new configuration settings are created. Such 
conditions may originate from domain expert 
engineers, while others can be universal or specific 
to the network that is being examined. 

Graph neural networks 
GNNs offer a straightforward way to learn from 
relational data. We use them – and graph 
convolution in particular – in two ways in this 
project: to generate conservative recommendations 
for energy efficiency based on historical information 
and to generate multi-site predictive models for 
different KPIs. Multi-site predictive models are 
essentially enhanced forecasting models that help 
operators predict performance based on KPIs that 
serve as measures of how well a network is behaving. 

  TO ENSURE ZERO 
NEGATIVE IMPACT ON QoE,  
WE USED KPIs TO CONSTRAIN 
OUR MODELS  
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Comparison of the conditional variational  
autoencoder and graph neural network
A comparison of the CVAE and GNN reveals that, 
given its generative nature, a CVAE produces new 
configuration settings. In contrast, a GNN only 
identifies potential energy savings as marked by a 
rating function. In this case, the rating function 
contains six distinct categories, each represented by 
a dot on the right in Figure 2. (While a GNN is non-
generative in the context of our research, the 
literature indicates that it can also be used in a 
generative context.)

The comparison also reveals that the efficacy of the 
CVAE-based recommendation model is dependent 
on the accuracy of multiple CM- and PM-based KPI 
and energy prediction models, which means that all 
the predictive models need to be accurate 
simultaneously. As a good side effect, this modular 
structure potentially makes it easy to troubleshoot 
during the maintenance of the model performance.

Meanwhile, in the case of GNNs, there is only one 
graph-based model and it is limited by the number of 
different configurations that are available or have 
been applied to that network. The use of a single 
model simplifies its maintenance process.

As both CVAEs and GNNs are predictive 
recommendation models, it is possible to omit any 
recommendations that are predicted to impact 
network performance and QoE in advance. Both 
models yielded configuration recommendations that 
are predicted to achieve up to 10% energy savings 
when applied.

Use-case examples 
To further increase the efficacy of our energy 
recommendation engine, we enhanced its ability to 
improve energy efficiency by applying 
recommendations in two specific use cases: radio 
signal interference detection and PSU load 
utilization, as shown in Figure 3. Both use cases 
follow the same three steps highlighted in the middle 
of the figure: 

1. Identification (localization) of nodes with the 
potential for improvement

2. Modeling of the selected nodes to understand 
their behavior and predict their states

3. Actions to improve energy efficiency 
(implementation). 

required KPI and energy values. We can use 
multiple constraints and they can be customer 
specific. The constrained energy value is set slightly 
less than the predicted energy consumption, as an 
energy-efficient synthetic CM file is expected as the 
output of the generative model. 

At the same time, we aim to sustain the KPI value. 
The predicted KPI value at a network node is therefore 
given as input to the decoder. There are two different 
prediction models for KPI and energy models: 

1. A CM-based prediction model that only uses 
CM attributes in tabular form as input

2. A PM-based prediction model that only uses PM 
counters in time-series form as input. 

The time-series PM-based prediction models 
perform 24 hours in advance to give enough time to 
deploy the desired configuration to a corresponding 
network element. Prediction results from CM and 
PM models for energy consumption and KPI 
(connected users) values performed well. This is 
important for the accuracy of the generative model 
output, as the outputs of PM-based models are used 
as inputs to the CVAE generative model together 
with the selected latent variables mentioned earlier. 

It is important to quantify the amount of energy 
saved with the generated CM configuration set 
compared with the existing planned configuration 
set. For that reason, we used a pretrained CM-based 
energy model, which only takes CM attributes as 
input features, and this model predicts energy 
consumption using purely CM attribute value 
combinations. This means it can contribute to 
estimating a mean base energy consumption value 
given a configuration.

First, the configuration generated by the 
recommendation model using the actual predicted 
energy as a constraint is given as input to a 
pretrained CM-based energy model. Next, the 
configuration generated by the recommendation 
model using a value that is lower than the predicted 
energy as a constraint is given as input to the same 
CM-based energy model. Finally, the difference 
between the two energy predictions is computed, 
and an indicative potential saving is quantified. 

We repeat the same steps on a pretrained 
CM-based KPI model to quantify the KPI impact. 
This allows us to obtain a KPI versus energy trade-
off curve as shown in Figure 2. In general, these 
curves tend to show that higher energy savings yield 
a higher negative impact on the KPI. 

