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Quantitative Comparison of Color Performances
Between IPS and MVA LCDs

Ruibo Lu, Qi Hong, Shin-Tson Wu, Kuo-Hsuan Peng, and Hung-Sheng Hsieh

Abstract—Color gamut and color shifts of the film-compensated
multi-domain in-plane-switching (IPS) and multi-domain vertical
alignment (MVA) liquid crystal displays (LCDs) are calculated
quantitatively using light-emitting diodes (LEDs) and cold-cathode
fluorescent lamp (CCFL) backlight. Simulation results indicate
that the LED backlight exhibits better angular color uniformity
and smaller color shifts than CCFL. In addition, the color gamut
can be further widened and the color shift reduced when using
color-sequential RGB-LED backlight without color filters. In
general, both IPS and MVA LCDs show relatively small color shift
under different backlights, but MVA has a lower color shift using
the optimized uniaxial compensation films.

Index Terms—Backlight, color, color shift, in-plane switching
(IPS), light-emitting diode (LED), liquid crystal display (LCD),
multi-domain vertical alignment (MVA).

I. INTRODUCTION

L IQUID crystal displays (LCDs) using a light-emitting
diode backlight unit (LED BLU) offer tremendous per-

formance advantages over the conventional cold-cathode
fluorescent lamp (CCFL) in larger color gamut, higher bright-
ness, tunable backlight white point control by separate red,
green and blue (RGB) colors, real-time color management, re-
duced motion artifacts without brightness and lifetime penalty,
and higher dimming ratio [1]–[4]. For high-end LCD monitors
and TVs, small color shift, fast response time, wide viewing
angle, high contrast ratio, and high optical efficiency are the
major technical challenges [5]. To achieve these goals, the
film-compensated multi-domain in-plane-switching (IPS) and
multi-domain vertical alignment (MVA) LCDs are the two
major approaches [6]–[8]. These LCDs exhibit wide viewing
angle and high contrast ratio, however, color shift remains an
important issue.

To reduce color shift and widen color gamut, LED backlights
have been considered. However, only few quantitative results on
the color performance of LCDs using LED backlights have been
reported. In this paper, we calculate the color gamut and color
shift of the film-compensated four-domain IPS and four-domain
VA LCDs using LED and CCFL backlight units. In this case,
conventional color filters (CFs) are still employed. In the second
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case, we consider color-sequential LCDs using RGB LED back-
lights without color filters.

II. MODELING OF COLOR SHIFT

In the history of color science, several approaches and
models have been developed to analyze the displayed color
images [9]–[13]. Among them, the tristimulus method which
is established and developed by the Commission International
de l’Éclairage (CIE) [12] is a three-valued system. It can effec-
tively model the appearance of color by human eye, including
the specifications of the observer, light source, device, and
other aspects of the viewing conditions. For the convenience of
discussion, in the following sections we only briefly review the
terminologies and definitions that are directly relevant to the
LCD color performances.

A. Tristimulus Values and Chromaticity Coordinates
for CIE 1931

The CIE color space defines all the colors in terms of
three imaginary primaries , , , and based on the human
visual system. The , , tristimulus values of a color stimulus

which represent the luminance or lightness of the colors
are expressed as

(1)

Here, the values of , , and color matching func-
tions are the tristimulus values of the monochromatic stimuli,

represents the spectral radiometric quantity at a certain
wavelength , e.g., it is the light transmission intensity in a prac-
tical LCD device, and is a constant [12].

Since the , , and tristimulus values are not easy to in-
terpret so that it is difficult to tell what the color they specify, the
chromaticity coordinates , , have been introduced by CIE
in the following forms:

(2)

Because , it is sufficient to just use two
chromaticity coordinates to describe the chromaticity of the
stimulus. That means and can be plotted in a two-dimen-
sional graph containing all the color information of the original

, , and values. The corresponding chromaticity diagram
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is referred as CIE 1931 diagram which is the first standard
colorimetric system including the color matching functions for
the standard observer, standard illuminants, and standard light
sources [13].

B. CIE 1976 Uniform Chromaticity Scale (UCS) Diagram

To obtain the reasonably equidistant chromaticity scales that
are better than the CIE 1931 diagram, the CIE 1976 uniform
chromaticity scale (UCS) diagram which is also called
diagram has been introduced. The coordinates are re-
lated to the (x, y) coordinates by the following equations:

(3)

C. Color Shift Based on CIE Color Difference Equations

Color shift is an important parameter to determine the color
uniformity of an LCD panel. The angular-dependent color uni-
formity of an LCD panel is usually measured by a spectro-ra-
diometer with capacity of presenting and coordinates when
the display color is set at the full-bright state. The chromaticity
coordinates and are measured in the visually most color
deviating areas such as the horizontal and vertical directions of
an LCD panel.

