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ABSTRACT:

Liquid Crystal Displays (LCDs) remain one of the most widely used display technologies due
to their versatility and cost-effectiveness. However, the energy consumption of LCDs,
primarily attributed to their backlighting systems, poses challenges in power-critical
applications such as portable devices and large-scale displays. This research paper explores
advancements in energy-efficient backlighting technologies to address these challenges while
maintaining or enhancing display quality. The study begins with an analysis of traditional
backlighting technologies, including Cold Cathode Fluorescent Lamps (CCFL) and Light-
Emitting Diodes (LEDs), and their evolution toward more efficient solutions like mini-LEDs
and quantum dots. A detailed literature review highlights innovations such as localized
dimming, quantum dot enhancement, and adaptive backlighting techniques. Experimental
analyses compare the energy consumption, brightness uniformity, and color accuracy of
conventional and advanced backlighting methods. Results reveal that mini-LEDs, combined
with localized dimming, significantly reduce energy consumption while preserving high
brightness and contrast. Quantum dot technology enhances color reproduction and improves
luminous efficacy. Furthermore, adaptive backlighting systems dynamically adjust luminance
based on displayed content, optimizing energy usage. The findings underscore the potential
of integrating emerging technologies such as micro-LEDs and Al-driven adaptive systems to
achieve unprecedented energy savings. This paper contributes to the ongoing development of
sustainable and high-performance LCD systems, paving the way for greener display
solutions.

Keywords: Energy efficiency, Backlighting technology, Liquid Crystal Displays (LCDs),
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1.0 INTRODUCTION

The demand for high-performance display technologies has grown significantly with
advancements in consumer electronics, especially in smartphones, televisions, and computer
monitors. Liquid Crystal Displays (LCDs) are among the most widely used display
technologies due to their affordability, high image quality, and adaptability to various
devices. However, as LCDs have evolved, energy efficiency has emerged as a critical
challenge, primarily due to the backlighting system, which constitutes a substantial portion of
their power consumption. This paper focuses on exploring energy-efficient backlighting
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solutions for LCDs, with the aim of reducing energy consumption while preserving image
quality and color accuracy. Backlighting in LCDs is essential for visibility and plays a central
role in determining the brightness, contrast, and overall performance of the display. However,
with the increasing adoption of LCD-based devices, particularly in energy-conscious sectors
like portable electronics, improving the efficiency of backlighting systems is a key focus for
rescarchers and industry professionals, This paper investigates the technological
advancements in backlighting systems, with a specific focus on adaptive and energy-efficient
technologies.

1.1 Background

LCDs rely on a backlighting system to illuminate their liquid crystal layers, as these layers do
not produce light independently. The backlighting unit (BLU) ensures the transmission of
light through the liquid crystal matrix, enabling the display of images and videos.
Traditionally, Cold Cathode Fluorescent Lamps (CCFLs) were used as backlights in early
LCDs. However, CCFLs presented significant challenges in terms of energy efficiency, size,
and environmental impact due to their mercury content. The introduction of Light Emitting
Diodes (LEDs) revolutionized backlighting in LCDs, offering better energy efficiency, longer
lifespan, and reduced environmental hazards. Despite these advancements, LED-based
backlighting systems still consume a considerable amount of energy, particularly in high-
brightness displays. This has prompted ongoing research into technologies such as mini-
LEDs, quantum dots, and adaptive backlighting techniques, which promise further efficiency
improvements. Another significant challenge is balancing energy efficiency with display
performance. High energy efficiency may compromise brightness, color reproduction, and
viewing angles, which are critical for user satisfaction. This is particularly relevant in
industries like consumer electronics and advertising, where vibrant displays are a priority.
Moreover, environmental concerns related to the energy consumption of LCDs in large-scale
deployments, such as digital signage and public displays, further underscore the importance
of developing energy-efficient backlighting solutions (Kumar, 2020).

1.2 Research Objectives

The primary objective of this research is to investigate and analyze energy-efficient
backlighting technologies for LCDs, focusing on minimizing power consumption while
maintaining or enhancing image quality. This study aims to identify key innovations in
backlighting systems, such as mini-LEDs, quantum dots, and adaptive technologies, and
evaluate their potential to reduce energy consumption. The paper also seeks to explore the
challenges associated with implementing energy-efficient backlighting systems in LCDs.
Specifically, the study aims to address:

 The trade-offs between energy efficiency and display performance.

o The technical limitations of existing backlighting systems and their potential
solutions.

o The role of emerging technologies in shaping the future of energy-efficient LCD
displays.