Figure 2  Energy savings and KPI impact according to the CVAE model (left) and the GNN model (right)
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Figure 3  Two use-case examples – radio signal interference detection and PSU load utilization
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Use case No. 1: radio signal  
interference detection
Interference is created by a range of factors such as 
changes to the environment or having too many 
users in the same cell, especially if they are located 
close to the cell edge. It is also possible for cells to 
interfere in frequency with each other. Interference 
has a significant impact not only on QoS but also on 
power consumption. While current radio equipment 
is designed to handle interference in a way that 
avoids unwanted emissions and variable techniques 
are used to limit the interference in the network, 
radio signal interference has proven to be a 
formidable challenge to overcome completely. 

By introducing clusters and dividing the problem 
into sub-problems, our energy recommendation 
engine makes it possible to identify the nodes that 
have high interference and low energy efficiency. The 
left side of Figure 3 shows a breakdown of radio 
signal interference into four categories: non-energy-
efficient nodes with high interference, 
non-energy-efficient nodes with low interference, 
energy-efficient nodes and other nodes. The 
possibility of improving the nodes classified as other 
nodes will be addressed in the future. 

By modeling the network traffic load, consumed 
energy and interference-related KPIs, we can save 
energy by recommending action on the interference 
cells (such as locking them) to avoid the high energy-
consumption state. The cell interference parameters 
are therefore unique and connected to the network 
activity and consumed energy. 

Use case No. 2: PSU load utilization
A radio base station consists of several PSUs 
supplying power to the radio units. It is not 

uncommon for PSUs in radio base stations to be 
underutilized, as illustrated by the graph on the right 
in Figure 3. Active but underutilized PSUs may not 
be working efficiently within the operational range 
of the unit and consume more power that necessary 
due to power dissipation. It should be noted that 
PSU efficiency depends on the load. 

To identify nodes for PSU load utilization 
improvement, we clustered them according to the 
PSU load, the number of PSUs, relation to the radio 
network activity (such as the relative radio resource 
usage), the number of active users, PRB utilization 
and the number of connected users. We focused on 
PSUs with less than 50% utilization. Our research 
show it is possible to propose dynamic power-supply 
control such as putting underutilized PSUs in sleep 
mode or turning them off.  

PSU efficiency is highly dependent on the load 
that is applied on the PSU output. Setting one of 
several PSUs in a system to sleep mode enables 
savings of 1%. At the same time, the improved 
utilization and operational efficiency of the PSUs 
that remain active can provide an additional  
1% in savings. 

Conclusion
One of our core goals at Ericsson is to continuously 
improve the energy efficiency of networks. A holistic 
energy optimization approach is the best way to 
achieve overall energy savings because it ensures 
that improvements achieved at one level are not 
canceled out by increased energy use at another. Our 
end-to-end (E2E) energy optimization concept is 
driven by an energy recommendation engine that is 
powered by artificial intelligence. This solution has 
great potential for automation, with the help of 
specific interfaces that can tune the nodes directly 
without human intervention. It can be fully software 
based, without the need for additional hardware.

The energy recommendation engine analyzes 
relevant data to figure out how node configurations 
can be fine-tuned to reduce energy consumption 
without impacting QoE. Our research indicates that 
the total E2E efficiency gains (including radio 
configurations) generated by our approach can be  

up to 10% for radio cells and up to 2% for PSU 
optimization.

On top of building a generalized energy 
recommendation engine, we are also developing 
use-case-specific recommendations for different 
challenges that can be onboarded to the generalized 
engine at a later stage. In the two use cases we  
have studied so far, we used predictive models to 
find the cases where PSUs are underutilized and  
to detect interference that may cause unnecessary 
energy usage. 