Based on (3), at any two positions (1 and 2) can be
calculated using the following formula:

(4)

To characterize the color shift in a LCD monitor or TV,
represent the values at an oblique viewing angle while

are usually referred to the values at normal
viewing angle.

In the following sections, we will evaluate the color shift of
the film-compensated multi-domain IPS and MVA LCDs using
RGB-LED and CCFL backlight units. The color shift is referred
to the full-bright state, i.e., the 255th gray level (G255), of the
corresponding LCD.

III. DEVICE STRUCTURES AND SIMULATION METHODS

A. Device Structures and Simulation Parameters

Fig. 1 shows the typical device structures of the simu-
lated multi-domain IPS and MVA LCDs. For the IPS mode
[see Fig. 1(a)], the chevron-shaped structure represents the
inter-digital electrodes which are alternatively arranged on
the same substrate as the common electrode and the pixel
electrode, respectively. The LC directors are initially homoge-
neously aligned along the perpendicular direction on the glass
substrates. The chevron-shaped electrode has a bending angle

which is set as the angle between the chevron arm extension
direction and the vertical direction [14]. For the MVA mode
[Fig. 1(b)], the chevron-shaped structure represents the slits
which are alternatively etched on the bottom common electrode
and the top pixel electrode. The LC directors are vertically
aligned on the glass substrates in the initial state [15]. Here,
the bending angle refers to the angle between the slit arm

Fig. 1. Typical electrode structures of the multi-domain: (a) IPS and (b) MVA
LCDs.

extension direction and the perpendicular direction. Both IPS
and MVA LCDs work in the normally black mode between
crossed linear polarizers, and both modes can realize 4-domain
LC alignment configuration in the voltage-on state.

As an example, we simulate a chevron-shaped four-domain
IPS LCD using a Merck positive LC material MLC-6692 and the
MVA LCD using a Merck negative LC material MLC-6608. The
physical properties of MLC-6692 are listed as follows:

Pa s, , pN, pN,
, and at nm, and for MLC-6608:

Pa s, , pN, pN,
pN, and at nm. The birefrin-

gence dispersion of the LC material at each wavelength of the
light source is included in the calculation using the following
equation [16]:

(5)

At room temperature, the two fitting parameters are:
nm and nm for MLC-6692,

and nm and nm for
MLC-6608.

In our design, the cell gap of the IPS LCD is m,
the width of the chevron-shaped electrode is m, the
electrode gap is m, and the chevron arm length is
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m. The bending angle of the chevron-shaped electrodes
is typically chosen at , and LC pretilt angle is 2 with
respect to the substrate plane. For the MVA mode, the cell gap
is m, the width of the chevron-shaped slit is m,
the gap between the neighboring slits on the bottom and top
substrates is m on the projected plane, and the chevron
arm length is m. The bending angle is at , and
LC pretilt angle is 90 with respect to the substrate surface.

In the practical IPS and MVA LCDs, compensation films are
commonly used to widen the viewing angles of the devices [17].
For IPS LCD, a pair of positive A- and C-plates is added be-
fore the analyzer to widen the viewing angle, where the posi-
tive A-plate has nm with and

at nm, and the positive C-plate has
nm with and at

nm [14]. For MVA LCD, two sets of uniaxial films,
a positive A-plate and a negative C-plate, are placed after the
polarizer and before the analyzer, respectively. The film’s
value is 93.2 and 85.7 nm, respectively. The positive A-plate
has a and at nm, and
the negative C-plate has and at

nm [18], [19]. During simulations, we assume the
phase-matched compensation films have the same color disper-
sion as that of the LC material employed [20].

B. Simulation Approaches and Optical Calculations

The simulation sequence is to obtain the dynamic 3-D LC di-
rector distributions first and then calculate the detailed electro-
optics of the LCD. We used a 3-D simulator to calculate the
LC director distributions, which combines the finite element
method and finite difference method approaches to improve the
calculation speed [14].

