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Abstract—Improvements in the quality of Liquid Crystal 

Displays (LCD) triggers a significant surge in the 3DTV 

market. A large segment of the 3DTV market has adopted 

active shutter glasses (active 3DTV). In this system, crosstalk is 

an important factor that affects the viewing quality of active 

3DTV. This paper proposes a mathematical model for 

crosstalk and analyses the temporal, spatial, LCD-based and 

liquid crystal shutter glasses (LCS)-based features of crosstalk 

in active 3DTV. Simulations of 120Hz active 3DTV under 

several scenarios are conducted and the result is compared 

with the measured crosstalk verifying our model. Further, the 

proposed model is used to analyze crosstalk for different 

parameters in both monitor and glasses and an effective 

method to reduce crosstalk presented.  
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I.  INTRODUCTION 

There are several definitions for the term “crosstalk” with 
respect to stereoscopic displays. Lipton [1] describes 
crosstalk as “incomplete isolation of the left and right image 
channels so that one leaks (leakage) or bleeds into the other”. 
In this paper, we study crosstalk that can physically be 
measured, which is independent of the human visual system. 

In active displays (or frame-sequential, time-sequential 
displays), only the left view or the right view is displayed by 
the monitor at a given instant time, and then switched to 
another view in the next time period. In combination with 
liquid crystal shutter glasses (LCS), an image is displayed to 
one eye only while the other eye is blocked. Thus the left eye 
sees the left view only and vice versa for the right eye. The 
system is called “active” because the glasses are actively 
controlling which view is displayed by turning on and off the 
liquid crystal.  

 Ideal isolation of the left and right views requires perfect 
temporal separation of the left and right channels of the 
monitor, perfect opening and closing of the glasses, as well 
as perfect synchronization between monitor and glasses. 
Liquid crystal (LC) is used in both LCD and LCS. Because 
of the hold type behavior in the LC, it takes a finite amount 
of time for the LCD to change from one gray level to 
another, and for the LCS to go from transparent to fully 
opaque. Those transient states of LCDs and LCSs together 
contribute to crosstalk.  

In this paper, we focus on the evaluation of crosstalk, 
simulating and analyzing how the LCD and the LCS 
contribute to crosstalk respectively, and we present the major 
components of crosstalk. 

II. MATHEMATICAL MODEL OF CROSSTALK  

There is no universally accepted mathematical definition 
of crosstalk. Liou, et al [2] uses the following equations:  

CL = (BW – BB) / (WB – BB)                 (1) 
CR = (WB – BB) / (BW – BB)                 (2) 

In (1), all the terms are left view intensities. BW is the 
intensity of left view when the left channel images are black 
and the right channel images are white. Similarly, WB is the 
left view intensity when the left channel images are white 
and right channel images are black. BB and WW are left 
view intensity when both the left and the right channel are 
black and white images respectively. In (2), the notations are 
the same in terms of contents shown in the left and the right 
channels except they stands for the right view intensities. 
Even though this model is convenient to use for crosstalk 
measurement with photodiode and oscilloscope, it can’t be 
used as a mathematic model that simulate important 
characteristics of crosstalk including time, space, LCD and 
LCS. To better simulate and analyze crosstalk, we propose 
our crosstalk model below.  

The mathematical model of crosstalk is given by (3) and 
(4), where crosstalk is a function of space and time under the 
condition that   (   )    (   ).  (     ) is LCD intensity 
at location (x, y), and it considers LC temporal features by 
being defined as a function of time t.     and    are the ideal 
intensities at the LCD for the left and right views at location 
(x, y) respectively.   ( )  and   ( )are the time-dependent 
transmittances of the left and right glasses (LCS) 
respectively, and they change from 0 to 1. Equations (3) and 
(4) model system crosstalk [3] depending only on the display 
but not content (including contrast and HVS). 
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In (3) and (4), the first quantity in the fraction denotes 
crosstalk caused by LCD. Due to the response time of LC, 
the real intensity   at the LCD should be between    and    
(assuming no overdrive is used). Thus this leakage could be 
positive or negative. For example, if    is greater than   ,    
should also be greater than  , then the leakage (    ) in (1) 
for the left view is negative. Negative leakage results in a 
darkened image in the left view, and the darkened region in 
the left view brings about unwanted “shadow” from the right 
view. Similarly for the right view, the leakage (    ) in (4) 
is positive indicating a brightened “glow” from the left view. 
Thus the first quantities in the fractions in (3) and (4) are  
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Figure 1.  Crosstalk in active-glasses stereo display. (left column): LCD-

based crosstalk; (right column) : LCS-based crosstalk) 

