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Abstract—A methodology, based on two-dimensional super-
Gaussian light spread functions (LSFs), was studied for the
light-emitting-diode (LED) backlighting system in the high dy-
namic range (HDR) liquid crystal displays (LCDs). We proposed
a novel LED-based optomechanical configuration to implement
the desirable luminous pattern. A dual-liquid-crystal-panel
system was constructed as a pseudo-HDR LCD to evaluate the
super-Gaussian illumination. The proposed HDR scheme was
verified via the current platform: overall luminance uniformity,
contrast ratio and processing speed could be improved by factors
of 1.55, 1.95-4.15, and 4.82, respectively. The design flexibility
made the methodology applicable to any panel dimension and
backlight division of the HDR LCDs, and to the conventional
full-on backlighting LCDs as well.

Index Terms—Light spread function (LSF), local-dimming back-
light, high dynamic range liquid crystal display (HDR LCD).

1. INTRODUCTION

ANY studies have been addressed on the implemen-
M tation of a high dynamic range (HDR) liquid crystal
display (LCD) [1] in various subjects such as optomechan-
ical setup, image process algorithm, empirical testing, etc
[2]-[4]. However, the discussion will be incomplete without
considering a practical but unique issue: the impact of the
luminous distribution of the area-adaptive lighting scheme in
the backlighting system of the HDR LCDs. The free-spreading
or Gaussian-shaped light spread function (LSF), for instance,
is regarded tacitly as the primitive LSF, which can provide
convenience in the processes of light-emitting diode (LED)
driving signal, LC compensation signal, etc. However, due
to the optomechanical limitations, the free-spreading LSF, as
shown in Fig. 1(a), for example, may lead to several impacts
on the system performance. First, the accuracy of compensated
LC signals will deteriorate as the backlight module is not a
spatially shift-invariant system. Second, the overall backlight
uniformity, as shown in Fig. 1(b), is in general not as uniform
as the conventional full-on backlight, which is treated as an
entirety so the optomechanical layout can be optimized. Finally,
the computational consumption and processing algorithm are
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Fig. 1. Intensity distributions of the Gaussian LSF of (a) single light source
and (b) the overall panel area, which is computed using convolution calculation
with the Gaussian LSF as the impulse response function. Overall intensity dis-
tribution is, in general, decreased from the center toward the panel edges.

strongly relevant to the size of the LSF and to the compensation
of the undesirable luminous variation.

In this paper, a feasible methodology, based on a moderate
LSF, is proposed to solve the aforementioned issues. Ideally, a
rectangular LSF is supposed to be the optimized choice in the
systematic point of view [5], [6]; however, perfect rectangular
luminous distribution is not possible to be realized via current
state-of-the-art backlit setup. The super-Gaussian LSF, instead,
is a reasonable approximation to the ideal one. Therefore, the
procedures are introduced to define, optimize, and realize the
desired LSF, which is implemented in a pseudo-HDR platform,
a dual-liquid-crystal-panel (DLCP) system. Some system pa-
rameters are then measured on the platform to verify the ap-
plicability of the proposed design.

II. LGU OF SUPER-GAUSSIAN LSF

A. Design Flow

The applicable super-Gaussian light spread functions (LSFs)
can be attained via two successive assessments along a method-
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CHENG et al.: DESIGN AND EVALUATION OF LSF FOR AREA-ADAPTIVE LCD SYSTEM 67

r 3

Formulated LSFg;

|

B/L Dlstlrlbutlon Adjusting
LC signals parameters
r

Grid visible?

Designing LGU
v

Resultant LSF, g,

>CC Threshold?

YES

Gabricating LGLD

Fig. 2. The flow chart of optimization process, via the DLCP system, for de-
termining adequate super-Gaussian LSFs.

ical design flow. The design flow, as shown in Fig. 2, is com-
menced with a formulated LSF, denoted as LSFgg expressed
by (1) (see Section II-B), which is then applied to the DLCP
system (see Section III-A) to simulate the resultant backlight
distribution. The initial values of the parameters A and p in (1)
are deduced according to the panel dimension and the number of
backlight division. The undesirable grid pattern, detrimental to
the implementation of super-Gaussian LSF method, arises from
the superposition of the tail intensity beyond the flat-topped re-
gion across the adjacent backlight divisions. The first assess-
ment, therefore, is to perceptually judge the visibility of the grid
lines. A set of qualified LSF g, obtained by iteratively adjusting
the parameters in (1) to make grid pattern invisible as illustrated
in Fig. 3(a) and (b), is treated as the target for designing the op-
tomechanical part, the light guide unit (LGU) (Section II). The
similarity, calculated by the correlation coefficient (CC) (Sec-
tion I1.D) between the qualified LSFs¢ and the emitting light
profile of the LGU, denoted as LSFp gy, is the second assess-
ment to ensure the acceptability of designed LGU. Finally, the
qualified LGU will be fabricated and pieced together to form the
complete backlighting system for the HDR LCD.