Once the LC director distribution profiles are obtained, we
then calculate the electro-optic properties of the LCD using the
extended Jones matrix method [21]. The LC layer is modeled
as a stack of uniaxial homogeneous layers. Here, we assume the
reflections between the interfaces are negligible. Therefore, the
transmitted electric field is related to the incident electric field
by

(6)
where and are the correction matrices considering
the transmission losses in the air-LCD interface, which are given
by

(7a)

(7b)

Correspondingly, the overall optical transmittance is repre-
sented as

(8)

Fig. 2. The simulated VT curves of the multi-domain (a) IPS and (b) MVA
LCDs at R = 650, G = 550, and B = 450 nm.

where is given by

(9)

Here, is the average refractive index of the polarizer, where
, and

; stands for the real part
of ; is the azimuthal angle of the incident wavevector .

IV. RESULTS AND DISCUSSION

A. Voltage-Dependent Transmittance Curves

Fig. 2 shows the voltage-dependent transmittance (VT) curve
of the multi-domain IPS and MVA LCD at the selected three
primary colors ( , , and nm), where
the polarizer and analyzer pair has a maximum transmittance of
35%. The birefringence dispersion of the LC materials as de-
scribed in (5) has been taken into consideration. For the IPS
mode, the RGB primaries all reach their respective maximum
transmittance at , which is the full-bright gray
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level G255. For the MVA mode, RGB primaries reach their re-
spective maximum transmittance at different voltages: the blue
light reaches its maximum at and red light at

. In the simulation, we chose the green light maximum
transmittance voltage at as the gray level G255
for the green and red primaries, and as the G255
for the blue primary of the MVA LCD.

B. Color Gamut of LCD Panels Under LED and
CCFL Backlights

The color gamut of a display is referred to the range of colors
that it can reproduce or distinguish. For a LCD device such as a
monitor or a TV panel, its gamut can be plotted with the device’s
RGB primaries. This is one of the most common uses of the CIE
diagram, especially for comparing the color gamut of the LCD
devices.

Fig. 3 show the transmission spectra of the CCFL and LED
backlight units and color filters. The CCFL-BLU we employed
here is a commercial wide gamut one. The LED-BLU consists of
a series of separate RGB LEDs, where the red LED (AlInGaP)
has a peak wavelength at nm and a full-width-half-
maximum nm, the green LED (InGaN) has a
peak wavelength at nm and nm, and
the blue LED (InGaN) has a peak wavelength at nm
and nm [2], [3]. The color filters have their av-
erage peak transmittance at nm, nm and

nm. It can be seen that the RGB peak wavelengths
of LED-BLU match better with those of color filters, and its re-
spective bandwidth is narrower and without side-lobes, as com-
pared to that of CCFL-BLU.

In our simulation, the RGB primaries of the LCDs are mainly
referred as the light transmittance of the backlight unit through
the respective RGB color filters. Since LEDs can be switched
on and off in a few nanoseconds, it has been demonstrated that
the separate RGB LEDs can be switched respectively with the
RGB image content to realize the color sequential display [2].
Under this case, the color filters are not needed and the optical
efficiency of the device can be improved.

Fig. 4 is a plot of the RGB primaries through the MVA
LCD panel using CCFL-BLU, LED-BLU with color filters or
RGB LED without color filters. The color gamut defined by
the RGB LED color points from LED-BLU with color filters
in the color diagram is larger than that of the CCFL primaries
and the National Television System Committee (NTSC) stan-
dard primaries. It means that it is possible to obtain a more
than 100% NTSC color gamut by properly selecting the LED
colors and the color filters. As for the primaries of the separate
RGB LED without color filters, the color space can be further
widened from 114.2% to 128.6% NTSC color gamut. The color
gamut of a LCD device using the conventional CCFL-BLU is
usually about 75% NTSC [22], [23]. Meanwhile, even though a
wide gamut CCFL-BLU has been commonly adopted by LCD
industry, the color gamut achieved by the CCFL backlight is
95.4% of the NTSC standard, which is still narrower than that
of LED backlights. This is because the peak transmittance of
the RGB primary colors of LED-BLU match better with those
of color filters and their respective bandwidth is narrower.

Table I compares the color gamut of MVA and IPS LCDs
under different backlights. It can be found that the color gamut

Fig. 3. Light source spectra of: (a) CCFL-BLU, (b) LED-BLU, and (c)
CF transmittance spectra.

of IPS panel is 91.8%, 110.7% and 127.4% NTSC for the
CCFL-BLU, LED-BLU with CFs, and LED-BLU without CFs,
respectively. These data are all slightly lower than those of
MVA LCD.
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Fig. 4. RGB primaries through the film-compensated MVA-LCD panel for
LED and CCFL backlights and NTSC standard primaries on the CIE 1976 UCS
diagram.

