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Abstract

As ultra-high resolution liquid crystal displays (LCDs) advance, crosstalk has become a
critical challenge due to the reduced spacing of electronic circuits and increased signal
frequencies. In particular, vertical crosstalk (V-CT) in vertical-alignment LCDs arises mainly
from fringing electric fields generated by data lines, along with secondary contributions
from data line-pixel coupling effect, thin-film transistor leakage, and other factors. To
resolve V-CT, we propose a memory-efficient compensation algorithm implemented on a
field-programmable gate array as a customized timing controller. The proposed algorithm
achieves compensation accuracy within 2% while significantly reducing memory require-
ments. A conventional 7680 x 4320 pixel LCD panel requires approximately 796 MB of
memory for compensation data, whereas our method reduces this to only 0.37 MB—a nearly
2000-fold reduction—by referencing only preceding pixel information. This approach en-
ables cost-effective implementation, faster processing, and enhanced image quality. Overall,
the proposed method provides a practical and scalable solution for resolving V-CT in 8K
LCD panels, establishing a new benchmark for high-resolution display technologies.

Keywords: LCD; vertical crosstalk; compensation algorithm; high-resolution display

1. Introduction

In recent years, display technology has rapidly advanced from standard definition
to high definition and, more recently, to ultra-high definition. However, the transition
to higher resolutions has introduced substantial technical challenges [1-4]. In particular,
increasing the pixel density within fixed panel dimensions requires a greater number of
signal lines and a narrower spacing between adjacent elements that constitute a pixel.
Under such conditions, ultra-high-resolution liquid crystal displays (LCDs), such as 8K,
are highly susceptible to crosstalk—undesired interference between adjacent elements.
Among these, vertical crosstalk (V-CT), which results from interactions between pixels and
vertical signal lines (i.e., data lines), poses a critical threat to image quality in ultra-high-
resolution LCDs.

A detailed understanding of LCD operation is essential for addressing this issue. As
shown in Figure 1, each pixel contains a thin-film transistor (TFT) that acts as a switch,
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transferring the data voltage from the data line to the pixel [5,6]. The transferred data
voltage determines the luminance of the pixel. Additionally, a pixel storage capacitor (Cs;)
plays a vital role in maintaining the transferred data voltage between refresh cycles. The
two electrodes of the storage capacitor are the pixel and common -voltage (V¢om) electrodes.
As display resolution increases, for example, in 8K panels operating at 120 Hz, the design
of data and gate lines becomes increasingly complex, thereby amplifying the likelihood of

signal interference.
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Figure 1. Cross-sectional schematic of a vertical-alignment LCD pixel (left), its corresponding
equivalent circuit (center), and voltage—transmittance characteristics (right).

V-CT has become a particularly critical issue in 8K LCDs due to the partial overlap
between the data line and the pixel electrode in practical panel designs, along with the
narrow spacing between them [7]. Under these conditions, strong fringing electric fields
are generated around the data lines, which significantly disturb the tilt angle of the liquid
crystal (LC) molecules and result in visible image artifacts. Prior efforts to resolve V-CT
have primarily focused on two strategies: (i) design-based approaches, such as shielding
structures to reduce interference [8,9], and (ii) compensation algorithms that correct signal
distortions [10]. The latter strategy is considered more practical from an industrial engi-
neering perspective because it does not require major design modifications and significant
financial resources. However, although this approach has achieved limited success, it also
demands large memory resources in the driving circuits, thereby imposing relatively high
implementation costs.

In this study, we present a novel compensation algorithm that effectively suppresses V-
CT in 8K vertical-alignment (VA) LCDs while significantly reducing memory requirements.
Unlike conventional methods that rely on storing large volumes of compensation data, our
approach requires only minimal data extracted from an adjacent pixel in the preceding and
current frames. Our memory-efficient algorithm enables faster processing, cost-effective
implementation, and improved image quality, thereby providing a practical solution for
next-generation high-resolution displays.

