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Mobile communications can contribute to the United Nations Sustainable Development Goals (SDG) by offering
pervasive connectivity to improve the efficiency of human society. However, it must also achieve this in a sustainable
manner. Through direct and indirect incentives, these measures should stimulate the development of new technologies
natively designed with carbon footprint reduction as a key objective.

Now approaching its 6G generation, mobile communications is anchored deep at the heart of our digital society, and as
such uses a considerable, and increasing amount of energy to fuel the growing demand for mobile data to anincreasing
number of devices. Now more than ever investigations into opportunities and innovations in sustainability much be
committed, which will contribute to our society’s transformation towards carbon neutrality.

This white paper focuses on two directions for a sustainable 6G system design: energy efficiency and carbon-awareness.
Energy efficiency ultimately aims at minimizing the overall electricity needs of the 6G system, while additionally, a
MediaTek study shows that carbon-awareness could enable reducing and limiting the carbon footprint of the 6G system.

To set the foundation of our study, this white paper first reviews the latest trends in carbon neutrality regulation and
investigates the possible carbon-awareness scenarios. Potential solutions for energy-efficient radio access and carbon-
aware network operation are then introduced.

While MediaTek has a long relationship with the global telecoms industry and is deeply committed to standard’s bodies
like 3GPP. MediaTek's sustainability commitments are issued as part of its annual ESG report, and it aims to work in
partnership with the industry ecosystem to promote wider sustainability objectives. The overall objective of this white
paper is to inspire the development of a 6G system that is both energy-efficient and carbon-aware, enabling precise
carbon footprint management and reduction, both of which are essential steps towards carbon neutrality and the
sustainability of future society.
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The telecom sector is enabling wireless connectivity on a global scale, thereby accelerating our society’s digital
transformation. At the same time, the number of connected devices continues to increase, and connected applications
continue to consume more data, which both lead to increased energy use [1]. To meet the Paris Agreement's climate
goals, the ICT industry, therefore, ought to adopt sustainable networks and practices.

MediaTek, a global leader in smartphone platforms, communications technologies, and future-looking cellular
innovations (6G), is committed to environmental responsibility, focusing on green communication networks, energy
conservation in all areas of an ecosystem, and an eco-friendly supply chain. These efforts reflect MediaTek's
comprehensive sustainability strategy, integral to its core values. The company aims for net-zero greenhouse gas (GHG)
emissions by 2050, targeting reductions in Scope 1, 2, and 3 [2], in line with global sustainability objectives [3][4][5].

Human-induced GHG emissions from fossil fuels combined with deforestation are accelerating climate change across
the globe. Unified global efforts are both urgent and essential to reduce GHG emissions, adapt to changes, and promote
sustainability to protect our planet and its biodiversity. Key international frameworks like the Kyoto Protocol and Paris
Agreement are instrumental in this fight.

The Kyoto Protocol [3], established in 1997 under the United Nations Framework Convention on Climate Change
(UNFCCC), mandates developed nations (Annex | Parties) to reduce emissions below 1990 levels during specified
commitment periods, with the inaugural period covering 2008 to 2012, aiming to stabilize atmospheric GHG levels and
prevent hazardous climate impacts.

The 2015 Paris Agreement [4], building on the Kyoto Protocol, seeks to cap global warming at well below 2 degrees
Celsius, with aspirations to keep it under 1.5 degrees Celsius. It introduces Nationally Determined Contributions (NDCs),
where countries voluntarily outline their climate actions, fostering transparency and joint efforts to curb climate
change.

Carbon neutrality has become a key strategy post-Kyoto and Paris Agreements. Net-zero emissions, in which the carbon
emitted into the atmosphere and the carbon removed from the atmosphere are in balance, results from combined
efforts in emissions reduction and offsetting methods like afforestation and carbon capture. All industries, including
telecom, need to strive for carbon neutrality to effectively tackle climate change.

The UN's Sustainable Development Goals (SDGs) [5], established in 2015, comprise 17 goals to tackle global challenges
and foster a sustainable future. The implementation of the Paris Agreement is further interconnected with specific
SDGs, including sustainable cities, clean energy, climate action, and innovations as outlined below.

« Goal 7 - Affordable and Clean Energy: This goal aims to provide universal access to affordable, reliable, and
modern energy, prioritizing renewable sources to cut carbon emissions.

» Goal 9-Industry, Innovation, and Infrastructure: It targets resilient infrastructure, sustainable industrialization,
and innovation, advocating for cleaner, energy-efficient technologies to lower industrial carbon emissions and
advance low-carbon manufacturing.

« Goal 11 - Sustainable Cities and Communities: The focus here is on developing sustainable urban areas,
enhancing public transport, and boosting building energy efficiency, which collectively reduce carbon
emissions by curbing private vehicle use and promoting renewables and better waste management.

» Goal13 - Climate Action: This goal calls for cutting GHG emissions, increasing resilience to
climate hazards, and securing climate action funding. It underscores the integration of climate change into
policymaking, climate education, and global cooperation to combat climate change effectively.
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Studying new carbon neutrality regulations, such as carbon pricing and reporting, can potentially drive the telecom
industry towards SDG 13’s climate action goal. Carbon pricing, on one hand, assigns a cost to emissions, motivating
businesses and individuals to switch to low-carbon options and sustainable practices. This market-based approach
puts a cost on energy use, not just on data and service, and drives the shift towards sustainability. Carbon reporting
regulations, on the other hand, mandate that organizations disclose their GHG emissions, enhancing transparency and
accountability. These regulatory measures are instrumental in fulfilling SDG 13 objectives.

Vehicle productionis energy-intensive and involves substantial raw material use, while vehicle operation predominantly
burns fossil fuels. The ZEV program, pioneered by the State of California, mandates automakers to produce a set
minimum number of ZEVs to meet emission targets. Exceeding these targets generates credits, which can be in turn
sold, incentivizing ZEV development and aiding compliance.

Renewable Energy Certificates (RECs) are intended to enable industries to demonstrate and guarantee their use of
renewable energy and, in turn, to stimulate customer adoption and generate return on these investments. Each REC
represents one megawatt-hour of renewable energy added to the grid, certifying emission reductions. Organizations
buy and retire RECs to offset their carbon footprint and promote renewable energy use.

The outcomes associated with ZEV credits and RECs show the potential of incentive-based regulations to gently steer
industries towards innovative practices and lower emissions. Considering the widespread nature of emissions, a more
widespread embrace of such regulatory measures could play a significant role in creating a global effect. Exploring
analogous approaches within the ICT sector may offer advantages in the global endeavor to address climate change.

Carbon pricing is another strategy for environmental sustainability, assigning costs to carbon emissions to encourage
reductions and support a low-carbon economy. Carbon credits and carbon taxes are the primary methods of carbon

pricing.