B. Mathematical Framework

The general formation of a square super-Gaussian light
spread function, LSFsq (X,y), can be expressed as (1) [7], [8]

LSFsa (x, y) = Lay eXp(_2(x/Az)px ) exp(_2(y/Ay)Py)

where L. is the maximum luminance value at the center, and
A, and A, roughly represent the dimensions of the LSFgg in
and y directions, respectively. Particularly, the initial values of
A, and A, are determined by the quotient of panel resolution
divided by the number of backlight partition. The dimension-
less parameters, p,. and p,, determine the edge decay from the
central region. A cross-section family of super-Gaussian LSFs,
being of identical luminance power with different values of A
and p, is illustrated in Fig. 4. As the value of p is approaching
to infinity, the LSFgg(x,y) will change into an ideal rectangle
function with the width of A, and A, in = and y directions,
respectively. Finally, after perceptual judgment of grid pattern
visibility, the set of qualified LSF g is treated as the designated
light profile for optomechanical design.

C. Optomechanical Configuration

We proposed a novel optomechanical layout, LGU, whose
light spreading profile, denoted as LSF1,gy, was subject to the
qualified LSFgg. The LGU consisted of three major compo-
nents: a side-emitting LED, a quadratic light guide (QLG), and
a concentric prismatic sheet (CPS), as shown in Fig. 5. About
80% luminous flux from the side-emitting LED was confined
within £20 deg in the azimuthal direction [9]. The LED was
located at the cavity center of a QLG, which was mainly facil-
itated to redirect the azimuthal flux into the normal direction
of the backlight surface. Each QLG unit featured a set of cen-
tric micro prismatic bumps on the bottom coated with highly
reflective material, silver (Ag), underneath. The set of concen-
tric prismatic bumps was arranged in parallel with increasing
pitches and heights away from the LED. Detailed optical ray
tracing scheme could refer to the literatures [10], [11]. A con-
centric prismatic sheet (CPS) was employed to further collimate
the divergent light from QLG toward the surface normal. The
prismatic structure not only enhanced the optical throughput but
kept the nearly square shape illuminating the front LC panel.
The structure of a CPS was identical to that of the conventional
prismatic sheet by 3M™ [12], merely in the concentric arrange-
ment.

Based on the proposed configuration of CPS and QLG, the
luminous flux from the side-emitting LED could be transformed
into a nearly square pattern, e.g., the desired LSFgg. Since each
LED module could be regarded as an isolated secondary light
source, the luminous pattern would be space-shift invariant and
easily modified by changing the parameters of each unit.

D. Correlation

In order to evaluate the similarity between the LSF generated
by the LGU (LSFgu) and the qualified super-Gaussian func-
tion (LSFsg), a correlation coefficient (CC), is introduced as

(1) (2), shown at the bottom of the next page [13], where LSFgg

CC

e dy [LSFsq(z,y) — LSFsc] [LSFLgu(z,y) — LSFLcu]

(@)

- \/Ex Zy [LSFSG (z,y) — LS—FS(;] z. Ex Zy [LSFLGU (z,y) — WLGU] 2
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Fig. 3. (a) Photographed image on the left is the intensity distribution of backlight by virtue of super-Gaussian LSF without compensation of the second LC panel.
Nevertheless, the visible grid lines, shown in the photos on the right, can be gradually reduced from top to bottom (a to c¢) by modifying the parameters of the
super-Gaussian LSF and the corresponding compensation of the second LC panel. (b) The corresponding cross-section profiles of central lines a through c. In the
case of c, the adjusted parameters can achieve variation of 1.4%, which is less than the empirical value of 2% in the current DLCP system.

and LSF1,¢yu are the mean values of the two LSFs. The correla-
tion coefficient provides an important measure for the LGU de-
sign. After finding the qualified LSFs¢ via the testing platform,
we can iteratively adjust the optical parameters of the LGU to
ensure that the correlation coefficient is at least higher than 95%,
which ensures the indistinguishable difference between the two
LSFs.