LCD-based crosstalk and they could be either dark crosstalk 
or bright crosstalk. 

The right quantity, or transmittance of LCS in (3) and (4) 
explain the fraction of crosstalk brought about by the LCS.  
Suppose that the LCD is displaying a left image, and   equals 
to    at time t at location (x, y), then the left crosstalk 
  (     ) is zero in (3). However, the left fraction is 1 in (4) 
and the larger   is the larger    will be. Only when   is 0, 
   becomes 0. This makes sense because in this example, 
when the LCD is showing a left image, the right LCS should 
be opaque. Thus the second quantity in (3) and (4) 
characterize LCS-based crosstalk. 

In Fig. 1, the left column shows LCD-based crosstalk. 
The 3D content in Fig. 1 is a white box in black background. 
In the left column, the top frame is the left image and the 
middle frame is the right image, and the horizontal shift of 
the white box between the left and right image is due to 
disparity. The real display of the left image on the LCD is 
illustrated by the bottom left graph in Fig. 1, where region 
“A” is not completely white, and region “B” is not 
completely black due to the incorrect intensity in the LCD in 
“A” and “B”. “A” and “B” show contours in the right LCD 
view that belongs to the left image (top left in Fig. 1). 
Consequently, complete isolation of the left and right 
channels on the LCD does not occur.   

Region “A” is dark crosstalk that is caused by lower 
intensity at the same location in the previous frame (or the 
other view). Similarly, region “B” is the bright crosstalk 
caused by higher intensity. 

In the right column in Fig. 1, the top image is the ideal 
left view and, the glasses in the middle are open on the left 
and closed on the right. Due to incomplete shuttering of the 
right lens, a darkened left image (region “C”) is observed in 
the right view. This type of crosstalk is LCS-based. 

III. ANALYSIS OF CROSSTALK 

A. Liquid Crystal Response 

Since liquid crystal (LC) response is one of the critical 
characteristics in LCD stereo displays, we need a 
mathematical model for LC. From [4], the intensity of rising 
edge and falling edge of LC are given by (5) and (6) 
respectively. Note the intensities in these equations are 
normalized intensities ranging from 0 to 1. 
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For the LCD, we set     ,       ,       . In (5) 
and (6), as time goes to infinity,    becomes 1, and    
becomes 0, so that    characterizes the black to white 
response, and     characterizes the white to black response. 
How fast the intensity can change is characterized by    and 
  . In order to determine the values of    and    , we need to 

refer to the response time provided in specification lists from 
LCD manufacturers. The LC response time is the time for 
the LC optical transmittance to change from 90% to 10%. 
For analysis, we set rise response time            , fall 
response            . (5), (6) yield         , and 

        .  
For LCS,   ( ) has the same form as for LCD where 

    ,      
  and     

 , LC rise time            , 
fall response time            , and consequently    
     , and          . In addition, we need to multiply 

the transmittance constant        in the LC equation. 

The settings of these parameters for the LCD and LCS are 
for the purpose of simulating real LCD and LCS responses in 
120Hz active 3DTVs. One example of this is given in [5], 
where measured 120Hz LCD and LCS responses are 
provided. 