Carbon credits facilitate emissions reduction by allowing the trade of emission allowances, where each allowance
grants the right to emit a certain amount of GHGs. This creates a carbon market, promoting emissions cuts and cleaner
technologies. There are two types of carbon markets:

- Compliance Carbon Market: This market enforces government regulations, where entities trade carbon credits
to comply with emission caps. Selling surplus permits incentivizes reductions, with prices driven by supply and
demand, as seen in the European Union Emissions Trading System [6].

« Voluntary Carbon Market: Here, credits are traded without a regulatory mandate. Companies and individuals
buy credits voluntarily to offset emissions or support sustainability efforts. The Gold Standard [7] is a notable
example, ensuring project integrity and sustainable development. This market allows entities to surpass legal
requirements for carbon neutrality.

Carbon taxes are levies imposed by governments on carbon emissions to discourage and reduce fossil fuel use. For
instance, the British Columbia Carbon Tax in Canada taxes fossil fuel consumption to encourage cleaner energy and
efficiency. Tax revenues can fund renewable energy investments, climate mitigation, etc.

To prevent carbon neutrality setbacks, the European Union is introducing a carbon border adjustment mechanism
(CBAM) to balance competition between domestic industries facing carbon pricing and those in countries without such
policies. By taxing the carbon content of imports, the EU aims to prevent carbon leakage and promote fair competition
and global climate action.

Effective carbon reporting is essential for implementing carbon taxes, providing institutions/governments with a
clear picture of organizational carbon footprints. Carbon reporting involves measuring, quantifying, and disclosing an
organization's emissions, pinpointing emission sources, collecting data, and standardizing reports. This process helps
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organizations understand their impact and strategize emission reductions to meet sustainability objectives. The GHG
Protocol offers a framework for classifying emissions into Scope 1, Scope 2, and Scope 3 emissions [8]:

» Scope 1emissions: Direct emissions from sources an organization controls, such as on-site fuel combustion and
company vehicles.

« Scope 2 emissions: Indirect emissions from the consumption of purchased energy like electricity, steam, or
heating, produced externally but used by the organization.

- Scope 3 emissions: All other indirect emissions not under direct control, including value chain activities
like emissions from procured goods and services, employee commuting, business travel, and end-user product
consumption.

For example, the UK's Streamlined Energy and Carbon Reporting (SECR) framework mandates large companies to
report energy use, GHG emissions (including Scope 1, Scope 2, and select Scope 3), and energy efficiency actions in their
annual reports. California has also enacted climate disclosure laws requiring public carbon emissions and climate risk
reporting, encompassing Scope 1,2, and 3 emissions.

The telecom sector, as a major electricity consumer, should balance service provision with the pursuit of carbon
neutrality. With the advent of carbon neutrality regulations, telecom companies must navigate the financial impact of
carbon taxes on their energy use and operational costs, while also addressing the carbon footprint of their products and
services. Carbon neutrality in telecom requires detailed carbon footprint reporting from all parties, aiming to reduce
GHG emissions across the entire value chain, including users/devices, network infrastructure, data centers, and supply
chains. Full engagement from all telecom industry members is essential to reach carbon neutrality goals [3][4][5].

The telecom industry faces distinct challenges as carbon neutrality becomes a regulatory focus:

« Telecom operators are tasked with reducing the carbon footprint of their networks. The energy consumed
to operate these networks not only yields high energy bills to operators, but also additional costs incurred by
the introduction of carbon taxes [9]. Thus, an incentive is provided for operators to operate networks that are
not only more energy-efficient, but at the same time less carbon-emitting. A comparable situation also applies
to operators of data centers, who, like telecom operators, are central to our digitized society.

« Network, device, and chip vendors should consider carbon neutrality across product lifecycles,
from manufacturing to disposal. This involves minimizing energy use, optimizing energy efficiency of product
operation, and extending product lifecycles.

» Users of telecom services can also influence the industry's carbon footprint by how they use the services being
offered. Adopting energy-conscious practices, like powering down unused network equipment and devices, as
well as using energy-efficient settings, can aid sustainability efforts.

In order to comply with emerging carbon pricing and reporting regulations, stakeholders in the telecom industry will
be required to measure and account for their carbon footprint in accordance with the GHG Protocol [8]. This involves
analyzing both direct and indirect emissions across all scopes (Scope 1, 2, and 3) to develop effective strategies for
reducing carbon emissions. Collaboration among stakeholders in mobile communication system design is crucial to
achieving carbon neutrality, and this requires a close examination of emissions within the industry, including Scope 1,
Scope 2, and Scope 3, to align efforts and work collectively towards the goal.

Figure 1-1illustrates the main GHG emission sources in mobile communication systems, highlighting the energy use
of networks and devices as focal points for carbon reduction in 6G systems. Telecom operators' network energy
consumption is categorized under Scope 2 emissions, while network vendors account for it within Scope 3; additionally,
when telecom operators sell mobile devices, the subsequent usage emissions are also part of their Scope 3.Subscribers'
Scope 3 emissions include emissions from their use of communication services, and the use of communication devices
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contributes to both subscribers' Scope 2 and device/chip vendors' Scope 3 emissions.

The progression to 6G technology demands a concerted effort from all telecom industry players to not only reduce
their operational Scope 1and 2 emissions but also to collectively diminish total Scope 1+2+3 emissions.

Telecom Operators Telecom Subscribers (Consumers, Verticals)
» Scope 2 (Network energy consumption) « Scope 2 (Device energy consumption)
» Scope 3 (Use of sold devices) »  Scope 3 (Use of subscribed services)

6G System Operational

Carbon Emissions

7 \

Network Vendors Device/Chipset Vendors
+ Scope 3 (Use of sold network infra) «  Scope 3 (Use of sold devices/chips)

Telecom Industry Joint Goal:
Collaboration on Sustainable 6G System Design

Figure 1-1: A Comprehensive View on 6G System Operational Carbon Emissions

With mobile networks already energy-intensive, the expected around 2.5-fold data traffic surge by 2029 [10], compared
with 2024, suggests a potential significant rise in energy use and carbon emissions. Achieving energy efficiency
and emissions reduction is thus imperative for the telecom sector, for existing and future deployments of existing
generations and is also a key focus for the development of 6G. Transitioning from 5G, 6G's sustainable deployment
requires holistic planning throughout the entire system, including network infrastructure and mobile devices, and
needs to be a key objective of the end-to-end design from the start.

Telecom operators are increasingly concerned over the environmentalimpact and energy consumption of their network
resulting from the increase in data demand. The imposition of carbon taxes by governments adds to the financial burden
of telecom operators, particularly through electricity price increases related to carbon emissions. Towards meeting
net-zero emissions goal, the telecom industry, in particular the wireless industry is motivated to enhance the energy
efficiency and overall sustainability of their communication systems.

For network operators and vendors in particular, primary incentives lie in the reduction of their Scope 2 and Scope 3
emissions and in addressing rising electricity costs and carbon taxes.