  A HOLISTIC APPROACH  
IS THE BEST WAY TO  
ACHIEVE OVERALL ENERGY 
SAVINGS   

  USE-CASE-SPECIFIC 
RECOMMENDATIONS CAN 
BE ONBOARDED TO THE 
GENERALIZED ENGINE 
AT A LATER STAGE   
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Further reading
 ❭ Ericsson, AI operations and optimization, available at: https://www.ericsson.com/en/ai/operations

 ❭ Ericsson, AI in networks, available at: https://www.ericsson.com/en/ai-and-automation

 ❭ Ericsson, Energy Infrastructure Operations, available at: https://www.ericsson.com/en/managed-services/
energy-infrastructure-operations
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Terms  and abbreviations 

ADSL – Asymmetric Digital Subscriber Line | ARPU – Average Revenue per User | CAT – Category (in LTE) | 
CPE – Customer Premises Equipment | dav – Average Busy-hour Data Consumption | DL – Downlink | DSL 
– Digital Subscriber Line | FDD –  Frequency Division Duplex | FWA – Fixed Wireless Access | MBB – Mobile 
Broadband | MIMO – Multiple-input, Multiple-output | mmWave – Millimeter Wave | NR – New Radio |  
Rmin – Minimum Data Rate | TDD –  Time Division Duplex | Tx/Rx – Radio Transmitter/Radio Receiver | 
WCDMA –  Wideband Code Division Multiple Access | xDSL – DSL family (e.g. ADSL)

HÅK AN OLOFSSON, 
ANDERS ERICSSON, 
FREDRIC KRONESTEDT, 
SVEN HELLSTEN

Unlike the country-wide decisions typically 
made for mobile broadband (MBB), decisions 
about fixed broadband and targeted fixed 
wireless access (FWA) deployments tend to 
be made at the local market level, and operators 
have a critical role to play. A number of 
different drivers govern local market 
attractiveness, as outlined in Ericsson’s 
recently published FWA handbook [1]. 
 
■  We have organized the FWA market 
opportunities into three distinct segments that we 
call ‘Wireless Fiber’, ‘Build with Precision’, and 
‘Connect the Unconnected’. Each of these has 
different characteristics mainly based on the 

offering, the availability of fixed access and the 
corresponding average revenue per user (ARPU) 
that can be expected from customers [1]. The 
Wireless Fiber segment consists of those cases in 
which there is a need for very high-rate offerings and 
capacity as a direct alternative to high-end fixed 
broadband. The ambition is to provide fiber-like 
speeds and handle households’ TV needs, matched 
with a correspondingly high ability to pay. Typical 
sold date rates are 100 to 1,000+ Mbps and monthly 
ARPU levels of USD 50-100. The FWA sweet spot 
for this segment is typically suburban environments.

The Build with Precision segment is comprised of 
those cases where there is competition from 
performance-limited fixed broadband alternatives, 

Globally, there is a huge underserved market for broadband connections, with 
more than one billion households still unconnected. The growth in high-speed 
mobile broadband coverage enabled by LTE and 5G New Radio is opening 
up much more commercially attractive opportunities for operators to use 
fixed wireless access to deliver broadband services to homes and small and 
medium-sized enterprises.

LEVERAGING LTE AND 5G NR NETWORKS FOR

such as xDSL. Here, the need is for high data rate 
and capacity, with a corresponding level of ARPU. 
Typical sold data rates are 50 to 200Mbps and 
monthly ARPU levels are around USD 20-60. The 
FWA sweet spot for this segment is in suburban or 
rural villages or towns that are currently 
underserved. Some more sparsely populated areas 
are also addressable.

The Connect the Unconnected segment is made 
up of cases in which fixed broadband competition is 
virtually non-existent, and smartphones that use 
MBB are the dominant way of accessing the internet. 
User expectations of access speed are relatively low. 
Typical sold data rates are 10 to 100Mbps and 
monthly ARPU levels are around USD 10-20. Even 
though ARPU levels are limited in this segment, it 
has a FWA sweet spot that stretches from urban 
environments to rural villages, due to limited 
investment needs.

Subscriptions, data rates and consumption
The paradigms for fixed broadband and MBB are 
different, both in terms of subscription offerings and 
dimensioning. Fixed broadband subscriptions tend 
to focus on maximum data rates that are achieved 
under normal circumstances – that is, at low to 
medium load. The user traffic is often shaped so that 
it does not exceed the sold data rate. Hence, for fixed 
broadband, the sold data rate is the normal value 
that household subscribers relate to. 

By contrast, for MBB, peak rates are sometimes 
used for marketing, and normally the network 
transmits the maximum rate that the mobile device 
can handle. Monthly data buckets dominate the 
subscription paradigm, and additional monetization 
is achieved through upgrades to larger data buckets, 
all the way to unlimited data. Hence, for MBB, 
monthly data buckets are the normal subscription 
value that mobile subscribers relate to. 

wireless
access
Fixed
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It is important that both consumers and operators 
(fixed and mobile) understand this crucial difference. 
Our view is that FWA will inherit the subscription 
paradigms of fixed broadband rather than those of 
MBB. That is, households should pay for FWA on 
the basis of data rate and not be concerned about 
data consumption. 