2. Mechanism of Vertical Crosstalk in LCD

Crosstalk refers to visual defects in LCDs that arise from the interference between ad-
jacent elements. For instance, when the voltage stored in the storage capacitor is influenced
by voltage swings on the signal lines, the brightness and color of pixels can be distorted,
leading to noticeable image artifacts. Such artifacts often appear as abnormal rectangular
patterns in either the horizontal or vertical direction in matrix-type displays. Among the
various types, V-CT is particularly problematic in 8K LCDs, as the dense pixel layout and
high operating frequencies intensify interference effects [11]. The primary causes of V-CT
can be summarized as follows:
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1. Data line—pixel coupling: The capacitance asymmetry between the data line and pixel
electrode (Cgp) can induce undesired variations in the voltages stored in the pixel
storage capacitors and the resulting brightness fluctuations.

2. Fringing electric fields generated by the data line: Partial overlap between the data
line and the pixel electrode produces undesired strong local electric fields that alter
the tilt angle of LC molecules, leading to noticeable brightness variations [12,13]. This
effect has been identified as the dominant factor in high-resolution LCDs.

3. TFT leakage current: Imperfections in TFTs may cause charge loss in pixel storage
capacitors. However, under standard operating conditions, this effect is generally less
significant and becomes particularly minor at high frequencies.

Figure 2 and Table 1 summarize the primary causes of V-CT in 8K LCDs. Each of
these factors contributes to pixel luminance instability, resulting in V-CT. Although the
data line-pixel coupling has generally been regarded as the cause of V-CT, the fringing
electric fields from the data line have become the dominant factor in high-resolution LCDs.
Therefore, our compensation algorithm was developed with a focus on reducing V-CT
caused by the fringing electric fields from the data line.

(b) Data Field Data signal Data signal

Gate line

(c) TFT Leakage

Figure 2. Types and causes of V-CT in 8K LCDs: (a) data line-pixel coupling, (b) the fringing electric
fields from data line, and (c) TFT leakage current.

Table 1. Types and causes of V-CT in 8K LCDs.

Factors That Induce Factors Related to

Types Luminance Variation Manufacturing

Asymmetry between the
data line—pixel capacitance = Photomask misalignment
on the left and right sides ~ during photolithography
of a pixel

Data line—pixel coupling

Undesired distortion of the
Fringing electric fields molecular tilt angle of the
from data line LC in the regions adjacent

to the pixel’s data lines

Panel design with partial
overlap between the data
line and the pixel electrode

Reduction in the storage
capacitor’s capacitance
with increasing
display resolution

Charge loss of pixel storage
TFT leakage current capacitor due to TFT
leakage current

3. Proposed Compensation Method for V-CT

In general, data compensation for resolving V-CT relies on the timing controller (T-
con), which generates the data signals delivered to each pixel array. In this method, stored
pixel voltage data are used to generate new compensated voltages based on image patterns
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and background luminance. Although effective, this approach requires a large memory
capacity, especially for ultra-high-resolution panels, as shown in Figure 3. Figure 3 shows
that the number of pixels in a 4K resolution panel is four times greater than that of an FHD
panel, and an 8K panel contains four times more pixels than a 4K panel. This multiplication
factor also represents the rate at which the data volume required for the T-con increases
when conventional data compensation methods are employed to resolve V-CT. To resolve
this issue, we designed a more efficient algorithm that reduces memory requirements
without compromising the accuracy of compensation.
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Figure 3. Conventional approach to compensating for each pixel’s data using the T-con, which
requires more memory resources as display resolution increases.

Because a data line delivers voltages to all pixels in the same column, the stored voltage
of an individual pixel generally differs from the instantaneous voltage of the data line. This
voltage discrepancy generates fringing fields that cause the LC molecules at the pixel edges
to tilt differently from those in the interior. Figure 4 illustrates this interaction, highlighting
how the signal voltages of the data lines interact with the pixel. Consequently, the average
luminance of the pixel deviates from its intended value, resulting in visible V-CT.