For chip vendors and device vendors, core motivations are inimproving user experience through better energy efficiency
and in reducing Scope 3 emissions. The computational capability that can be supported within a given chip area/
size has continued to increase over time. Chip power consumption trends for distinct components [11], such as active
data processing-related dynamic power, remain generally stable; the foremost challenge remains improving energy
efficiency for data communication to minimize the carbon footprint.

However, it is important to note that power-saving technologies, particularly over the radio interface, are typically a
fine balance between device and network support and usage. For example, even if a device supports many
power-saving technologies, these may not always be fully utilized depending on network support and usage. It should
alsobe ensured that any such technology should contribute to a net sustainability improvement of the overall system —
said otherwise,animprovement ona particularcomponent should notresultinagreater degradation of the performance
of other components. Therefore, cooperation between device/chip vendors, network vendors, and telecom operators is
essential. For 6G, considerations for joint network and device energy saving need to be incorporated from day one.
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Electricity is typically generated from a mix of renewable and non-renewable energy sources, such as gas, coal, and
wind energy, each with varying levels of carbon emissions. Amidst efforts to curb these emissions, the shift towards
renewable energy is gaining momentum. Telecom operators are at the forefront, actively increasing their use of
renewables to cut down on fossil fuel dependence and shrink their carbon footprint. For example, major operators
like ATET have made significant investments in renewable energy, such as installing solar panels on their network
infrastructure, to generate clean and sustainable electricity for powering their operations [12]. Carbon intensity, which
measures emissions per unit of energy (e.g., gCO2 per kW-h), is an indicator of the environmental impact of network
operations, where lower values represent a higher proportion of renewable energy usage.

Carbon reporting regulations act as a catalyst in fostering carbon awareness within networks operated by telecom
operators, going beyond a mere understanding of a network's carbon footprint to provide valuable insights that could
enable identifying and deploying efficient strategies to reduce carbon emissions reduction strategies in networks
during operation. While renewable energy usage can diminish the carbon footprint of existing networks, the current
lack of suitable tools for tracking and evaluating a network's carbon footprint with sufficient granularity could hinder
the potential for optimization of renewable energy use.

The availability of detailed carbon intensity information within a power grid has a significantimpact on the granularity of
carbon awareness, particularly concerning the deployment of renewable energy. As shown in Figure 1-2, a base station
with self-sustaining solar and wind power capabilities can operate independently by generating renewable electricity
on-site, whereas a data center relies on a comprehensive power grid that consolidates electricity from various extensive
energy sources. This means that the base station can acquire site-level carbon intensity information, while the data
center receives such information at a broader regional level.

20y- « D) rl
+ Granularity - r 1
¢

Base Station Data Center

d
N

Figure 1-2: Granularity of Carbon Awareness

The carbon awareness granularity varies depending on the power grid in use. Macro grids, covering expansive geographic
areas and extensive energy networks, typically exhibit a coarser level of carbon awareness due to their scale and
complexity. In contrast, micro-grids display relatively finer carbon awareness granularity compared to macro-grids but
coarser compared to pico-grids, while pico-grids, serving localized and smaller-scale energy distribution, demonstrate
fine-grained carbon awareness with a detailed understanding of carbon emissions and renewable energy utilization at
a local level. Different levels of granularity of carbon awareness can be applied by specific segments of the telecom
network, depending on the geographical scale of power grids, as outlined in Table 1. In addition to spatial considerations,
the granularity of the temporal dimension for carbon awareness is equally crucial. While fuel energy is consistently
available, solar power is more abundant during daylight hours and wind power availability varies throughout the day
and across different seasons.

Analyzing temporal granularity enables a deeper understanding of these patterns, facilitating the optimal utilization
of renewable energy sources in alignment with their availability, ultimately contributing to reduced environmental
impact. Such carbon intensity data facilitates coordinated optimization at various network levels, such as RAN, core
network, and data centers, leading to reduced emissions through efficient matching of load and power distribution
based on renewable energy availability. As detailed further in Sections 3.3 and 3.4, this allows for various degrees of
carbon-aware load balancing, spatially ranging from the cell level to the task level and even up to the slice level, and
temporally whenever the renewables are plentiful.
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Table 1: Carbon Awareness Granularity Across Telecom Network Segments

Carbon Awareness Granularity Power Grid Geographical Assumption Telecom Network Segments

State/Country-level Renewable energy sources often sparser | Entire Network
in distribution, integrated into the grid to
contribute to the overall energy supply.

Region/City-level Renewable energy plants can supply | Per Area Basis (incl. Core
electricity to a dedicated region by [ and/or RAN)

harnessing and storing the generated
energy in storage systems.

Site-level Dedicated renewable energy can be | Per (Hardware) Node Basis
directly fed into the respective facilities | (Core, RAN)

The focus of sustainable communication lies in optimizing energy efficiency and maximizing adoption of renewable
energy sources [13]. This transition requires addressing design and operational aspects to reduce the carbon footprint.
Key strategies for advancing 6G technology include optimizing energy efficiency, embracing diverse network conditions
and topologies, and promoting carbon-awareness.

To measure the effectiveness of these strategies, the traditional Key Performance Indicator (KPI) for energy efficiency
in wireless communication systems [14] is defined as the ratio of data volume (in bits) to the corresponding energy
consumption (in Joules). The energy efficiency KPI (EE KPI) is expressed as:

e Effici v bits
ner iciency = —
8y y EC Joule

The current EE KPI overlooks the distinction between renewable and non-renewable energy sources. To accurately
assess the system’s renewable energy usage and its carbon emission impact, an additional KPI is required. This KPI
would measure the ratio of data volume to carbon emissions, capturing both energy efficiency and renewable energy
utilization. It should also account for the fluctuating carbon intensity that varies with time and location, mirroring the
specific circumstances of energy use. An example of such a KPl could be the present energy efficiency scaled by a carbon
emission factor dependent on the emissions profile of the energy sources used by the wireless entity. The development
of such a KPI represents an important future endeavor, preferably as a part of the standardization process, providing
a quantitative measure of the system's performance in terms of energy consumption and carbon emissions, as a key
aspect to support the sustainability goals discussed earlier.

Apart from the sustainable 6G development emphasized in this white paper, focusing on energy efficiency and carbon
consciousness, there are several pivotal technologies advancing towards carbon neutrality. Smart grids, distributed
energy storage systems, artificialintelligence,and green software stand out as criticalinnovations capable of optimizing
energy usage and reducing carbon emissions. These technologies are vital to the smart energy ecosystem, enhancing
the operational efficiency of power systems and enabling the seamless integration of renewable energy sources, thus
steering us towards a greener and more sustainable future.
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To optimize energy efficiency, as part of the key strategies for sustainable 6G, both the data volume and the energy
consumption need to be optimized jointly. This is where the technologies introduced in Section 2.1 and 2.2 come into
play.InSection 2.1,a low-power radio layer design is introduced for minimization of energy consumptioninidle scenarios,
while maintaining coverage and mobility performance requirements. In Section 2.2, a high-efficiency radio layer is
introduced for optimization of energy efficiency during data transmission/reception scenarios. Section 2.2.3 further
delves deeper into the collaboration between the two radio layers, uncovering the potential for further enhancements
in system performance. By combining these techniques, we can support 6G sustainability through optimized energy
efficiency for any data activity or inactivity scenarios. This approach not only supports sustainability but also delivers
superior connectivity performance compared to 5G.