By bridging the gap between efficiency and performance, this study contributes to the

growing body of research aimed at reducing the environmental footprint of electronic

devices. The insights gained from this research will have implications for both academia and
industry, particularly in the development of next-generation display technologies (Sharma &

Singh, 2023).
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Scope and Significance

The scope of this research extends to the analysis of current backlighting technologigs and
their energy efficiency metrics. It includes experimental studies, simulations, and a review 9f‘
literature to highlight the strengths and weaknesses of existing solutions. The findings will
provide valuable insights for researchers, manufacturers, and policymakers seeking to
advance sustainable display technologies. This study is significant in the context of global
efforts to reduce energy consumption and carbon emissions. With LCDs being a ubiquitous
technology, any improvement in backlighting efficiency has the potential to create a
substantial impact on energy conservation. Furthermore, the development of energy-efficient
backlighting systems aligns with India's commitment to sustainable development and the
global push toward energy-efficient technologies (Rao et al., 2022).

2.0 LITERATURE REVIEW

The field of liquid crystal display (LCD) technology has witnessed transformative changes in
backlighting systems, driven by the need for improved energy efficiency, better performance,
and reduced environmental impact. This section reviews the historical evolution, recent
advancements, and existing research gaps in energy-efficient backlighting technologies.

2.1 Historical Evolution of Backlighting in LCDs
Transition from CCFL to LED Technology and Its Impact on Energy Efficiency

In the early stages of LCD development, cold cathode fluorescent lamps (CCFLs) were the
primary backlighting source. CCFL technology offered sufficient brightness and uniformity
but suffered from significant energy inefficiencies and environmental concerns due to the
presence of mercury (Chandrasekaran, 2010). The energy consumption of CCFL-based
displays was a critical limitation, particularly as consumer demand for portable devices like
laptops and mobile phones grew (Rao et al,, 2012). Moreover, CCFL systems exhibited
limited control over brightness, reducing their suitability for dynamic applications. The
introduction of light-emitting diode (LED) backlighting marked a significant breakthrough.
LEDs provided superior energy efficiency, longer lifespans, and eliminated hazardous
materials like mercury (Sharma & Mehta, 2016). LED backlights also enabled thinner and
lighter display designs, which were critical for modern portable devices. By offering
localized dimming capabilities, LED technology allowed for better control over brightness
and contrast, significantly reducing overall power consumption (Kumar et al., 2018). These
improvements established LEDs as the dominant backlighting solution for LCDs.

Early Challenges in Achieving Uniform Brightness and Reducing Power Consumption

Despite their advantages, early LED backlights faced challenges in achieving uniform
brightness across the display surface. Inefficiencies in light guide designs and scattering
layers led to uneven illumination, negatively impacting image quality (Ravichandran et al.,
2014). Additionally, early LEDs required higher power inputs to deliver adequate brightness,
limiting their energy-saving potential. Innovations in diffuser and reflector designs, as well as
advancements in light guide plate materials, helped mitigate these issues, paving the way for
the adoption of energy-efficient backlighting systems.

2.2 Recent Advancements in Backlighting Technologies
Mini-LEDs: Local Dimming and Its Role in Power Optimization

Mini-LEDs represent a significant leap forward in backlighting technology. By incorporating
thousands of smaller LEDs into the backlight system, mini-LEDs enable fine-grained local
dimming. This technique allows specific zones of the display to be dimmed or brightened
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independently, reducing power consumption during the display of darker images (Jain et al.,
2020). Local dimming not only improves energy efficiency but also enhances image quality
by increasing contrast ratios and reducing blooming effects (Patel et al., 2021). Additionally,
mini-LED technology offers improved thermal management due to the smaller size of the
LEDs, which dissipate heat more efficiently. This feature is particularly advantageous for
high-performance applications, such as gaming monitors and professional displays. The
compact nature of mini-LEDs also facilitates thinner and lighter designs, aligning with the
growing consumer preference for sleek devices,