B. Simulation of Ideal LCD or Ideal LCS 

We test our model of crosstalk under two extreme 
scenarios: ideal LCD with real LCS, and ideal LCS with real 
LCD. When an ideal LCD or LCS is assumed, we have zero 
LC response time in LCD or LCS. Setting    and    to zero, 

we get a uniform 1 for the rising edge and a uniform 0 for the 
falling edge in LCD and in LCS (in Fig. 2, not considering 
the  transmittance constant in LCS). The simulation of LCD 
and LCS are shown in Fig. 2, and the yielded observation 
and crosstalk are shown in Fig. 3. All plots in Fig.2 and Fig. 
3 cover a time duration of two frames: the first frame during 
0ms-8.3ms (1/120     ), and the second frame during 
8.3ms-16.6ms. 

In Fig. 2, when the LCD intensity is rising, the left LCS 
opens and the right LCS closes. Also, when the LCD 
intensity is falling, the left LCS closes and the right LCS 
opens. The right LCS has an 8.3ms shift compared with the 
left LCS. 

The left column of Fig. 3 shows the simulation results of 
the left and right observations and crosstalk when ideal LCS 
is assumed. In this column, zero crosstalk is observed during 
both 8.3ms-16.6ms (closing of the left LCS) in the second 
plot and during 0ms-8.3ms (closing of the right LCS) in the 
fourth plot. Because when the glass is fully closed, no 
residual in LCD from the previous frame (the other view) 
can be seen. In both 0ms-8.3m duration in the second plot 
and 8.3ms-16.6ms duration in the fourth plot crosstalk 
occurs due to the transient state of LCD. Here, because the 
LCS is ideal, this crosstalk is LCD-based, and it’s due to the  
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Figure 2.  LCD response and LCS response. (Left column:real LCD with 

ideal LCS, right column: ideal LCD with real LCS) 

    

Figure 3.  Simulation of observation and crosstalk. (Left: real LCD with 

ideal LCS, right: ideal LCD with real LCS) 

transient state of LCD. In the second plot for the left view, 
the crosstalk is dark crosstalk, and in the fourth plot for the 
right view, the crosstalk is bright crosstalk. 

In the right column of Fig.3 where ideal LCD is assumed, 
no crosstalk is observed during 0ms-8.3ms (opening of the 
left LCS) in the second plot and during 8.3-16.6ms (opening 
of the right LCS) in the fourth plot. It’s due to the ideal LCD. 
Crosstalk happens during the closing of the LCS for both 
views and it’s because the LCS isn’t fully opaque when the 
LCD hasn’t evolved into the next view. Thus the crosstalk 
here is induced by LCS. Crosstalk in the second right plot 
(left view) is dark crosstalk, and is bright crosstalk in fourth 
right plot (the right view). 

C. Simulation of Real LCD with Real LCS 

The simulation of real 120Hz LCD and real LCS 
responses are shown in Fig. 4, which is quite similar to the 
measured results given in [5]. As shown by Fig. 4, both the 
LCD and the LCS have faster fall response than rise 
response; the LCD has slower response than the LCS; The 
LCS doesn’t start to open until the LCD has already changed 
its intensity quite close to the ideal. 

In the second row in Fig. 5, how crosstalk of the left 
and right view changes with time is shown. Averaging the 
simulated crosstalk in time domain (7), the sum of crosstalk 
for the left and the right views is 0.4% which is close to the 
results of 120Hz Samsung-3DTV in [5] when the tested gray  

 
Figure 4.  Simulation of LCD Response and LCS Response 

 

Figure 5.  Simulation of observation and crosstalk  

level changes between 0 and 255(black and white). Thus 
using our method of crosstalk analysis, the temporal 
characteristics of 3D crosstalk in active 3DTV can be 
simulated, and the level of temporally averaged crosstalk can 
be estimated given specifications including LCD refresh rate, 
LCD response time and LCS response time. 

Fig. 6 presents space-time plots describing our analysis, 
for the 3D content shown on the left of Fig. 6, here at a given 
point in time, every horizontal line on the screen is identical 
(top-to-bottom frame update is ignored). In the left 4 plots in 
Fig. 6, the top right plot shows simulated LCD. We can 
observe transient states from black to white and from white-
to-black in the LCD instead of instant change between black 
and white shown in ideal LCD (top left) as time evolves. The 
black to white transition produces dark crosstalk, and the 
white-to-black transient state produces bright crosstalk. Also, 
we can see that the black to white response is slower than the 
white-to-black transition.  