The lean-carrier design is a fundamental principle of NR systems, setting itself apart from LTE by eliminating the
"always-on" reference signal and incorporating a Synchronization Signal/PBCH Block (SSB) with a 20-ms periodicity for
synchronization, cell measurements, and broadcast information. This design modification reduces interference levels
and enhances system forward compatibility when compared to 4G. The 20-ms periodicity of SSB transmission provides
the lower energy consumption boundary on the radio interface at the base station (BS), including during long data
inactivity periods, as illustrated in Figure 2-1(a). This periodicity results from a trade-off to ensure good device/user-
equipment (UE) mobility performance in particular. Striking a balance between further reducing energy consumption
at BS side and sustaining device/user-equipment (UE) mobility performance in response to the limited resources for UE
to monitor the quality of serving and neighbor cells remains a challenge.

Idle scenario power-saving is achieved through the Discontinuous Reception (DRX) technique, which allows UE to
perform synchronization, cell measurement, and paging monitoring within short time durations during a DRX cycle [15].
The primary factor affecting a UE's sleep power consumption is the leakage current that occurs during sleep durations,
as shown in Figure 2-1 (b). Minimizing the receiver area results in reducing the UE power consumption in idle scenario.
Thus, the development of a lightweight receiver capable of handling idle mode operations can be a major contributorin
saving UE power in periods of no data activity.

(a) BS Power Break-down (b) UE Power Break-down
100% 100%
80% 80%
c c
o . S Sleep &
g 60% 73% Sleep ‘g 60% 76% wake-up
e g energy
VU 40% U 40% PO/PEI
2 2
g g o
20% 20% 1%
27% 23%
0% 0%
BS UE

Figure 2-1: (a) BS power consumption break-down for the scenario without data traffic
(b) UE power consumption break-down with DRX (1.28-second cycle) for idle scenario

An effective strategy for minimizing BS transmission power consumption involves switching off all frequency bands,
sites, radio access technologies, and hardware that are unnecessary to provide minimum acceptable capacity and
coverage at any given time. For mid-band deployments, reducing the antenna element (AE) number used in the 6G
common signal design leads to decreased BS transmission and sleep power consumption according to the BS power
consumption model developed in [16], as illustrated in Figure 2-2. The need to maintain some SSB transmission for
dynamic load scenarios that require rapidly activating mid-band NR is important to consider. Compared with the legacy
solution utilizing a large AE number for directional beamforming, a new common signal design can instead use the
beam-sweeping occasions to carry one or multiple repetitions so that the UE can accumulate and observe a similar
power level as with a directional beam by the legacy solution. By utilizing a smaller number of antennas, such acommon
signal design offers a more energy-efficient solution.
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Figure 2-2: (a) Active BS transmission power consumption with different AE number and
(b) Comparison of common signal transmission schemes with large and small AE number

An example of such a common signal transmission scheme is evaluated in Table 2 by comparing power consumption
values for common signal transmission and micro sleep in a slot based on the BS power model in [16]. With a reduced
AE number (down to 1/2 in the example), power consumption values decrease significantly. Figure 2-3 (a) demonstrates
a 48% BS energy saving with the significantly reduced AE number for scenarios without data traffic.

Table 2: Power consumption values for different common signal
transmission schemes; power model based on [16]

Power State TX with large #antenna TX with small #antenna
Common signal transmission 60 40
Micro sleep 55 28
Light sleep 25 13
(a) BS Power Comparison (b) UE Power Comparison
100% — = mmm—————— e 100% — = e - —_———
80% '48% 80%
60% 60% -89%
40% 40%
20% 20%
v
0% 0%
5G/NR 6G without traffic 5G/NR 6G with new common signal

and paging indication

Figure 2 3: (a) BS power saving benefit with reduced AE transmission for 6G common signal and
(b) UE power saving benefit with 6G low power radio layer integrating 6G common signal and paging indication

The aforementioned common signal transmission scheme can be further combined with a special signal design — low
power common signal — to enable an ultra-low-complexity/light receiver at the UE side, resulting in significant power
consumption reduction for both BS and UE. A potential approach for this low-power common signal is to utilize time-
domain and/or frequency-domain ON-OFF keying design, enabling lightweight receiver processing with low-complexity
clock generation, synchronization, and demodulation. This can reduce receiver power consumption from hundred(s) of

MediaTek Proprietary and Confidential. © 2024 MediaTek Inc. AlL rights reserved. Unauthorized reproduction or disclosure of this document, in whole or in part, is strictly prohibited. ]5



mW to ten(s) of mW or below, leading to considerable energy savings during idle scenarios.

Additionally, such a low-power radio layer integrating low-power common signal and paging indication designs enables
a UE torely on a lite receiver to perform all necessary idle-mode operations, allowing for near-zero power consumption
during idle scenarios. This can deliver more than 80% power-saving gain compared to a legacy UE utilizing a single
higher-power-consumption receiver for measurement, synchronization, and paging monitoring throughout the DRX
cycle. This technology extends UE battery life and enables the possibility to achieve zero carbon emissions via clean
energy charging during idle scenarios. The reduction of emissions in both BS and UE sides via the introduced technology
is accounted under Scope 2 of operators/subscribers and Scope 3 of network/device/chip vendors.

Improving energy efficiency for data transmission and reception in 6G networks requires the development of a
high-efficiency radio layer that incorporates novel waveform designs and energy-efficient beamforming techniques as
described in Sections 2.2.1 and 2.2.2. Section 2.2.3 outlines the collaboration between high-efficiency and low-power
radio layers to further optimize energy efficiency.

In NR, CP-OFDM is used as a major waveform to carry both uplink and downlink signals. For coverage extension, NR
also supports DFT-s-OFDM in uplink transmission. These waveforms enjoy great success in both LTE and NR due to
their flexibility in resource allocation and simplicity in receiver design. Moving onwards to 6G, these waveforms will
continue playing key roles in supporting many critical usage scenarios, particularly for those which require extremely
high throughput.

CP-OFDM and DFT-s-OFDM, widely used in 5G networks, have distinct characteristics in terms of energy efficiency.
DFT-s-OFDM, in particular, is designed to offer a lower peak to average power ratio (PAPR) compared to CP-OFDM, making
it more suitable for cell edge operations where power efficiency is crucial. While these waveforms are foundational to
5@, ongoing research aims to enhance their power efficiency. This includes exploring advanced techniques that allow for
closer operation to the Power Amplifier's (PA) saturation point, where power efficiency is maximized, without incurring
significant signal distortion or violating emission standards. To further address the energy efficiency challenges,
especially in scenarios where spectral efficiency requirements are relaxed, additional candidate waveforms should be
further investigated for potential integration. These advancements are key for better energy efficiency at the device
side, for expanding cell coverage, and for reducing base station energy consumption. These benefits are essential for
the sustainability of future 6G networks and for meeting the stringent power requirements of millimeter wave and sub-
THz communications.