Data line (left) Adjacent Data line (right)
Vi | 1

Vi+1

Vit2 ¢

Vit3 L

Gate line

\

Figure 4. Schematic illustrating the interactions between the signal voltages of adjacent data lines

and the pixel.

Equations (1)-(3) describe how luminance distortion in a pixel is converted into
an equivalent voltage caused by fringing fields from adjacent data lines. Equation (1)
represents the effect of the left data line as an equivalent distortion voltage (AV,_j), and
Equation (2) represents the effect of the right data line (AV),_e¢). Equation (3) combines
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both contributions to yield the total distortion AV,,. Here, V,, is the voltage stored in the
pixel on the nth line. The nth line is one of the total N lines, where N represents the number
of pixels arranged in the vertical direction. V; j4 and V; ;e denote the signal voltages of
the adjacent data lines in the current frame, while V*; ;.4 and V*; ¢,y denote those in the
previous frame; 8 is an experimentally determined proportionality constant that relates the
voltage difference to luminance distortion.

1
AV jeft = 0 X (ZfinJrl (Viileft - Vn) +Y (Vi_left - Vn)) X5 1
1
AVn_right =0 (Zf\in-&-l( iiright - V”) + Z?:l (Vi_right - V")) X N )
AV, = AVn_lefif + AVn_right (3)

In practice, calculating AV, requires recalling N signal voltages for each column (e.g.,
N = 4320 for an 8K panel), which imposes a substantial memory burden.

To alleviate this demand, we introduce the following cumulative summation terms.
Equation (4) defines S, . as the cumulative summation of the voltage differences between
the left data line signals and the nth pixel voltage, whereas Equation (5) defines S(;, 1) st
for the (n — 1)th pixel.

Snteft = Lilpia (Vz‘fzeft - Vn)+2?:1 (Vz‘_left - Vn) = (Vi = Vi) + (Vo — Vi) @)
+oo+ (VE=Va)+(Vi= Vi) + (Vo= Vi) + -+ (Ve = Vi)
S(nt)teft = Loy (Vileﬂ - Vn71>+2?:_11 (Vi_left - anl) = (Vi = Vi) +

(5)
(Vi =Vie) + o+ (Vi = Vi) + (Vi = Vi) + (Vo = Vi) 4+ (Vi = Vin)

Subtracting Equation (5) from Equation (4) yields Equation (6). Importantly, by applying
the reasonable assumption that the pixel voltages in the current frame do not differ sig-
nificantly from those in the previous frame (V,, =~ V,_1), the recurrence relation can be
significantly simplified.

Sn_left ~ S(n—l)fleft + N X (Vﬂfl - VV!) (6)

An identical process applies to Sy_yigns and S(,—1_yigns for the right data line. Thus,
each cumulative summation term requires only three values—its previous state, V,,_1,
and V,—rather than all N signal voltages. This recurrence formulation means that the
algorithm requires only the last step instead of the entire history, drastically reducing
memory demand.

Finally, AV, is obtained by combining the left and right contributions, as expressed in
Equation (7).

1

AV, = AVn_left‘ + AVn_right =4 X (Sn_left + Sn_right) X N (7)

4. Experimental Results and Discussion
4.1. Implementation Methods

In LCD panels, the T-con processes gray-level data to generate the displayed image.
Because the V-CT compensation IP core is integrated into the T-con, our approach focuses
on adjusting gray-levels rather than directly modifying pixel voltages. The compensation

process using our algorithm can be summarized as follows. When a box pattern is displayed
at the center of the LCD screen, luminance distortion appears above and below the box
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in the uncompensated state; this luminance deviation is denoted as AT),. As described in
the previous section, we converted AT into AV}, the equivalent voltage, which can be
obtained using Equation (7). Finally, to suppress the perception of V-CT by the observer, a
new voltage (V,,’ = V,, — AV,) should be applied to the pixels located above and below
the box pattern, instead of the original voltage (V). Since the T-con is the component
responsible for generating gray-levels, the corresponding gray-level for this new voltage
(V') should be determined as the T-con output. V-CT compensation is realized using the
T-con through this process.