Last-hop dimensioning
In FWA the last hop is wireless, so all the 
characteristics of a wireless network apply to the 
dimensioning. Unlike fiber, but similar to digital 
subscriber line loop length, there will be varying 
connection quality to different households. And, 
unlike fixed broadband overall, the last hop is radio 
and therefore shared, which means that speeds will 
degrade with increasing network load. All these 
characteristics must be taken into account when 
dimensioning an FWA network. Further, since 
Ericsson promotes the sharing of assets with MBB 

(when available), we recommend that FWA is 
brought into general RAN dimensioning. 

Note that for fixed broadband, FWA and MBB 
alike, there is transport aggregation above the last 
hop, which is dimensioned according to standard 
principles and can also contribute to a varying user 
experience. 

In short, while FWA will inherit the subscription 
paradigm of fixed broadband, due to the radio 
properties of the last hop to households, it must use 
modified dimensioning methods and terms from the 
MBB paradigm. 

Figure 1 illustrates a typical FWA analysis flow. It 
starts with input on the subscription and offering, 
including dimensioning criteria, which triggers a 
selected, maximally efficient network design that 
depends on the offering ambitions and network 
starting point. A business case can be calculated by 
balancing the resulting cost items of the deployment 
with the extra revenues foreseen. 

 FWA toolbox
An existing mobile radio network, normally 
designed for voice and MBB, is an excellent base for 
offering an FWA service. Depending on the radio 
network starting point and the operator’s ambitions 
for FWA, there is a toolbox available to make the 
network capable of handling a combination of voice, 
MBB and FWA.

These tools fall into three main categories: utilize, 
add and densify. The particular needs of each local 
situation can be met by deploying a well-planned 
mix of these tools.

Utilize existing radio network assets
The ability to utilize existing radio network assets is 
a fundamental advantage that sets mobile operators 
apart from start-ups or greenfield competitors in the 
FWA market. However, the advantage is only fully 
realized if all relevant RAN assets are efficiently 
combined for voice, MBB and FWA. If the operator 
chooses not to utilize existing assets built for voice 
and MBB, the number of economically viable local 
areas for FWA will be smaller, and the operator risks 
facing unnecessary competition with standalone 
FWA providers.

The radio network assets that should be utilized 
include existing radio sites, spare capacity in 
deployed spectrum (including associated 
equipment), and acquired but undeployed spectrum. 
Existing radio sites are critical assets, whether they 
are operator-owned or rented. The ‘tool’ of utilizing 
existing sites is not used by itself, but in combination 
with other actions to make those more cost-efficient. 
Spare capacity in deployed spectrum and associated 
deployed radio, baseband and transport network 
equipment is quite common in FWA target areas, 
and making use of it requires no new capital 
expenditure. Acquired but undeployed spectrum is 
also common in FWA target areas, which makes 
radio deployment in new bands possible without the 
cost of acquiring new spectrum. The geographical fit 
for FWA is excellent, since FWA targeted areas are 
often suburban and rural, where unused spectrum is 
most prevalent.

Add radio network capabilities
In an MBB RAN, radio capabilities are continuously 
added to handle more traffic, more customers and 
better app coverage. To handle FWA as an extra 
service, some of these additions may have to be made 
sooner to achieve a combined network with 
sufficient capabilities. 

An existing mobile operator has the significant 
advantage of being able to add the following radio 
network capabilities and co-finance them for MBB 
and FWA: 
•  Spectrum – upcoming wide spectrum bands in 

3-6GHz and millimeter wave (mmWave) open up 
potential for providing high data rates and 
capacity, benefiting both MBB and FWA

•  Higher-order modulation, multiple-input, 
multiple-output (MIMO) and beamforming – 
offering the potential to squeeze out the most from 
each spectrum band

•  FWA-tailored software features – to enhance 
performance for FWA users and to provide 
adequate quality to MBB and FWA in shared 
deployments

•  Additional sectors on existing sites
•  5G New Radio (NR) access – designed for low 

latency and for wide spectrum bands, creating an 
excellent overall network together with LTE. 