A low PAPR waveform would allow the PA to operate near saturation with minimum performance and spectral impacts
and is therefore suitable for scenarios that require optimized energy efficiency. In fact, these waveforms have a long
history and are already being used in many classical and modern communication systems. For example, constant
envelope waveforms (e.g., CPM") and single carrier waveforms with trajectory constrained modulations (e.g., OQPSK?)
are both families of low PAPR waveforms that find their applications in terrestrial and satellite communication links. In
addition to having low PAPR, to support 6G usage scenarios, it is important that the waveform maintains its capability in
supporting flexible time-frequency resource allocations. Simplicity and manageable complexity inreceiver architecture
are also critical, particularly for broadband applications. To satisfy these requirements, many advanced 6G waveform
candidates have been developed, including CPM-SC-FDMAS3, 1+D pre-coded DFT-s-OFDM with 1t/2-BPSK modulation,
and TC-DFT-s-OFDM*. These new waveform designs can be viewed as a combination of traditional low PAPR waveforms
and CP-OFDM and could all provide noticeable PAPR improvements without sacrificing their flexibility in resource
allocation and simplicity in receiver design, particularly in the low spectral efficiency region. As an example, Figure 2-4
shows the PAPR improvements of TC-DF T-s-OFDM over CP-OFDM and DFT-s-OFDM for various spectral efficiencies.

'Continuous phase modulation

20Offset quadrature phase shift keying
3Continuous phase modulated SC-FDMA [17]
4Trellis coded DFT-s-OFDM [18]
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Figure 2-4: PAPR distributions of various 6G waveform candidates

The new waveforms discussed above certainly would help improve energy efficiency in use cases such as cell coverage
extension, sub-THz communications, and low power loT networks. However, for other use cases (e.g., scenarios requiring
high spectral efficiency or MIMO), CP-OFDM or DFT-s-OFDM may still be preferred in terms of trade-offs between
performance, receiver complexity, and energy consumption. Finding a way to efficiently integrate and operate these
new and legacy waveforms to ensure the best possible balance between spectral and power efficiency for each possible
scenario has become a new challenge and priority in 6G waveform design.
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Figure 2-5: Architecture of a hybrid beamformer with 2 RF chains

Hybrid beamformers are prevalent multi-antenna transceivers for reducing hardware costs and training overhead in
massive MIMO systems. In particular, at high carrier frequencies such as mmWave and sub-THz, the beamforming gains
provided by large antenna arrays are crucial for compensating for high propagation losses. Despite their popularity,
some issues have been identified with hybrid beamformers (as in the architecture illustrated in Figure 2-5), including
high power consumption due to numerous RF amplifiers and power amplifiers, limitations of the number of RF chains
on data stream support, and restrictions on data rate by the accuracy of analog beamforming.

To enhance network energy efficiency, 6G communications should focus on more energy-efficient beamforming design
directions. One critical paradigm shift is the evolution from hybrid beamforming towards an all-digital beamforming
architecture (with a large number of digitized RF chains) for both BS and UE, offering several benefits such as supporting
higher data rates, spectral efficiency, energy efficiency, and modularization of subarrays for power scalability according
to cell traffic demands.

In 6G, hybrid beamforming is expected to use more RF chains to harness the high spatial multiplexing gains of MIMO
schemes. Using more RF chains results in higher data rates and spectral efficiency due to the increased degrees of
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freedom. However, power consumption may rise due to the addition of power-consuming components such as RF
amplifiers, power amplifiers, and ADC/DACs. It is anticipated that all-digital beamforming incorporating lower-
resolution DACs/ADCs at the BS will be widely adopted.

System-level simulations (Figure 2-6) indicate the benefit of using more RF chains at BS for higher average spectral
efficiency in a cell with the same power consumption. This data suggests that an architecture utilizing all-digital
beamforming is energy-efficient, with system spectral efficiency increasing alongside the number of RF chains when
the system consumes the same total power.

Another approach involves BS beamforming supporting MU-MIMO transmissions at mmWave or Sub-THz bands,
assisted by more RF chains. Performing beamforming for MU-MIMO schemes at these bands may require advanced
beam management mechanisms, presenting an opportunity to enhance the spectral efficiency of cells. Figure 2-6
shows that the MU-MIMO scheme is more energy-efficient for cells than the SU-MIMO scheme under the same system
power consumption.
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Figure 2-6: Spectral efficiency enhancement using various numbers of RF chains at the BS
(with only up to two data streams per user)

In addition, adaptable RF chain switching on and off at mmWave or THz bands allows the cell to achieve high energy
efficiency. Each RF chain can be connected to a modularized subarray performing individual analog beamforming, as
illustrated in Figure 2-7. Adaptive on-off switching of RF chains allows for tailored energy consumption depending on the
required spectral efficiency (SE), as shown in Figure 2-8. Given a requirement of SE, switching on the most appropriate
number of RF chains can save power for the BS. For instance, if the cell demands an SE of around 2 bps/Hz, switching on
16 RF chains will be the most energy-efficient choice. Adaptive on-off switching also has the advantage of using fewer
reference signals.
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Figure 2-7: Beamformers have the structure of modularized subarrays and different numbers of RF chains
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With these innovative design directions, 6G systems can pave the way for energy-efficient beamforming technologies,
addressing key challenges and maximizing the potential of next-generation wireless networking.

Discontinuous Reception (DRX) is a widely used UE power-saving technique, resulting in a trade-off between data
delivery latency and UE power consumption. This trade-off stems from the intrinsic limitation of single radio operation
because a UE cannot achieve power saving and continuous monitoring of control channels simultaneously. Another
limitation of single radio operation is the necessity of measurement gaps to permit RF retuning for inter-frequency
measurements, which also increases data latency. To enhance data delivery performance, the low-power radio layer
can be incorporated to enable monitoring data-scheduling indications and inter-frequency measurements based on
near-zero-power lite receiver(s) in data transmission/reception scenarios.