In the left 4 plots in Fig. 6, the bottom two plots show the 
observed left view and right view after light passes through 
the glasses. These two plots indicate two usages of the 
glasses. First, the glasses achieve temporal separation of the 
left and right views, as we can see the bright bar appearing 
and vanishing in synchronization with the LCD.  Second, the 
timing of LCS’s opening with regard to the LCD reduces 
LCD-based dark crosstalk: the LCS doesn’t open until the 
LCD has changed its intensity quite close to the ideal. 
However, we can also see that they come at the price of 
flickering (for view separation) and lowered brightness. Fig. 
7 presents simulation of 3D video display on LCD and 
through LCS. From the left to the right, the LCD starts from 
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Figure 6.  Ideal left and right images and space-time plots of simulation 

results. (left column:top:left view image,bottom:right view image,right 4 

plots:top left:ideal LCD,top right: real LCD, bottom left: left Observation, 
bottom right: right observation) 

 

         

     

Figure 7.  Simulation of observation of 120Hz LCD and the LCS (first 
row: LCD, second row: left LCS, third row: right LCS) 

the left image and is displaying the right image; the left LCS 
closes and the right LCS opens. We can easily observe bright 
and dark crosstalk in LCD, and opening and closing of LCS. 

To briefly sum up here: when LCS opens, crosstalk is 
LCD-based and it’s induced by the residual of previous 
frame in LCD; when LCS closes, crosstalk is LCS-based and 
it’s caused by incomplete light blocking of LCS. 

IV. CROSSTALK REDUCTION  

 In this section, how crosstalk changes with the 
parameters of both the LCD and LCS is analyzed first, and 
an efficient method for crosstalk reduction is discussed 
accordingly. We measure the change in crosstalk by 
comparing temporally averaged crosstalk instead of instant 
crosstalk. Temporally averaged crosstalk is defined by (7), 
where   is the LCD refresh frequency and,     is a complete 
LCS period of opening and closing.  

  ̅   (   )  
 

   
∫   

   

 

(     )    (     )       ( )  

Shown in the left plot in Fig. 9, shortened LCD responses 
(fall and rise) alleviate crosstalk. However, further reducing 
LCD response (less than around 1ms) would slightly 
increase crosstalk due to imperfect LCS. In the right plot of 
Fig. 8, a faster LCS fall response always reduces the 
magnitude of crosstalk, while a faster LCS rise response 
aggravates crosstalk due to slow LCD rise response. Fig. 8 
shows that changing the rise response time of the LCD to 
around 1ms will reduce the amount of average crosstalk the 
most. Fig. 9 gives space-time plots illustrating the effect of 
crosstalk reduction after setting the rise response time of the 
LCS to 1ms. The left plot of Fig.9 shows that the black-to- 

     
Figure 8.  Temporally averaged crosstalk when rise response and fall 

response are changed.( left: change in LCD, right: change in LCS) 

         

Figure 9.   Space-time plots when better LCD rise response is assumed. 

(left: LCD display, middle: left LCS display, right: right LCS display) 

white transit is faster in comparison to the top left plot in Fig. 
7, the white bars in the middle and right plots in Fig. 9 show 
hardly visible “wrong” edges compared with the bottom left 
and right plots in Fig. 7.  

V. CONCLUSION 

In this paper, a mathematical model to characterize 
crosstalk in active stereoscopic displays is proposed. The 
model demonstrates the ability to simulate and evaluate 
crosstalk in both temporal and spatial domain.  Simulations 
of ideal LCD with real LCS, ideal LCS with real LCD and 
real 120Hz LCD and LCS are presented with the 
correspondent crosstalk analysis. The simulated results of 
crosstalk match the measured crosstalk. Consequently, our 
method can be used to estimate crosstalk given the 
specifications of active 3DTV. By changing parameters in 
active 3DTV, the results show the efficient way to reduce 
crosstalk in active displays is to improve the LCD rising 
response. 
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