Densify the radio network grid
When the ‘utilize’ and ‘add’ tools have been used to 
their full potential, densification can offer further 
gains. In these cases, MBB enhancements tend to be 
necessary as well, so the upgrade needs of MBB and 
FWA should be considered together and the 
densification of the network should be co-financed. 

The two options for densifying the radio network 
grid are macro site densification and small cell site 

Figure 1: FWA deployment analysis flow
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densification on poles. Macro site densification is an 
opportunistic approach: where new macro sites can 
be found, such opportunities can be taken. Small cell 
site densification on poles may be necessary if the 
macro grid is sparse and performance requirements 
are high. 

Spectrum sharing across MBB and FWA 
Sharing spectrum across FWA and MBB enables 
significant gains in overall spectral efficiency 
because higher utilization is possible with one 
‘bigger pipe’. This is explained by the trunking gain 
effect, which has been known and used in mobile 
systems since their infancy, all the way from voice 
channel capacity to LTE carrier aggregation for 
MBB. It is also applicable to FWA. 

The logical consequence of this is that spectrum 
assets should be shared as one pool, employing 
carrier aggregation for LTE and dual connectivity 
for LTE/NR to ensure that all resources are utilized 
to the maximum, while securing good user 
experience for both MBB and FWA. Quality across 
both services is ensured through existing software 
features such as RAN slicing. 

By contrast, any artificial split of spectrum 
resources for different services would result in 
under-utilization of the spectrum assets.

Performance differences of FWA CPE types
Using FWA to deliver broadband services requires 
new FWA customer premises equipment (CPE), 
from simple indoor nomadic devices to fixed 
outdoor-installed units, provisioned through 
standard device retail or new methods. A CPE 
management system is likely to be needed to manage 
CPE in the fixed broadband sense – enabling the 
operator to log in to the devices, configure them and 

check status remotely. Converged operators have the 
choice of reusing the fixed access CPE management 
system or deploying a separate one for FWA. Both 
CPE and CPE management systems are separate 
network entities that generally have limited 
integration with cellular networks, meaning that the 
operator can acquire best-of-breed products and 
expect them to work using standard protocols. The 
biggest difference between the CPE alternatives is 
the ability to achieve promised service levels, 
especially during busy hours. 

An outdoor CPE provides the best performance, 
as it has a built-in directional antenna (3.5GHz, 
10-14dBi) and is installed with a predictable radio 
link quality to the selected base station. The typical 
antenna configuration has two Rx antennas, but 
devices with four Rx antennas are also available. The 
normal transmission mode is rank-2 MIMO, as the 
modem is expected to be installed with good line-of-
sight. Most outdoor LTE devices support CAT 6 and 
20+20MHz carrier aggregation but more advanced 
devices up to CAT 16 support are also available. 
Inter-band carrier aggregation between FDD and 
TDD is especially useful, as services can be started 
on existing FDD bands and later expanded as FWA 
subscribers and traffic increase.

A correctly installed outdoor CPE is directed to 
the best-serving cell, leading to a lower path loss and 
increasing the value of mid-band and mmWave TDD 
spectrum. The large gain in signal quality is a result 
of the 10dB difference in antenna gain and the 
avoidance of 10-15dB in wall/window attenuation 
losses suffered by indoor devices. Another contributor 
to signal attenuation for indoor devices is the deep 
indoor loss, as the device is likely to be placed in a 
hidden location or to provide optimum Wi-Fi coverage. 
This could contribute another 5dB in path loss. 

Whereas an indoor CPE is comparable to a 
smartphone in terms of spectrum efficiency, an 
outdoor CPE is two to three times more efficient. To 
put it another way, for the same data consumption, 
around two to three times as many households can 
be served using outdoor rather than indoor units – or 
two to three times as much spectrum would be 

needed to serve indoor-only FWA households. A 
final advantage of outdoor CPE is that the relative 
performance difference between the best, median 
and worst five-percentile users is significantly lower.

In terms of performance, indoor CPE units 
normally start with CAT 6 capabilities of up to 
300Mbps. More advanced devices could support 
CAT 16 up to 1Gbps and offer rank-4 MIMO. More 
advanced CPE architectures are also being 
discussed, such as a split design, where an outdoor 
window antenna is connected to an indoor unit via 
induction through the window glass.