The trade-off between data delivery latency and UE power consumption can be improved by having the low-power
radio layer provide indications for data scheduling. By enabling monitoring of the indications at fine time granularity
with a near-zero-power lite receiver, both reduced data latency and reduced UE power consumption can be realized, as
illustrated in Figure 2-9.1n a scenario with a 30 Mbps XR DL traffic [19], data latency can be reduced by 14% with UE power
consumption also reduced by 23%.
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Figure 2-9. Utilization of Low-power radio layer for DRX-less scheduling
and better power-latency trade-off

Furthermore, the low-power radio layer can eliminate the need for measurement gaps. As depicted in Figure 2-10 (left
part), the UE can continue data reception while measuring the low power common signal from an inter-frequency
neighboring cell with the near-zero-power lite receiver. Eliminating measurement gaps enhances system capacity,
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especially for latency-sensitive services. As demonstrated in Figure 2-10 (right part), incorporating the low-power radio
layer for neighbor cell measurements contributes to 80% and 40% system capacity gains for XR services [19], with larger
performance gains observed for shorter measurement gap periods in the legacy settings.
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Figure 2-10: Utilization of Low-power radio layer for gap-less measurement and improved system capacity

In conclusion, collaboration of the low-power and high-efficiency radio layers shows improvement in data delivery
performance and system capacity, which helps improve system energy efficiency and reduce the Scope 2 emissions of
operators/subscribers and the Scope 3 emissions of network/device/chip vendors. Striving for carbon-neutrality, the
focus of the next section will be on maximizing overall renewable energy utilization for a more sustainable system.
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Under the pressure of carbon neutrality regulations for a sustainable future, enabling optimized operation for carbon
emission reduction is crucial for telecom operators, especially with the advent of 6G, to align their network operations
with areduced environmentalimpact. Complementing high energy efficiency, carbon-awareness can help in monitoring
and tracking the use of renewable energy at varying granularity in the system during operation and help reduce carbon
emissions.

From a sustainable and operational standpoint, the success of 6G networks relies not only on significant improvements
in energy efficiency but also on being carbon-aware, with the current 5G design providing a solid base that can be
further enhanced to better evaluate a system’s carbon footprint across network entities during operation. To reduce
the carbon footprint, it is imperative to gain a comprehensive understanding and quantification of this carbon footprint.
This entails gathering data on energy consumption and usage, including the utilization of renewable energy sources.
There are some key goals to be achieved in the development of a more carbon-aware 6G system.

A first goal is the development of mechanisms to measure and report the carbon footprint of the end-to-end system
in a timely manner. Developing mechanisms that can accurately monitor and track carbon emissions from different
network components, including base stations, core networks, and data centers, enables operators to assess their
carbon impact more effectively and identify specific areas where improvements can be made.

Asecondgoalistoempower operators with the capability to make carbon-aware decisions based oninformation related
to energy efficiency and carbon emissions. The integration of this information with predictive analytics allows operators
to make informed decisions to optimize energy usage and maximize the utilization of renewable energy sources.

Athird goalis the development of relevant KPI(s) such as that described in Section 1.5.3. Understanding the relationship
between carbon emissions and diverse types of energy sources, such as renewables and non-renewables, is crucial for
evaluating the carbon footprint of network operations accurately. These valuable insights brought by such a KPI guide
efforts to reduce carbon emissions in network operations.

Electricity generation encompasses a diverse range of energy sources including renewables and non-renewables, each
with its own carbon emissions profile. However, renewable energy can exhibit a degree of variability and uncertainty,
especially if weather dependent, e.g., the availability of solar power depends on the time of day, wind power depends on
there being wind, etc. This variability, especially without suitable energy storage, introduces challenges for operators
aiming to leverage such renewables to reduce carbon emissions.

Accurate quantification of a system's carbon footprint relies on considering the carbon intensity (or emission factor) of
its energy sources, representing the average carbon emissions produced per unit of energy consumed. As mentioned
in Section 1.5.2, this factor varies significantly depending on the time and location, especially concerning renewable
energy sources. Weather conditions, time of day, and geographical location heavily influence the availability of
renewable energy, subsequently affecting the carbon intensity of the power grid. Lower carbon intensity indicates a
higher abundance of renewable energy.

Gathering information on carbon intensity allows an accurate determination of the resulting carbon footprint of a
system. It is expected that operations of existing networks can potentially be improved to better exploit the carbon
intensity information. Furthermore, the 6G system needs to be aligned with the advancements in power grid and smart
grid technologies, which are essential for acquiring carbon intensity data. To minimize carbon emissions in the presence
of the fluctuating nature of renewable energy sources, it is necessary to carefully consider and monitor the carbon
intensity.

Emphasizing the adoption and optimal utilization of renewable energy sources is necessary for reducing carbon
emissions. Telecom operators can make informed decisions about energy usage by considering the fluctuations in
renewable energy availability across their networks. The strategy of prioritizing operation on nodes with a lower carbon
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footprint, based on energy supply, encourages a careful consideration to dynamically allocate network load, which can
lead to substantial reductions in emissions.

Carbon-aware load balancing becomes an essential operational tactic, involving preferentially selecting network
equipment or nodes with potentially smaller carbon footprints for task execution or service provisioning, as long as
acceptable performance criteria are met, e.g., when two nodes are capable of handling the same task and available,
the one powered by greener energy would be prioritized. This decision-making process not only reduces the carbon
footprint but also maintains the performance of the network services. In the core network, where nodes often operate
in pools, operators can apply policies that prioritize nodes with lower carbon intensity within these pools. When the
carbonintensity informationis available and synchronous in the access network, a new mechanism can be developed to
allow the UE to identify and select a cell utilizing more renewable energy, as illustrated in Figure 3-1. Such a mechanism
that shifts communication load towards reducing network carbon emissions is an interesting concept that merits
additional investigation.

« ) «
]

Cell 2 Cell1

Figure 3-1: lllustration of carbon-aware cell selection

Theidea of carbon-aware load balancing is especially pertinent for computing tasks that have the potential to generate
significant carbon emissions, owing to their heavy computational requirements. The existing systems are mainly
designed to support data transfer in a way that, for example, allows finishing compute tasks as soon as possible (high
throughput) and/or giving results as soon as possible (low latency). However, some compute tasks have flexibility
in when and where they are executed; that is, this type of workload could be executed in any computing node and
tolerate delays providing the workload gets completed within a relatively relaxed deadline, e.g., at a human rather than
computational timescale (Al model training might be such a workload). As shown in Figure 3-2, a user offloads a compute
task to the system at a time without available solar power (e.g., New York at 7PM), meaning that executing this task
Llocally will result in some carbon emissions to the air. At the same time, a computing resource located in Los Angeles
(at 4PM) is powered by abundant solar energy, i.e., executing the compute task in Los Angeles will be carbon-free. Thus,
under the assumption that the energy used to transfer the task from New York to Los Angeles is negligible compared to
the energy required for processing the task, the system can adopt this option to reduce the carbon footprint if the delay
time for roundtrip communication between New York and Los Angeles can be tolerated by the task. The effectiveness
of a carbon-aware workload shift has been demonstrated in [20].

Workload shift
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Figure 3-2: Illustration of carbon-aware computation workload shift
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End users, recognizing that the indirect carbon emissions from services provided by their telecom operators are
categorized as Scope 3 activities, can also contribute to reducing these emissions as part of the collective effort to
achieve carbon neutrality. Driven by the push from their value chain to cut Scope 3 emissions, these users may engage
with their operators e.g. through subscription criteria, to actively decrease Scope 3 emissions. For instance, end users
may accept or even demand a controlled level of Quality of Service (QoS) degradation to minimize energy consumption
and carbon footprint.