III. EXPERIMENTS

A. Testing Platform

A dual-liquid-crystal-panel (DLCP) platform was con-
structed to attain the qualified LSFgg as the design target,
and then to verify the system performance with the resultant
LSFLgu. The pseudo-HDR display was composed of two com-
mercially available LCDs, ASUS VW193D [14], as depicted
in Fig. 6. With a diffusing sheet on top, the rear LCD was
served as a pseudo backlight module with 8 by 5 local partition.
Meanwhile, the front LC panel with resolution 1440 by 900
pixels, after removing the backlight module, was functioned as
the substantial LC panel. The resultant uniformity, based on the
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Fig. 4. A cross-section family of a super-Gaussian distribution with different
parameters, A and p, based on the (1). In addition, all the super-Gaussian LSFs
have identical energy in this figure.

ANSI-thirteen-points specification, of the DLCP system was
68% due to placement of the diffusing sheet. The maximum
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Fig. 5. Schematic diagram of the LGU consists of a side-emitting LED in cen-
tral, a quadratic LG (QLG) at bottom, and a concentric prism sheet (CPS) on
the top.

. ¢. LC Panel

Fig. 6. Schematic diagram of the DLCP system which is composed of an LCD,
a diffuser and an LC panel.

and minimum luminances of the DLCP system were 10.2 and
0.01 cd/m?, respectively, which was able to provide a sufficient
contrast range over 1 000:1 for the testing.

B. Testing Items

The overall backlight uniformity was first investigated, and so
was the similarity between the LSFsg and the LSF,gy. Then,
luminance uniformity, contrast ratio, and processing speed were
the three key parameters for evaluation and comparison between
the resultant super-Gaussian LSF, LSF gy, and the commonly-
applied Gaussian LSF. Different LSFs were offered by the rear
LCD in the DLCP system. The LSF1,gu kernel was of size
220-by-220 pixels, including the tails out of the ideal image area
of size 180 by 180 pixels. Meanwhile, the Gaussian LSF kernel
was of size 540 by 540 pixels where the standard deviation, o,
was 90 pixels, which was half the size of the ideal LSF width.
In addition to kernel size, the summation of luminance value of
each kernel was set equal for energy conservation.

IV. RESULTS AND DISCUSSION

In addition to invisibility of grid lines, the set of qualified
LSFgg could imply high system uniformity, calculated by
ANSI-thirteen-points specification, as well. Certain range of
equation parameters (A,, A,Px and Py) were summarized
to explain the situation, as shown in Fig. 7. The cross-sign
region denoted untested parameters where the superimposed
luminous intensity at the division boundary was less than the
central value and thus insufficient for backlighting requirement.
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Fig. 7. The uniformities of super-Gaussian LSFs with different parameters.
The regions with cross-sign, slash, and blank field denote the untested, the un-
qualified, and the passed parameters, respectively. The average uniformity of
the passed regions is 66.8%.

The slash regions indicated where the grid lines, incapable
of being compensated by the front LC panel, were visible to
degrade the panel uniformity. Subsequently, blank regions,
representing the acceptable values, companied with high uni-
formity approaching to the value, 68%, of the DLCP system
with full-on backlighting. The uniformity 68% of the DLCP
system arose from precision loss during manual construction.
Furthermore, the uniformities, shown on the blank regions,
were indistinguishable visually, so we could arbitrarily choose
one of the qualified LSFg¢ for design convenience.

The proposed optomechanical layout, the LGU, was verified
in terms of the correlation coefficient (CC) between the resultant
LSFLgu and an example qualified LSFgq, with L, = 0.95,
A, = A, = 102 pixels, and px = py = 10. The intensity pro-
files of the two LSFs were shown in Fig. 8(a). The ripples at the
flat-top region of the LSF gy, as shown in Fig. 8(b), could be
confined within +10% average luminance L, . In this case, the
CC was 96.67%. The redundant light, trailing over the slash re-
gions in Fig. 8(b) and attributed to the inadequate design of the
QLG edge, was the main cause to reduce the similarity between
the two LSFs. Except for the slash area, the CC could achieve
98.91% which was more capable of representing the LSFgq.
Therefore, we concluded that the proposed optical setup could
create a nearly square light distribution for area-adaptive back-
light.