Although the above description outlines the compensation process in a simplified
manner, its practical implementation is complicated by two key factors: the nonlinear
voltage—transmittance (V-T) characteristics and the nonlinear voltage-gray-level (V-G)
relationship. Figure 5 shows the V-T characteristics and the V-G relationship of a VA
LCD panel.

0.8
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S N = &
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Figure 5. (a) Voltage—transmittance curve and (b) voltage-gray-level curve of the VA LCD panel.

The first complication arising from the nonlinear V-T characteristics is that, even with
the same AV, its impact on AT varies depending on the pixel voltage (V). As a result,
the proportionality constant 6 required to compute AV, in Equation (7) varies depending
on the pixel voltage (V). Although it is extremely difficult to derive 6 as a closed-form
function of V,,, it is possible to approximate & values for each of the 256 gray-levels through
carefully designed experiments. In our study, we quantified the level of V-CT under various
conditions—such as the size of the box pattern, the gray-level of the box, and the gray-level
of the background—and from these measurements, we derived approximate  values for
all 256 levels of V,,. Figure 6 shows the quantified V-CT values obtained from the above
experiments, which were used to determine the 6 values. In Figure 6a, the box size was
fixed at 50% of the screen height, while the box and the background gray-levels were varied
to measure the resulting V-CT. In Figure 6b, the box gray-level was fixed at 250 G, and the
box size and the background gray-level were varied for the measurements. The V-CT value,
which represents the degree of crosstalk, was obtained using Equation (8).

Vertical crosstalk (%) = (L1 — Lp) /L1 x 100 (8)

Ly : Luminace in crosstalk region, Ly : Luminance in normal region

The second factor complicating the implementation—beyond the description pre-
sented at the beginning of this subsection—arises from the nonlinearity of the V-G rela-
tionship shown in Figure 5b. This nonlinearity arises from two factors: the application
of gamma correction to compensate for the sensitivity of the human visual system to to
luminance [14,15] and the inherent nonlinearity of the V-T characteristics of the LC, which
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promote the nonlinearity. As a result, even when a new voltage (V,,’ = V,, — AV},) is ob-
tained from the calculation, it is not straightforward to identify a corresponding gray-level
that precisely matches V,,’. Furthermore, performing such operations for every pixel in the

T-con would impose a significant processing burden.
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Figure 6. Quantified V-CT values: (a) under variation with box-pattern gray-level and background
gray-level at fixed pattern size, (b) under variation with pattern size and background gray-level at
fixed gray-level.

Therefore, once AV, is calculated, it is necessary to determine AG,,, which indicates
how many gray-level steps should be adjusted from the original gray-level (G;). To facilitate
implementation, we approximated the relationship between AG, and AV, as linear and
introduced a compensation coefficient f(G) for each gray-level. Equation (9) defines the
linear relationship between AG,, and AV, where f(G,) serves as the proportional constant.
Figure 7 shows the optimal f(G,;) values derived from both the V-T curve and the V-G
relationship. Consequently, for V-CT compensation, the gray-level applied to each pixel is
adjusted from the original G, to G,/ = G, — AG,,. Since AG,, obtained from Equation (9)
is generally non-integer, G, also becomes non-integer. In such cases, the T-con must be
programmed to select the nearest gray-level to G,

AG, = f(Gy) x AV, )
12
10
—~ 8
£ s
4
2
0
0 50 100 150 200 250
G

n

Figure 7. The compensation coefficient f(G;) for each gray-level.

For hardware verification, the proposed algorithm was implemented on an FPGA-
based evaluation board (Xilinx, San Jose, CA, USA). The computation blocks were described
using the VHSIC hardware description language (VHDL). Figure 8 shows the block diagram
of the proposed V-CT compensation method. Module 3 first converts the input gray-levels
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into the voltage domain. Module 1 then aggregates the data for one frame. Module 2 then
determines the compensated gray-level for each pixel using a lookup table containing the
necessary tuning parameters.