Network slicing can also be exploited to incorporate “end-to-end” carbon-awareness criteria. For example, alternative
network slices could offer end-to-end services that have different carbon footprints, influenced by the choice of energy
sources, yet still provide similar service outcomes. Subscribers may accept a policy that assigns them to less carbon-
intensive slices with minor performance trade-off for lower environmental impact, or more carbon-intensive slices for
higher performance demands. Integrating carbon-awareness capabilities into network slicing enables operators to
offer a spectrum of sustainable options, empowering subscribers to choose services that match their environmental
and performance preferences.

F
@ G

Figure 3-3: lllustration of carbon-awareness for Sustainable Service Provision

As illustrated in Figure 3-3, the envisioned carbon-aware system could offer a "sustainable service" that adjusts QoS in
response to renewable energy availability and user preferences. For instance, users will be empowered to specify their
preferred level of renewable energy usage, directly impacting the service's allocation of energy from renewable and
non-renewable sources, ultimately leading to a reduced carbon footprint of their own service usage and collectively
to a reduced carbon footprint of the system as a whole. To enable user-driven carbon-aware service delivery, the
introduction of new subscription parameters, policies, and orchestration is essential. The holistic approach empowers
users to actively shape the behavior and resource allocation of services, taking into account carbon emissions and
renewable energy usage.

- Subscription Parameters: By incorporating carbon-related information and renewable energy usage into the
subscription parameters, users can define their preferences during service. This empowers them to influence
service behavior in alignment with their requirements, such as renewable energy resource usage,
energy efficiency, and carbon intensity criterion.

- Policies: By aligning with sustainability objectives based on user preferences, policies can specify criteria
and actions related to carbon emissions and renewable energy usage. This can include enforcing
energy-efficient resource usage, prioritizing renewable energy sources, or imposing resource allocation limits
based on carbon intensity criteria.

- Orchestration and Management: In the context of carbon-aware service delivery, new orchestration
mechanisms dynamically allocate and manage resources based on sustainability criteria set through
subscription parameters and policies. This includes monitoring carbon emissions, analyzing resource
availability, and making real-time decisions to optimize service delivery for the lowest possible carbon
footprint. Orchestration leverages policy-based management frameworks to ensure that service delivery
aligns with both user preferences and sustainability goals.

The carbon-aware system should enable user-driven service delivery that considers carbon emissions and renewable
energy usage. This approach empowers users to actively contribute to sustainability efforts and supports the transition
towards a more environmentally friendly and energy-efficient network infrastructure. In summary, the proposed
carbon-aware network operation technology reduces the Scope 2 emissions of operators and the Scope 3 emissions of
network vendors.
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As global mobile network data traffic is expected to grow significantly over the next decade, as new services e.g.,
computing, sensing will also be introduced, it is crucial to address the constraints on total energy consumption and
resulting carbon footprint of the systems used to deliver these services. 6G expected to enter commercial use ca.2030,
is under development at MediaTek and other organizations. Our 6G Vision incorporates sustainability, with energy
efficiency and carbon-awareness at its core, as a fundamental cornerstone. This whitepaper has reviewed a number of
regulatory and other measures introduced or under consideration towards a carbon neutral future and how these will
also lead to a transformation of the entire telecom industry. Cooperation between all stakeholders will be essential to
introduce support of efficient measures for a sustainable 6G.

In this white paper, we have proposed three primary directions for improving the carbon footprint of mobile networks
and battery life of mobile devices:

« Minimize total energy consumption of mobile networks and devices for idle operation
— Network: Low-power common and paging signals
— Device: Near-zero-power lite radio
« Optimize energy efficiency of mobile networks and devices for data transmission/reception
- Network: Energy-efficient waveform, power-scalable beamformer
— Device: Power-scalable main radio, collaboration with lite radio
« Introduce carbon-awareness in space and time domains for sustainable service provision
— End-to-end tracking and reduction of carbon emissions via introduction of carbon-intensity metric
— Carbon-aware resource management based on carbon-intensity criterion, across the system
— Sustainability- and QoS-driven service architecture for user-centric carbon-aware service

By optimization of energy efficiency, we can mitigate the total energy consumption growth of 6G mobile networks and
extend the battery life of 6G devices. Though this progress is essential, achieving a net-zero emission goal requires more
thanreducing total energy consumption growth. Carbon-aware communication and intelligent green energy utilization
for mobile communication and computing in 6G will be pivotal in creating a sustainable communication system. This
white paper highlights the importance of sufficient power grid information being available to telecom operators such
that they can optimize for reduced carbon emissions. A joint effort to establish further awareness of the needs of the
telecom industry in this area would help to drive improvements in this area.

In addition to technologies focusing on energy efficiency and carbon awareness for sustainable 6G, numerous other
emerging technologies have the potential to contribute to carbon neutrality, such as innovations in smart grid
technologies and energy storage. With a commitment towards achieving net-zero carbon emissions by 2050, MediaTek
will continue to drive the evolution of existing mobile communications systems and the development of upcoming 6G,
and associated technologies for a sustainable future.

MediaTek Proprietary and Confidential. © 2024 MediaTek Inc. AlL rights reserved. Unauthorized reproduction or disclosure of this document, in whole or in part, is strictly prohibited.

24



[1] GSMA, “Going green: benchmarking the energy efficiency of mobile”, online available @
https://data.gsmaintelligence.com/api-web/v2/research-file-download?id=606211375file=300621-Going
-Green-efficiency-mobile.pdf

[2] MediaTek ESG Report 2022, online available @ https://d8602zu8ugzlg.cloudfront.net/mediatek-craft/reports/
CSR/2022-MediaTek-Sustainability-Report-final.pdf

[3] “Kyoto Protocol to the United Nations Framework Convention on Climate Change”, Dec.10,1997,2303 U.N.T.S. 162.

[4] “Paris Agreement to the United Nations Framework Convention on Climate Change”, Dec. 12,2015, T.I.A.S. No.
16-1104.