According to the ANSI-thirteen-points specification, the uni-
formity was 40.8% when the whole screen was illuminated by
the conventional Gaussian LSF (4, = A, = 180 pixels, and
Pz = py = 2.). The backlight uniformity resulted from the
LSFgsq with the optimal parameters A, = A, = 102 pixels
and p, = p, = 10 was 66.8%, whereas the one of the corre-
sponding LSF1,gu was 63.3%. All the three cases were mea-
sured after the compensation of the front LC panel. Compared
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Fig. 8. (a) A qualified, formulated light spread function, LSFs¢, with Lav = 0.95, A = 102, and p = 10, in comparison with the corresponding emitting
profile, LSF1,¢ v, produced by the optimized light guide unit. (b) The comparison of corresponding cross-section. The redundant light in slash region arisen from
the inadequate design of the QLG edge is the main defect to reduce the similarity.
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with the uniformity, 68%, of the full-on backlighting DLCP
system, the proposed super-Gaussian luminous pattern and cor-
responding optomechanical setup were able to render an ade-
quate backlighting solution for HDR-LCD without the expense
of uniformity and optical efficiency.

To further examine the performance in contrast ratio (CR),
three testing images were displayed and measured under the il-
lumination by the aforementioned Gaussian LSF and LSF gy,
respectively. The measurement was made at the two-pair test
points (TPs) in each image, as shown in Fig. 9, and the CR was
tabulated in Table I. The improvement factor of CR by using
LSF1gu ranged between 1.95 and 4.15. In comparison with the
Gaussian LSF, the LSF1 gy had the superiority to maintain the

(®)

Fig. 9. Test images for evaluating the contrast ratio at: (a) testing points a and b; (b) testing points ¢ and d; and (c) testing points e and f.

f

©

luminance of the white areas and to suppress the luminance of
the dark area adjacent to the white ones. The results asserted that
the proposed LSF was in general useful to achieve high CR for
images with sharp luminance variation.

Finally, the processing time was tested using the same compu-
tation procedure and program. The difference mainly occurred
at the size of the LSF kernel. In current situation, speed for the
convolution computation with LSFgg was a factor of 4.82 faster
than with current Gaussian LSF. In fact, the super-Gaussian
LSF was potential to improve the computation efficiency since
the extent of overlapping between the adjacent super-Gaussian
LSFs was much less than that of the general Gaussian LSF, so
was the computation consumption.
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TABLE I
COMPARISONS OF THE CONTRAST BETWEEN GAUSSIAN AND SUPER-GAUSSIAN
LSFs IN THE SiX TEST POINTS, WHERE “G” DENOTED THE GAUSSIAN LSF
AND “S-G” THE OTHER

TPs a b c d e f
LSF G|SG| G [SG| G [SG| G [SG]| G [SG| G |sSG
Max. Lumi. | 5 76 | 904 | 6.18 | 7.56 | 10.1 | 95 | 9.06 | 8.85 [ 631 | 933 | 661 8.73
(cd/m?)
M(‘gafl:{;“' 0.13 | 0.04 | 0.02 | 001 | 0.03 | 0.01 | 0.04 | 0.02 [0.08| 0.03 | 0.11 | 0.04
CR 60:1 | 249:1 | 309:1 | 756:1 | 337:1 | 950:1 | 227:1 | 443:1 | 79:1 | 311:1 | 60:1 | 218:1
CRs.o/CRg 4.15 245 2.82 1.95 3.94 3.63

V. CONCLUSION

The applicability of the proposed methodology, based on
two-dimensional super-Gaussian LSFs, was demonstrated
by means of the DLCP system. In the experimental setup,
luminance uniformity, contrast ratio and processing speed of
the proposed HDR scheme could be improved by factors of
1.55, 1.954.15, and 4.82, respectively. The enhancement on
contrast ratio showed that such LSF was particularly effective
to improve image contents subject to the abrupt luminance
variance in an HDR system. In addition, the methodology was
capable of scaling the LGU to meet any panel dimension with
moderate design parameters. Finally, the proposed optome-
chanical layout was applicable to both the HDR LCD and the
conventional full-on backlighting LCD as well.

Two further considerations will be helpful to improve the
methodology and to extend the applications. Firstly, the vis-
ibility of backlight grid pattern is being evaluated directly
by visual discrimination. Although the result is accurate, this
method is time-consuming. Some vision-based color appear-
ance models, like CIECAMO2 or iCAM, may be useful to
promote the efficiency of the design flow with acceptable
assessment. The other concern will be the thickness of the
complete backlight module. Thinner LC monitor or LCD TV
is highly desirable. However, limited thickness of the backlight
module will affect the tolerance of LGU design, and, conse-
quently, the yield. Therefore, more trade-offs should be made
on LED emitting profile, optomechanical tolerance, etc.
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