TABLE I
SIMULATED COLOR GAMUT OF THE FILM-COMPENSATED IPS AND MVA LCDS

AT THREE DIFFERENT BACKLIGHTS. (THE REFERENCED COLOR GAMUT OF

NTSC STANDARD IS 1.0000)

C. Color Shift for RGB Primaries at Different Incident Angles

In this part, we further plot the CIE 1976 UCS diagrams with
different incident angles at the full-bright gray level G255 for
the IPS and MVA LCDs with different backlights. The incident
angle is defined as the angle between the light incident direction
and the normal of the LCD panel, which is referred as theta angle

thereafter. In our calculations, we vary the theta angle from
to 80 , and scan the backlights across the whole 360

azimuthal angle at 10 scanning step for every chosen theta
angle.

As shown in Fig. 5, the film-compensated MVA LCD ex-
hibits a weaker color shift than the film-compensated IPS LCD
in the RGB primaries with different backlights, especially in the
blue primary. The separate RGB LED-BLU without CFs has
an evidently much lower color shift than the CCFL-BLU and
LED-BLU with CFs.

To quantitatively investigate angular color uniformity, we re-
define (4) as

(10)

where and represent the maximum
and minimum values at the full-bright state between
0 –80 viewing range. The data are summarized in Table II.

For the angular color shift of the film-compensated
MVA and IPS LCDs under LED-BLU with CFs, we ob-
tain for MVA LCD and

for IPS LCD at the RGB
primaries. The MVA LCD has 20% lower values than
IPS LCD, which implies the film-compensated MVA mode
has better angular color uniformity than the film-compensated
4-domain IPS mode. Similar conclusions can be drawn when
we compare the two LC modes using CCFL with CFs and RGB
LED-BLU without CFs.

To compare the angular color uniformity of the film-com-
pensated MVA LCD with different backlights, we obtain

for CCFL-BLU with CFs,
and for RGB LED-BLU
without CFs at the respective RGB primaries. The LED backlit
MVA-LCD shows 1.35X better angular color uniformity in
green and 2X in red and blue primaries than the CCFL-based
MVA-LCD. A similar trend is observed in the IPS LCD with
different backlights.

To understand why the film-compensated MVA exhibits
smaller color shift than the film-compensated multi-do-
main IPS, we look into the uncompensated device struc-
tures first. Fig. 6 shows the angular color uniformity
of the MVA and IPS LCDs without any compensation
films. For the CCFL BLU with color filters, the four-do-
main MVA LCD has
at the RGB primaries while the four-domain IPS has

. For the LED BLU with
color filters, the MVA has
while IPS LCD has at
the RGB primaries. From above results, the uncompensated
IPS-LCD exhibits lower values than the uncompensated
MVA at the corresponding RGB primaries. It indicates that the
uncompensated IPS LCD has better angular color uniformity
than the uncompensated MVA LCD.

It has been shown that color shift can be suppressed in
the multi-domain IPS LCD when observed at a fixed oblique
viewing angle around the whole 360 azimuthal angle [24].
In this paper, we calculated the color shift based on the
color difference between the oblique viewing angle and the
normal viewing angle from (4). Therefore, the origin why
the film-compensated MVA has a smaller angular color shift
than the film-compensated IPS is primarily attributed to the
optimized compensation films we employed. The LC alignment
difference and the LC domain variation in the full-bright state
only make secondary contributions. In a film-compensated
MVA LCD, the compensation films are laminated on both
sides of the LCD which can more effectively cancel the color
dispersion from the uniaxial films themselves. In an IPS LCD,
the films are only laminated on one side of the LCD. As a
result, its color shift is more pronounced than that of MVA at
large viewing angles.

D. Color Shift in the Horizontal Direction

In evaluating the color uniformity of a LCD monitor or TV,
the observers care more about the color performance in the hor-
izontal and vertical directions. Thus, the color shift in the hori-
zontal direction is usually measured [22].