Quantum Dot-Based Backlighting: High Brightness with Lower Energy Requirements

Quantum dot (QD) technology has emerged as a promising solution for achieving high
brightness and superior color reproduction with minimal energy consumption. Quantum dots
are nanoscale semiconductor particles that emit light with high efficiency when exposed to a
light source, such as a blue LED. By converting blue light into precise red and green
wavelengths, QD-based backlighting systems achieve a wider color gamut and improved
brightness levels compared to conventional LED systems (Mukherjee & Sharma, 2021). The
energy efficiency of quantum dots stems from their ability to minimize light loss during the
color conversion process. Traditional color filters absorb a significant portion of the light,
leading to energy wastage. In contrast, quantum dots convert nearly all the incoming light
into useful wavelengths, reducing power requirements while maintaining exceptional image
quality (Gupta et al., 2019). Moreover, QD backlights are environmentally friendly, as they
do not rely on toxic materials like cadmium in modern formulations.

2.3 Gaps in Current Research
Limitations in Adaptive Backlighting Techniques

Adaptive backlighting techniques, which dynamically adjust brightness levels based on
displayed content, have shown promise in reducing energy consumption. However, current
implementations face limitations in response time and algorithmic optimization (Chaudhary
et al., 2022). For instance, slow response times can result in visible brightness fluctuations,
degrading the user experience. Additionally, many adaptive systems struggle to balance
energy savings with consistent image quality, particularly in high-motion scenarios. Recent
studies have explored machine learning-based algorithms to improve the adaptability of
backlighting systems. These algorithms analyze content in real-time to optimize brightness
levels more effectively. However, the computational overhead associated with such
approaches often offsets the energy savings achieved, highlighting the need for more efficient
solutions (Raghavan & Prasad, 2023).

Challenges in Balancing Thermal Management and Energy Efficiency

Another critical area of concern is the thermal management of advanced backlighting
systems. High-brightness applications, such as HDR displays, require significant power input,
leading to increased heat generation. Excessive heat not only reduces the lifespan of LEDs
but also impacts their efficiency and color stability (Anand et al., 2021). Existing thermal
management solutions, such as heat sinks and cooling mechanisms, add complexity and cost
to the overall system. Innovations in materials science, such as the use of thermally
conductive polymers and advanced heat-dissipating substrates, have shown potential in
addressing these challenges. However, integrating these materials into large-scale
manufacturing processes remains a hurdle, emphasizing the need for further research and
development (Singh et al., 2022).
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3.0 Principles of Backlighting in LCDs

Backlighting is a crucial component of liquid crystal display (LCD) systems. Unlike emissive
display technologies such as OLED, LCDs rely on an external light source to illuminate the
liquid crystal layer, which modulates light to produce images. The principles of backlighting
encompass the mechanisms by which light is generated, distributed, and modulated to
achieve optimal image quality with minimal power consumption. This section delves into the
fundamental aspects of LCD backlighting and its various technological implementations.

3.1 Fundamentals of LCD Backlighting

The backlighting system in LCDs is designed to ensure even illumination across the screen
while minimizing energy consumption. It comprises several components working in unison to
distribute light effectively:

1. Light Source: The core of the backlighting system, where light is generated, typically
using cold cathode fluorescent lamps (CCFLs) or light-emitting diodes (LEDs).

2. Light Guide Plate (LGP): A transparent plate that directs light from the source
uniformly across the display. It plays a vital role in preventing light loss and ensuring
brightness consistency.

3. Reflectors: Positioned beneath the light source and LGP, these components reflect
stray light back into the system, enhancing optical efficiency.

4. Diffusers: These layers scatter light evenly to eliminate hot spots and ensure uniform
brightness across the screen.

5. Polarizers: Essential for controlling the light's orientation, enabling the liquid crystal
layer to modulate it effectively for image formation.

These components work in concert to achieve high brightness and contrast while maintaining
energy efficiency. Any inefficiency in these elements directly impacts the display's energy
consumption. (Ravichandran, & Mehta, 2014).

3.2 Types of Backlighting Technologies

Several backlighting technologies have been developed over time to address the trade-off
between energy efficiency, brightness, and image quality. These include:

3.2.1 Cold Cathode Fluorescent Lamps (CCFL)

CCFLs were the dominant backlighting technology in early LCDs. They emit light through a
discharge of gas within a tube, producing a broad spectrum of light. However, CCFLs are less
energy-efficient due to:

» Limited light directionality, leading to losses.
 Higher energy requirements to maintain operation,
3.2.2 Light-Emitting Diodes (LEDs)

LEDs have largely replaced CCFLs due to their superior energy efficiency and operational
flexibility. Advantages include:

o Compact size allowing for thinner displays.
» Lower power consumption and longer lifespan.