[5] United Nations, “Sustainable Development Goals”, online available @ https://sdgs.un.org/goals

[6] EU Emissions Trading System (EU ETS), online available @ https://climate.ec.europa.eu/eu-action/eu-emissions
-trading-system-eu-ets en

[7] Gold Standard, online available @ https://www.goldstandard.org/

[8] The Greenhouse Gas Protocol, online available @ https://ghgprotocol.org/sites/default/files/standards/ghg
-protocol-revised.pdf

[9] GSMA, “5G energy efficiencies: green is the new black”, online available @ https://data.gsmaintelligence.com/
api-web/v2/research-file-download?id=54165956&file=241120-5G-energy.pdf

[10]  Ericsson, “Mobile data traffic outlook”, online available @ https://www.ericsson.com/en/reports-and-papers/
mobility-report/dataforecasts/mobile-traffic-forecast

[11] N.S.Kimetal,, "Leakage current: Moore's law meets static power,"in Computer, vol. 36,n0.12, pp. 68-75, Dec. 2003

[12] ATE&T, “Expands Commitment to Sourcing Renewable Energy”, online available @ https://about.att.com/
story/2022/commitment-to-sourcing-renewable-energy.html

[13] W.Wu,C.-S.Yang,I.-K.Fu,P.-K. Liao, D. Calin and M. Fan, "Revisiting the System Energy Footprint and Power
Efficiency on the Way to Sustainable 6G Systems," in IEEE Wireless Communications, vol. 29, no. 6, pp. 6-8,
December 2022

[14] E.Selvaetal,"Towards a 6G Embedding Sustainability," 2023 IEEE International Conference on
Communications Workshops (ICC Workshops), Rome, Italy, 2023, pp. 1588-1593

[15] 3GPP TR 38.840, “Study on User Equipment (UE) power saving in NR”
[16] 3GPP TR 38.864, “Study on network energy savings for NR”

[171  M.P.Wylie-Green, E. Perrins and T. Svensson, “Introduction to CPM-SC-FDMA: A Novel Multiple-Access Power-
Efficient Transmission Scheme,” in IEEE Transactions on Communications, vol. 59, no. 7, pp. 1904-1915, July 201

[18] MediaTek, “A New DFT-s-OFDM Compatible Low PAPR Technique for NR Uplink Waveforms”, 3GPP TSG RAN1
#86-bis meeting, online available @ https://www.3gpp.org/ftp/TSG_RAN/WG1_RL1/TSGR1_86b/Docs/

R1-1609378.zip

[19] 3GPP TR 38.838, “Study on XR (Extended Reality) evaluations for NR”

[20] Radovanovi¢, Ana, et al. "Carbon-aware computing for datacenters." IEEE Transactions on Power Systems 38.2
(2022):1270-1280.

MediaTek Proprietary and Confidential. © 2024 MediaTek Inc. AlL rights reserved. Unauthorized reproduction or disclosure of this document, in whole or in part, is strictly prohibited.


https://data.gsmaintelligence.com/api-web/v2/research-file-download?id=60621137&file=300621-Going-Green-efficiency-mobile.pdf
https://data.gsmaintelligence.com/api-web/v2/research-file-download?id=60621137&file=300621-Going-Green-efficiency-mobile.pdf
https://d86o2zu8ugzlg.cloudfront.net/mediatek-craft/reports/CSR/2022-MediaTek-Sustainability-Report-final.pdf
https://d86o2zu8ugzlg.cloudfront.net/mediatek-craft/reports/CSR/2022-MediaTek-Sustainability-Report-final.pdf
https://sdgs.un.org/goals
https://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-ets_en
https://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-ets_en
https://www.goldstandard.org/
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://data.gsmaintelligence.com/api-web/v2/research-file-download?id=54165956&file=241120-5G-energy.pdf
https://data.gsmaintelligence.com/api-web/v2/research-file-download?id=54165956&file=241120-5G-energy.pdf
https://www.ericsson.com/en/reports-and-papers/mobility-report/dataforecasts/mobile-traffic-forecast
https://www.ericsson.com/en/reports-and-papers/mobility-report/dataforecasts/mobile-traffic-forecast
https://about.att.com/story/2022/commitment-to-sourcing-renewable-energy.html
https://about.att.com/story/2022/commitment-to-sourcing-renewable-energy.html
https://www.3gpp.org/ftp/TSG_RAN/WG1_RL1/TSGR1_86b/Docs/R1-1609378.zip
https://www.3gpp.org/ftp/TSG_RAN/WG1_RL1/TSGR1_86b/Docs/R1-1609378.zip

Your access to and use of this document and the information contained herein (collectively this “Document”) is subject
to your (including the corporation or other legal entity you represent, collectively “You”) acceptance of the terms and
conditions set forth below (“T&C"). By using, accessing or downloading this Document, You are accepting the T&C and
agree to be bound by the T&C. If You don’t agree to the T&C, You may not use this Document and shall immediately
destroy any copy thereof.

This Document contains information that is confidential and proprietary to MediaTek Inc. and/or its affiliates
(collectively “MediaTek”) or its licensors and is provided solely for Your internal use with MediaTek’s chipset(s) described
in this Document and shall not be used for any other purposes (including but not limited to identifying or providing
evidence to support any potential patent infringement claim against MediaTek or any of MediaTek’s suppliers and/or
direct or indirect customers). Unauthorized use or disclosure of the information contained herein is prohibited. You
agree to indemnify MediaTek for any loss or damages suffered by MediaTek for Your unauthorized use or disclosure of
this Document, in whole or in part.

MediaTek and its licensors retain titles and all ownership rights in and to this Document and no license (express or
implied, by estoppels or otherwise) to any intellectual propriety rights is granted hereunder. This Document is subject
to change without further notification. MediaTek does not assume any responsibility arising out of or in connection with
any use of, or reliance on, this Document, and specifically disclaims any and all liability, including, without limitation,
consequential or incidental damages.

THIS DOCUMENT AND ANY OTHER MATERIALS OR TECHNICAL SUPPORT PROVIDED BY MEDIATEK IN CONNECTION
WITH THIS DOCUMENT, IF ANY, ARE PROVIDED “AS IS” WITHOUT WARRANTY OF ANY KIND, WHETHER EXPRESS,
IMPLIED, STATUTORY, OR OTHERWISE. MEDIATEK SPECIFICALLY DISCLAIMS ALL WARRANTIES OF MERCHANTABILITY,
NON-INFRINGEMENT, FITNESS FOR A PARTICULAR PURPOSE, COMPLETENESS OR ACCURACY AND ALL WARRANTIES
ARISING OUT OF TRADE USAGE OR OUT OF A COURSE OF DEALING OR COURSE OF PERFORMANCE. MEDIATEK SHALL
NOT BE RESPONSIBLE FOR ANY MEDIATEK DELIVERABLES MADE TO MEET YOUR SPECIFICATIONS OR TO CONFORM TO
A PARTICULAR STANDARD OR OPEN FORUM.

Without limiting the generality of the foregoing, MediaTek makes no warranty, representation or guaranteeregarding the
suitability of its products for any particular purpose, nor does MediaTek assume any liability arising out of the application
or use of any product, circuit or software. You agree that You are solely responsible for the designing, validating and
testing Your product incorporating MediaTek’s product and ensure such product meets applicable standards and any
safety, security or other requirements.

The above T&C and all acts in connection with the T&C or this Document shall be governed, construed and interpreted
in accordance with the laws of Taiwan, without giving effect to the principles of conflicts of law.

MediaTek Proprietary and Confidential. © 2024 MediaTek Inc. AlL rights reserved. Unauthorized reproduction or disclosure of this document, in whole or in part, is strictly prohibited.

26