Fig. 7 shows the simulated angular dependent of the
LED- and CCFL-backlit MVA and IPS LCDs as observed from
the horizontal viewing direction. For the IPS LCD
backlit by CCFL- or LED-BLU with CFs (see Fig. 7(a)), the
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Fig. 5. Color shift for RGB primaries in the film-compensated LCDs as theta angle is varied from �80 to 80 : (a) IPS using CCFL-BLU with CFs. (b) MVA
using CCFL-BLU with CFs; (c) IPS using LED-BLU with CFs; (d) MVA using LED-BLU with CFs; (e) IPS using LED-BLU without CFs; and (f) MVA using
LED-BLU without CFs.

TABLE II
CALCULATED �u v VALUES OF THE FILM-COMPENSATED IPS AND MVA

LCDS WITH THREE DIFFERENT BACKLIGHTS. THE THETA ANGLE IS VARIED

FROM �80 TO 80 , AND EVERY THETA ANGLE IS SCANNED ACROSS THE

WHOLE 360 AZIMUTHAL ANGLE (�) AT 10 SCANNING STEP

RGB curves are fairly symmetric along the theta angle ,
where for different primaries. As the absolute value
of theta angle increases, gradually increases. In both
LED- and CCFL-backlit IPS LCDs, blue color has the largest

value, followed by green and then red. Meanwhile, the

value of LED backlit IPS LCD is smaller than that of
the CCFL one for the respective RGB primaries when .
At theta angle ,
for LED-BLU and for
CCFL-BLU for the RGB primary, respectively.

Fig. 7(b) shows the similar plots for the MVA LCD backlit
by CCFL- or LED-BLU with CFs. The RGB curves are still
roughly symmetric along and their values are lower
than those of IPS LCD with the corresponding backlights. Sim-
ilarly, the value increases as the theta angle increases.
In both LED and CCFL backlit MVA LCDs, blue color has the
largest value, and then followed by green and red. In
the region that , the of LED backlit MVA LCD
is smaller than that of the CCFL-BLU for the respective RGB
primaries. At ,
for LED-BLU and for
CCFL-BLU at the respective RGB primaries. These values are
all smaller than those of IPS LCD with the respective back-
lights. It demonstrates that LCDs using LED-BLU is helpful for
reducing the color shift and the film-compensated MVA mode
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Fig. 6. Color shift of the uncompensated LCDs as theta angle increases from
�80 to 80 . (a) IPS using CCFL-BLU with CFs. (b) MVA using CCFL-BLU
with CFs. (c) IPS using LED-BLU with CFs. (d) MVA using LED-BLU with
CFs.

has a slightly weaker color shift than the film-compensated IPS
mode.

Fig. 7(c) compares the angular dependent of the sep-
arate RGB LED-BLU without CFs for MVA and IPS LCDs. It
can be seen that the RGB curves have been lowered quite a lot
as compared to the LCDs backlit with CFs for both CCFL-BLU
and LED-BLU. In the meantime, the of the color-sequen-
tial RGB LED backlit MVA LCD is still smaller than that of
the IPS mode at the RGB primaries. At , the
values for the RGB primaries are as low as (0.0073, 0.0222,
0.0431) for MVA LCD and (0.0083, 0.0270, 0.0569) for IPS
LCD. The values are 1.3–2.5X smaller than the con-
ventional CCFL-BLU system. This advantage is attributed to
the narrower spectral bandwidth and less overlap of the RGB
LED light sources.

Fig. 7. Color shift for RGB primaries in the film-compensated LCDs under
different backlights along the horizontal direction. (a) IPS using CCFL-BLU
and LED-BLU with CFs. (b) MVA using CCFL-BLU and LED-BLU with CFs.
(c) IPS and MVA using LED-BLU without CFs.

The color sequential LCD using RGB LEDs not only exhibits
superior color performances, but also eliminate color filters and
triples the device resolution. However, to achieve color-sequen-
tial the LC response time (gray to gray) should be faster than

2 ms in order to avoid color breakup. To achieve fast response
time, optically-compensated bend cell [25], thin cell gap, over-
drive and undershoot voltage method, and elevated temperature
operation have been investigated [17].

V. CONCLUSION

We have obtained quantitative results of the multi-domain IPS
and MVA LCDs using RGB LEDs and CCFL as the backlight
units. The LED backlit LCDs not only exhibits a wider color
gamut but also has a 1.3 –2.5 smaller color shift than that
of CCFL-BLU especially when no color filters are used. In addi-
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tion, the film-compensated MVA LCD generally has better an-
gular color uniformity than the IPS mode under different back-
lights. Wide spread applications of LED backlights for high-end
LCD monitors and LCD TVs are foreseeable.
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