Case study: the country town
The country town example represents a market 
within our Build with Precision segment, 
characterized by relatively mature LTE MBB and 
decent fixed broadband offerings, complemented by 
terrestrial or satellite broadcast services to meet 
households’ linear TV needs. The typical monthly 
ARPU for MBB is around USD 20, and the 
predicted willingness to pay is USD 40 for a 
dedicated household FWA internet service with a 
sold rate of 50-200Mbps and unlimited data.

The operator uses the following as the basis for 
dimensioning the system: 
•  The network should be designed to be able to 

connect at least 30 percent of households. In 
contrast to the extensive upfront investments 
required in a fiber deployment, the ability to 
design and invest for a limited market share from 
the beginning and expand later as the subscriber 
base grows is a useful property of FWA. 

•  There is no ambition to offer IPTV over FWA, as 
household TV needs are assumed to be served by 
satellite or terrestrial access. 

•  The dominant use case is meeting all the 
households’ internet needs.

•  For video streaming support, households should, 
when needed, experience at least a minimum data 
rate (Rmin) of 10Mbps even during busy hours. 
This corresponds to one high definition TV video 
stream, with some margin, or a combination of 
multiple standard definition TV streams.

•  Based on the operator’s experience from similar 
FWA areas, the average household’s consumption 
during busy hours is 0.9GB/h, corresponding to an 
average data flow of 2Mbps during busy hours. 
With the assumption that 10 percent of data is 
being consumed during busy hours, this would 
correspond to 270GB per month. 

Network starting point
Coverage is provided by a macro network with 
three-sector sites and an inter-site distance of about 
1km. The operator has access to six FDD bands: 
three bands below 1GHz (typically 700, 800 and 
900MHz), and three bands in the 1-3GHz range 
(typically 1,800, 2,100 and 2,600MHz). The MBB 
traffic in this area is handled using a subset of the 
available bands. The majority of smartphones are 
LTE-capable, and there is also GSM and WCDMA 
coverage to handle simpler phones. A typical macro 
site has two LTE carriers (800 and 1,800MHz) as 
well as a WCDMA carrier in the 2,100MHz band, 
and a few GSM carriers in the 900MHz band.  

High-level analysis [2] has shown that the 
deployed LTE capacity in western and central 
Europe is less than 40 percent utilized, given the 
LTE smartphone subscriber density in the area. This 
means that there is spare radio capacity that can be 
utilized by FWA. 

Overall solution
We recommend utilizing the existing sites, radios 
and baseband deployed to provide MBB, and 
sharing these resources across FWA and MBB 
users. Current deployments have spare capacity 
both in LTE carriers and in baseband units.  
In addition, we recommend utilizing the acquired 
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but undeployed band below 3GHz (such as 
2,600MHz), with a new 2 Tx/Rx radio, together with 
the existing LTE bands by means of carrier 
aggregation for both FWA and MBB. Carrier 
aggregation improves peak speeds as well as 
coverage for both services. The left side of Figure 2 
shows the spectrum use of the FWA deployment at 
this first step deployment. A RAN slicing feature can 
be applied to ensure that there is no negative impact 
on MBB services (and vice versa) during peak 
loading as a result of FWA and LTE users sharing 
the same carriers. 

There is no need to densify the network in this 
case. With regard to CPE choices, we suggest using 
high-end 4 Rx outdoor (roof-top mounted) CPE, as 
FWA speeds need to be high in this case to compete 
with xDSL services in the area. Indoor CPE may be 
deployed as a complement for households where 
their performance is acceptable.  

Performance analysis
Although MBB and FWA services share spectrum 
in the country town case, to simplify the presentation 
of the performance analysis, our evaluation only 
shows FWA. Further, we have chosen to focus on the 
downlink (DL) because the FWA traffic (and 
broadband traffic in general) is DL-heavy and so 
capacity is DL-limited.

The performance is illustrated in Figure 2. The 
experienced DL data rate for a specific household 
depends on its location, as with xDSL services, and 
may be up to 270Mbps in this scenario. An average 
household would experience around 225Mbps at 
low system load. This could be used as the sold data 
rate to a typical customer.  

Note however that, unlike MBB, where users 
move around and experience both good and bad 
radio environments, in this scenario the CPE is fixed 
and variation in the radio environment is smaller, 

meaning that households with worse radio 
environments will likely always have worse than 
average data rates. In this scenario, the five percent 
worst-performing households experience close to 
175Mbps at best. Therefore, it may be worth 
considering having different subscription categories; 
it may not be possible for all households to subscribe 
to the higher service level.