Summation of Pixel Voltage Calculation of compensation Gray
Module 1 Module 2

SRAM

aav
Ald/aavy

Input
Voltage
Transfer

Module 3

Gray Component

Figure 8. Block diagram of the proposed V-CT compensation method.

To evaluate the proposed compensation method, an 8K 120 Hz panel was employed.
This configuration enhances the fringing-field effect, particularly when a colored window
is displayed. We selected the 8K 120 Hz panel in this study because this configuration is
widely adopted as a standard in high-end LCD evaluations, balancing practical availability
with strict performance requirements. While higher refresh rates, such as 144 Hz, are
also of interest, these were reserved for future investigation. Figure 9 shows the image
compensated after applying the proposed method. Figure 10 presents the V-CT values
as a function of the background gray-level, comparing the results before and after V-CT
compensation. The results indicate that the proposed method considerably reduces the
V-CT with appropriately tuned parameters.

(a) (b)

Figure 9. Images of the LCD screen where a box pattern is displayed: (a) before and (b) after compensation.

6%

—e—  Before Compensation

—e—  After Compensation

-
B

2%

0%

Vertical Crosstalk (%)

—2%

32G 64G 96G 128G 160G 192G 224G 255G

Gray
Figure 10. V-CT values before and after compensation as a function of the background gray-level.

4.2. Comparison of the Memory Requirements

An 8K panel with a resolution of 7680 x 4320 contains 99,532,800 RGB subpixels.
Conventional compensation methods require approximately 796 MB of memory to store
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precomputed voltage values for each subpixel. In contrast, our algorithm requires only
0.37 MB, representing an approximately 2000-fold reduction.

This efficiency results from Equation (7), which references only the preceding pixel
when calculating the compensation voltage, thereby minimizing the computational over-
head. These results confirm that the proposed algorithm enables the practical implemen-
tation of V-CT compensation in 8K LCDs, providing both high efficiency and substantial
hardware cost savings.

4.3. Comparison with the Existing Compensation Methods

Recent research efforts have approached the suppression of crosstalk and mura arti-
facts in LCD panels from different perspectives. To position our study within prior research,
we compare it with representative approaches commonly used to suppress display artifacts.
We consider the conventional pre-storage compensation method widely used in practice
(no specific citation) as a baseline, which relies on full-panel pre-stored correction maps.
Although effective in many cases, these methods scale poorly with resolution and typically
require substantial memory capacity and periodic recalibration. Zhang et al. [10] proposed
an efficient camera-based mura compensation system that leverages hardware-software
co-optimization to correct luminance deviations, demonstrating strong performance with
reduced hardware overhead, but still demanding significant storage and computation for
ultra-high-resolution panels. Smorfa et al. [16] presented a physical-level driver model and
simulator for analyzing pixel crosstalk phenomena. Their work provided an essential tool
for evaluating new driver schemes and understanding the physical interactions among
TFT leakage, line capacitance, and pixel storage capacitors. Although this simulator is
powerful for design exploration, it does not directly propose a hardware-implementable
compensation algorithm; therefore, it does not resolve the memory bottleneck encountered
in T-cons for high-resolution panels. Historically, Yamada et al. [17] introduced a driving
method for TFT-LCDs to improve pixel charging and reduce crosstalk under limited line
times. This study represents the early development of compensation strategies at level of
circuit driving. However, it predates the advent of ultra-high-resolution panels and thus
does not address the scalability and memory requirements that dominate modern T-con
design. In contrast, our study introduces a memory-efficient recurrence-based algorithm
that directly targets vertical crosstalk while minimizing both computational and memory
burdens, as summarized in Table 2.

Table 2. Comparison of the proposed method with the representative LCD compensation methods.