+ Enhanced brightness control through localized dimming, which adjusts light output
based on displayed content.
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3.2.3 Quantum Dot-Enhanced Backlighting

Quantum dots (QDs) are nanostructu
excited by a light source, typically LE

* Enbanced color gamut and brightness.

res that emit highly efficient, pure-colored light when
Ds. The benefits of QD backlighting include:

» Energy savings due to precise light conversion with minimal losses.

Table 1: Comparison of Backlighting Technologies

Features CCFL LED Quantum Dot-Enhanced
LED
Energy Efficiency | Low High Very High
Brightness Limited Excellent (via dimming Excellent
Control zones)
Color Gamut Moderate Good Superior
Lifespan Moderate Long Very Long
Cost Low Moderate Higher

CCFLs paved the way for early LCD backlighting but were outpaced by LEDs, which offer
substantial energy savings and design flexibility. (Gupta & Sharma, 2019). The advent of
quantum dot technology marks a leap forward in achieving energy-efficient backlighting with
superior visual performance. Understanding these principles and advancements is vital for
optimizing LCD systems for modern applications.

4.0 Advancements in Energy-Efficient Backlighting

The continuous drive for energy-efficient displays has led to significant advancements in
backlighting technologies for Liquid Crystal Displays (LCDs). In this section, we will
examine the latest developments in backlighting technologies that enhance energy efficiency
while maintaining display performance, including Mini-LED technology, Quantum Dot
backlighting, and Adaptive Backlighting Techniques.

4.1 Mini-LED Technology

Mini-LED technology represents a substantial leap forward in backlighting efficiency. By
using much smaller LEDs, this technology enables more precise control over the light output,
thus enhancing the overall energy efficiency of the display. Mini-LEDs support localized
dimming zones, which allow the backlight to be turned off or dimmed in areas of the screen
that are not actively displaying bright content, resulting in significant power savings.
Localized dimming enhances both energy efficiency and contrast ratio by reducing light
output in dark areas of the image. This can be particularly advantageous for HDR (High
Dynamic Range) content, where precise control of brightness is crucial. The table below
compares the power consumption and contrast ratio improvements achieved with Mini-LED
backlighting versus traditional LED backlighting systems. (Kumar, 2020),

Table 2: Comparison of Power Consumption and Contrast Ratio

Backlighting Power Consumption Contrast Energy Efficiency
Type (Watt/m?) Ratio Improvement
Traditional 100 1,000:1 -
LED
Mini-LED 70 5,000:1 30% reduction
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As show1.1 in _Table 2, Mini-LED technology reduces power consumption by approximately
30%, while simultaneously providing a dramatic improvement in contrast ratio, a key factor
n overall image quality. The energy savings come from the finer control over the lighting
zones, which is a hallmark of Mini-LED backlighting.

4.2 Quantum Dot Backlighting

Quantum Dot technology has emerged as a key player in improving both color performance
and energy efficiency in LCDs. Quantum dots are semiconductor nanoparticles that emit
specific wavelengths of light when exposed to a light source. When used in conjunction with
LEDs, they significantly enhance color accuracy and brightness without the energy costs
typically associated with conventional backlighting systems. Quantum Dot backlighting
works by using a blue LED as the light source, which excites the quantum dots, leading them
to emit red and green light. The high efficiency of quantum dots in converting light energy
into visible wavelengths results in lower power consumption compared to traditional white
LEDs. Quantum Dot technology also enables displays to achieve a wider color gamut,
making them more suitable for HDR content. Table 3 shows the efficiency improvements in
power consumption and color gamut expansion when using Quantum Dot backlighting:

Table 3: Comparison of Power Consumption and Color Gamut Expansion

Backlighting Power Consumption Color Gamut Energy Efficiency
Type (Watt/m?) (NTSC) Improvement
Traditional 90 70% -
LED
Quantum Dot 65 90% 28% reduction
LED

As demonstrated in Table 3, Quantum Dot backlighting reduces power consumption by 28%
compared to conventional LED backlighting. Additionally, the ability to expand the color
gamut improves the overall visual performance, making Quantum Dot technology an
attractive solution for both energy efficiency and display quality.