To dimension the system, the Rmin is set to 
10Mbps. This means that the five percent worst-
performing households should experience at least 
10Mbps DL data rate during busy hours. This results 
in a capacity of 300Mbps, or 135GB/h, per site. As 
long as the total traffic in all three sectors does not 
exceed 300Mbps, the Rmin requirement will be 
fulfilled. 

Assuming there are 500 households per square 
kilometer, and an inter-site distance of 1,000m, an 
FWA market share of 30 percent corresponds to 

some 130 households per site. At 135GB/h capacity, 
this market can be served with an average busy hour 
consumption of slightly above 1GB/h – that is, above 
the dimensioning target of 0.9GB/h (2Mbps). In 
addition, MBB will benefit from the additional 20MHz 
spectrum, for example in terms of increased peak rates.

Solution evolution
It is important that the solution is future-proof and 
can evolve to handle more connected households 
and higher demand per household over time. To 
provide higher capacity and cope with greater 
demands, operators can acquire and add a new TDD 
band above 3GHz (such as 3.5GHz) using 8 Tx/Rx 
advanced antenna system radios. The multi-user 
MIMO feature can be activated to provide 
additional capacity. Figure 3 illustrates how 
additional capacity can be provided in several 
evolution steps. 

Figure 2: Performance and spectrum use of FWA deployment step 1
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Figure 3: FWA deployment solution evolution to steps 2-4: spectrum use and performance
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Initially, the system is dimensioned to serve 30 
percent of households with an average busy hour 
consumption of 1GB/h. The area of the graph in 
Figure 3 marked as Step 1 indicates the possible 
combinations of percentages of households and 
average busy hour consumption for this solution. 

The area of the graph that is marked as Step 2 
indicates the capacity provided by an additional 
20MHz. This shows that the system can serve a 
customer base of 30 percent with an average busy-
hour consumption of 1.9GB/h. Alternatively, the 
higher capacity can be used to serve an increased 
market share (up to 58 percent) with an unchanged 
average busy hour consumption.

Increasing the bandwidth with another 20MHz of 
TDD spectrum provides a system capacity 
represented by the area marked Step 3 in the graph. 
This will serve 30 percent of households in the area 
with an average busy-hour consumption of 3GB/h. 
Again, the higher capacity could instead be used to 
serve an increased market share with an unchanged 
average busy-hour consumption, or a combination of 
increased market share and increased average 
consumption.

Finally, Step 4, the darkest grey area of the graph 
in Figure 3, indicates what can be achieved when a 
total of 60MHz of TDD spectrum is added beyond 

Further reading
〉〉  Ericsson Technology Review, Fixed wireless access on a massive scale with 5G, 2016, Furuskär A; 

Laraqui, K; Nazari, A; Skubic, B; Tombaz, S; Trojer, E, available at:  https://www.ericsson.com/en/reports-
and-papers/ericsson-technology-review/articles/fixed-wireless-access-on-a-massive-scale-with-5g
〉〉    Ericsson ConsumerLab, Connected homes, June 2015, available at: https://www.ericsson.com/assets/

local/news/2015/6/ericsson-consumerlab-connected-homes.pdf
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Step 1. Assuming a 30 percent market share, an 
average busy-hour consumption of up to 4.1GB/h 
can be met (outside graph range).

In summary, by using the FWA toolbox and limited 
initial investments, and then adding TDD spectrum 
as needed, the chosen deployment is able to support 
high data rates and consumption immediately at 
launch. Then, through a series of smooth solution 
evolution steps, capacity can grow to more than four 
times the initial offering.  

Conclusion
The large number of underserved households around 
the world represents a profitable FWA growth 
opportunity for current 3GPP operators. Mobile-only 
operators can explore a new business opportunity 
with FWA, and converged operators can add FWA 
as a complement to their fixed broadband strategy 
for certain locations as a more cost-efficient solution 
with faster time to market. Segmented solutions are 
needed, with subscriptions and dimensioning based 
on fixed and mobile paradigms. We believe that the 
best way to deliver future-proof broadband solutions 
is based on the evolution of LTE and 5G NR, and 
that the most promising approach is shared 
investment using the same ecosystem, assets and 
spectrum bands for both MBB and FWA. 
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