Target

Implementation

Approach Display/Focus Memory Requirement Complexity Primary Strategy Notes
. LCDSf cr . High (full-panel High Pre-stored pixel Effective but.scales
Baseline Suppression via re-computed maps) (large storage) data +LUT poorly with
data compensation p p P & & resolution
Large LCDs; High Medium-High Camera-based Strong uniformity
Zhang et al., ) (measure- gains; memory and
brightness (camera-measured o measurement +
2022 [10] . . . ment/ calibration . measurement over-
uniformity correction maps) P correction LUT
ramework) head
Useful for selecting
Smorfa et al., LCDs; CT analysis . . M(?dlum Pre-51m'ule}t10n low CT drive
; Low (offline modeling) (physics-based to optimize conditions (no
2006 [16] and suppression . . .
modeling) drive schemes real-time

compensation)
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Table 2. Cont.

Target . Implementation .
Approach Display/Focus Memory Requirement Complexity Primary Strategy Notes
High-resolution Medium (drive ~ Adjusting drivin EffZCtg;ifzoartIi);r:v .
Yamada et al., LCDs; drive Low—Medium (no wave- ) schegme 8 p(limite d
1995 [17] scheme—bas'ed i large LUTs) form/mode tuning) with inversion high-resolution
suppression scalability)
8K LCDs; CT . Streaming Memory-efficient,
L Low (uses a few pixel Low . . .
Our study suppression via data) (small storage) implementation scalable without
data compensation & on T-con structural changes

4.4. Performance Considerations and Limitations

Several potential drawbacks commonly associated with optimization algorithms in
high-resolution LCDs were examined. First, regarding image quality, our experimental
results indicate that the proposed compensation improves visual clarity rather than degrad-
ing it. Second, in terms of algorithm complexity, the recurrence formulation requires only
the previous state for each pixel, which simplifies both computation and memory usage
compared with conventional LUT-based methods. Third, with respect to compatibility, the
scheme is implemented at the T-con level and was successfully realized on an FPGA T-con
without requiring any hardware modifications, demonstrating its practicality. Finally, con-
cerning color accuracy, box-pattern experiments show that the method does not introduce
noticeable chromatic distortion.

Beyond memory efficiency and compensation accuracy, broader performance aspects
of high-resolution LCD driving schemes must also be considered. The introduction of
compensation algorithms may affect factors such as power consumption, response time,
signal accuracy, and the dynamic storage characteristics of TFTs. Although the present
study focused on resolving vertical crosstalk caused by the fringing fields from the data
line, quantitative evaluations of these additional aspects were not within the scope of this
study and remain subjects for future investigation.

The robustness of the algorithm under diverse operating conditions also remains an
important area for future work. Future studies should evaluate its performance across
different refresh rates (e.g., 144 Hz), panel sizes, and environmental temperatures to confirm
consistency and scalability. Such investigations are essential for establishing the general
applicability of the proposed method in practical settings.

In addition, recent advances in 2D memory devices demonstrate the potential of
atomically thin materials for ultra-fast, low-power memory applications [18]. For example,
SnSe, /h-BN/graphene heterostructure devices have achieved ON/OFF ratios of ~109,
nanosecond-scale program/erase speeds, and multi-bit storage capability. Such material-
level innovations represent a complementary route to improving signal integrity and energy
efficiency in next-generation electronic systems and may be combined with algorithmic
solutions, such as those proposed in the present work.

5. Conclusions

In this study, we developed a memory-efficient compensation algorithm to resolve
V-CT in high-resolution LCD panels. The proposed method was implemented on an FPGA
as a T-con and achieved compensation accuracy within a 2% error margin while drastically
reducing memory requirements. Specifically, for an 8K LCD panel (7680 x 4320), the re-
quired memory was reduced from approximately 796 MB to only 0.37 MB—approximately
1/2000 of conventional approaches.
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The algorithm minimizes computational complexity by referencing only the preceding
pixel data during compensation, enabling both faster processing and lower hardware
costs. The experimental results demonstrated that the method effectively suppressed V-CT
dominated by fringing fields, thereby improving image clarity and overall display quality.

The proposed approach provides a scalable and practical solution for next-generation
8K LCDs, establishing a new benchmark for efficient crosstalk compensation. Beyond V-CT
suppression, the framework can be extended to address other forms of signal distortion,
thereby contributing to the advancement of high-performance display technologies.
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