4.3 Adaptive Backlighting Techniques

Adaptive backlighting involves dynamically adjusting the brightness of the backlight based
on the content being displayed. This technique leverages real-time image processing to detect
areas of the screen that require higher brightness (e.g., bright scenes or daylight views) and
lower brightness in darker scenes. By adjusting the light output according to the content,
adaptive backlighting ensures that energy is used more efficiently. The key advantage of
adaptive backlighting is its ability to reduce power consumption without compromising the
viewing experience. In scenarios where dark content is displayed, the backlight intensity can
be reduced or turned off in specific regions of the screen, thus minimizing energy wastage. A
comparison of power savings with and without adaptive backlighting is shown in Table 4.

Table 4: Comparison of Power Consumption in Adaptive vs. Static Backlighting

Backlighting Type Power Consumption | Typical Use Case Energy
(Watt/m?) Savings
Static Backlighting (No 100 Standard content -
Adjustments) across the screen
Adaptive Backlighting 60 Dark scenes or 40%
(Content-Based static content reduction
Adjustment)
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As seen in Table 4, adaptive backlighting can achieve up to a 40% reduction in power
consumption compared to static backlighting systems. This is particularly beneficial for
scenarios where the content on the screen does not require high brightness, such as during
video playback in dimly lit environments or when displaying static text. (Rao & Nair, 2012).
In conclusion, advancements in energy-efficient backlighting technologies, such as Mini-
LED, Quantum Dot, and Adaptive Backlighting, have made significant strides in reducing
power consumption while enhancing the performance of LCDs. By implementing these
techniques, display manufacturers can achieve a balance between energy efficiency, image
quality, and overall user experience. Future research and innovation in these areas will
continue to drive the evolution of LCD technology, pushing the boundaries of both energy
savings and visual fidelity.

5.0 Experimental Analysis and Results

This section presents the experimental analysis conducted to evaluate the energy efficiency
and performance of different backlighting technologies used in Liquid Crystal Displays
(LCDs). The aim is to compare traditional backlighting solutions (such as CCFL and standard
LEDs) with advanced technologies like Mini-LED and Quantum Dot (QD) backlighting. The
evaluation metrics include power consumption, brightness, color accuracy, and thermal
behavior. The results are analyzed to understand how these technologies balance energy
savings with display performance.

5.1 Experimental Setup

The experimental setup was designed to assess the energy efficiency and overall performance
of various backlighting solutions. The setup involved a series of tests conducted on LCD
panels equipped with different backlighting technologies: traditional CCFL, LED, Mini-LED,
and Quantum Dot LED. The tests were carried out under controlled conditions to measure
key performance indicators.

Test Methodology:

« Power Consumption Measurement: Power consumption was measured using a
digital power meter connected to the display system. Measurements were taken at
standard brightness settings, and comparisons were made across different backlighting
technologies.

o+ Brightness Measurement: Brightness was quantified using a luminance meter to
capture the peak brightness (cd/m?) and uniformity across the screen. This was
assessed at varying power levels to determine efficiency in delivering high brightness
with low energy use.

« Color Accuracy: Color accuracy was tested using a colorimeter to measure the color
gamut and color fidelity of the display. Tests were carried out at various brightness
levels to evaluate how efficiently each technology maintains color quality while
minimizing energy consumption.

¢ Thermal Behavior: Thermal performance was assessed by measuring the
temperature of the backlight unit under continuous operation. Temperature sensors
were placed in different regions of the display to ensure uniformity and to detect any
hotspots that could impact the longevity of the display.
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Table §: Power Consumption Comparison Across Different Backlighting Technologies
Backlighting Power Peak Brightness | Color " Thermal |
Technology Consumption (W) (ed/m?) Gamut (%) Behavior
e
CCFL 60 250 v N I S
Standard LED 40 350 85 § -
Mini-LED 30 500 95 40 ____|
Quantum Dot 35 550 98 38
LED _——
5.2 Comparative Analysis

The experimental results reveal several significant findings when comparing traditional and
advanced backlighting technologies.

Power Consumption: As shown in Table 5.1, the Mini-LED backlighting system exhibited
the lowest power consumption (30W) while achieving the highest peak brightness (§OO
cd/m?) among the tested technologies. In comparison, traditional CCFL backlighting
consumed significantly more power (60W) while delivering lower brightness (250 cd/n_ﬁ).
Quantum Dot LED and standard LED technologies presented a middle ground, consuming
35W and 40W, respectively, with higher brightness levels (550 cd/m? and 350 cd/m?). 'Ih.e
energy efficiency of Mini-LED and Quantum Dot backlighting solutions demonstrates their
potential to offer substantial power savings without compromising brightness.

Brightness and Color Accuracy: Brightness tests showed that the Mini-LED and Quantum
Dot LED technologies outperform traditional CCFL and standard LED backlighting in terms
of peak brightness. Quantum Dot LED, in particular, achieved the highest color gamut (98%),
delivering superior color accuracy compared to the other technologies. However, the color
gamut of standard LED and Mini-LED backlighting was also high (85% and 95%,
respectively), suggesting that these advanced technologies can maintain excellent color

reproduction with reduced energy consumption.

Thermal Behavior: Thermal measurements revealed that Mini-LED and Quantum Dot LED
systems generate less heat compared to traditional CCFL and standard LED systems. This
lower thermal output indicates improved thermal management, which can contribute to
longer display life and enhanced overall efficiency. The reduced temperature of these
advanced systems also helps prevent potential damage from overheating, further enhancing
their practicality in energy-efficient designs.

Trade-offs and Cost Considerations:: While Mini-LED and Quantum Dot backlighting
solutions provide superior energy efficiency, brightness, and color accuracy, the trade-off
comes in their cost. Both technologies are generally more expensive to manufacture and
implement in display systems, making them less cost-effective for budget-conscious
consumers or low-cost products. In contrast, traditional CCFL and standard LED
backlighting solutions, while less efficient, are cheaper to produce and maintain. Therefore,
manufacturers must weigh the benefits of energy efficiency and display performance against
the higher initial costs of advanced technologies. (Jain, & Kumar, 2020).

In conclusion, the experimental analysis confirms that Mini-LED and Quantum Dot LED
backlighting solutions offer significant improvements in energy efficiency, brightness, and
thermal performance compared to traditional technologies. However, cost remains a critical
factor in the widespread adoption of these advanced systems, and manufacturers must
carefully evaluate the trade-offs between energy savings and production expenses.
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6.0 CONCLUSION AND FUTURE DIRECTIONS
6.1 Summary of Findings

The research paper highlights significant advancements in energy-efficient backlighting
technologies for LCDs, which are essential for reducing power consumption without
compromising display quality. Our analysis has demonstrated that the shift from traditional
CCFL backlighting to LED-based solutions has already led to notable improvements in
energy efficiency, with further gains achievable through mini-LED and quantum dot
technologies. Mini-LEDs, with their localized dimming capabilities, provide substantial
energy savings by controlling the brightness of individual regions of the screen. Quantum dot
backlighting, on the other hand, enhances color reproduction while minimizing the power
required for achieving high brightness levels. These developments offer a promising
toward more energy-efficient displays while maintaining excellent image quality, ultimately
contributing to more sustainable LCD technologies.

6.2 Future Research Directions

Looking ahead, several promising technologies could
efficient backlighting. Micro-LEDs, for example, are
could revolutionize display systems. They offer self-emissi
require backlighting, which would entirely eliminate t
traditional backlighting methods. Furthermore, perovskite q
potential in improving both the color gamut and efficiency of display systems,
quality displays with even lower energy consumption.
the integration of artificial intelligence

further advance the field of energy-
a next-generation technology that
ve properties, meaning they do not
he energy CcoOStS associated with
uantum dots hold significant

enabling high-

Another exciting area of future research involves ‘ |
(AI) in adaptive backlighting systems. Al could enable dynamic, real-time adjustments to

the backlighting based on content and user preferences, optimizing energy usage by red.ucing
power consumption during low-brightness scenes and increasing it when needed for brighter

visuals. This technology could significantly enhance energy efficiency by ensuring that
djusting to different environments and display

backlighting is used only when necessary, a :
requirements with precision. Combining Al with advanced backlighting technologies such as
mini-LEDs and quantum dots could represent the future of energy-efficient LCDs.

[n summary, ongoing innovations in backlighting technology, coupled with Al-driven
optimization, offer the potential to make LCDs more energy-efficient and sustainable in the

future.
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