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Abstract: Display units that utilize a dimmable smart lens 

may be utilized to reduce the required luminance compared 

to a fixed neutral density lens to provide a hidden display 

appearance. A lens configuration that utilizes an active 

polarizer in conjunction with a linear polarizer has 

previously been developed and reported. The use of a 

segmented active polarizer dimmable lens with a unique 

border fade pattern is explored. 
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1. Introduction 
In the automotive market, electronic displays are becoming 

more common in instrument cluster and center stack 

components. In addition, electronic displays are being 

utilized for door, outside entry, rear seat entertainment, and 

passenger entertainment applications. Often for styling 

reasons, it is desirable to have the display area hidden with 

a black panel effect in the off condition. The black panel 

effect may also be referred to as “dead front” (a.k.a. “secret 

until lit” or “black panel” or “dark panel” effect). Typically 

the black panel lens is constructed from a neutral density 

lens with 20% to 50% transmission of visible light. In 

addition to neutral density lenses, the use of polarization 

films [1] may be utilized to enhance the transmission of 

polarized light from thin film transistor (TFT) displays 

while providing a reduced transmission rate of about 40% 

for unpolarized ambient light. However, the low 

transmission values lead to exceedingly high display 

luminance requirements in order to be able to view the 

display under high ambient light conditions. One method to 

lower the display luminance is to use various anti-reflection 

(AR) coatings and techniques. However, AR coatings are 

prone to highlighting fingerprints and are generally not 

desirable. 

Another method to reduce the required display luminance, 

while still providing a black panel effect, is to employ the 

use of a dimmable lens in front of the display. When the 

vehicle is off, the dimmable lens would be configured to be 

in a low transmission (dark) state. After the vehicle is 

started, the lens transmission would be automatically 

adjusted for proper display visibility with the objective to 

keep the lens as dark as possible. The use of an active 

polarizer in conjunction with a linear polarizer offers a 

possible solution towards providing a dead front 

appearance while minimizing TFT backlight power [4], [5]. 

Although the active polarizer based dimmable lens offers a 

significant “key-off’ black panel effect, the “key-on” 

operational condition requires additional development, 

notably the dimmable lens reported in [4] , [5] suffered 

from the following shortfalls: 

• Non-segmentation of the display active area from the 

rest of the dimmable lens 

• Use of a fade pattern at the display active area border 

to better hide the display opening 

This paper outlines the subsequent developments to address 

these technical problems. 

2. Background/Objective 
The objective of this paper is to detail a segmented version 

of an active polarizer based dimmable lens that utilizes a 

unique fade pattern to better conceal the display opening 

area. There are several types of dimming elements such as 

suspended particle devices (SPD), electrochromic (EC), 

dye-doped guest-host liquid crystal (LC) [2], and LC 

shutter (twisted nematic (TN) or vertically aligned (VA)) 

systems. Each of these systems has desirable and 

undesirable aspects. With the exception of LC shutter lens 

systems, dimmable lenses have been based on absorptive 

technologies and do not have any polarization effects. A 

new configuration composed of an active polarizer plus 

linear polarizer has many desirable attributes: 

• Low haze 

• High dimming transmission range 

• High transmission of polarized display light 

• Fast response time 

• Flexible shape with some degree of 3-D forming 

possible 

• Cell gap dependence is reduced compared to TN and 

VA 

• No memory associated with EC 

Active polarizer technology may be utilized in conjunction 

with a linear polarizer for display systems such as 

instrument clusters or center stack displays. One such 

configuration is shown diagrammatically in Figure 2-1, 

although many other configurations are also possible. The 

linear polarizer associated with the active polarizer is 

aligned with the display polarizer transmission angle such 

that the display polarized light is substantially transmitted. 

The active polarizer transmission angle is oriented to be 

substantially orthogonal to the linear polarizer transmission 

angle and therefore light is mostly absorbed when the 

active polarizer is in the polarization state. In the “key-off” 

state, the active polarizer in conjunction with the linear 

polarizer yields a low transmission of light and therefore 

hides the display and bezel structures. When the active 

polarizer is electrically driven “on”, it changes from a 

polarized state to an unpolarized state and the polarized 

display light is transmitted. Therefore even in the “on” 

state, the active polarizer lens configuration affords a “dead 
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front” lens appearance while transmitting a significant 

amount of the display light. 
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Figure 2-1. Active Polarizer Configuration 

An important difference between the active polarizer 

solution and the typical LC shutter system is that the active 

polarizer is the light absorbing element instead of the rear 

polarizer behind the LC shutter. This difference allows the 

display to be decoupled (not optically bonded) which may 

allow a more modular service approach with multiple 

displays behind a single lens. 

The active polarizing element is based on a guest-host 

dichroic dye liquid crystal system where the guest dye acts 

as the polarizing element. The dye can either be orthogonal 

or parallel to the host liquid crystal molecules and therefore 

the “off” state may be the polarizing state or the 

unpolarized state. For vehicle off dead front applications, it 

is desirable to have the “off” state be the polarizing state. 

3. Active Polarizer Test Data 
Two different active polarizer samples with different dye 

doping levels were evaluated and are shown in Figures 3-1. 

Sample 1 (S1) has a lower transmission rate and Sample 2 

(S2) has a higher transmission rate. Note that the samples 

were configured such that the unpowered “off” state is the 

polarizing state and therefore the blackish appearance is 

consistent with a passive polarizing element. 

 

Figure 3-1. S1 and S2 Switchable Polarizer Samples 

designed by AlphaMicron 

Figure 3-2 shows how the transmission varies as a function 

of drive voltage for unpolarized light. As the active 

polarizer is electrically driven, it transitions from a 

polarized to an unpolarized state. 

 

Figure 3-2. Unpolarized Light Transmission 

The transmission of polarized light that is aligned to the 

transmission axis of the active polarizer does not change 

substantially as a function of drive voltage as shown in 

Figure 3-3. As can be seen from Figure 3-3, active 

polarizers are not perfect and exhibit a substantial amount 

of absorption when polarized light is aligned with the 

transmission axis of the active polarizer. However, since a 

certain amount of neutral density factor is generally desired 

in “dead front” lenses, some absorption may actually be 

desirable so that in the transmissive state the lens still 

appears dark. 

The transmission of polarized light that is orthogonal to the 

transmission axis of the active polarizer changes 

substantially as a function of drive voltage as shown in 

Figure 3-4. Note that Figure 3-4 is only the transmission of 

the active polarizer to orthogonally polarized light and does 
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not include the front linear polarizer as shown in Figure 

2-1. 

 

Figure 3-3. Parallel Polarized Light Transmission 

 

Figure 3-4. Orthogonally (Cross) Polarized Light 
Transmission 

As shown in Figure 3-4, the dye doping level can be 

adjusted to affect the transmission range. Figure 3-4 also 

shows that intermediate dimming states may be 

accomplished and therefore the active polarizer is not 

restricted to bimodal operational states such as can occur 

with cholesteric or ferroelectric liquid crystal shutter 

configurations. 

Figure 3-5 shows a simulation of the Off and On 

transmissions to perpendicularly polarized light as a 

function of different dye doping levels. As can be seen, the 

best operating point is around the 77% On state 

transmission at the peak of the Toff-Ton curve. At this 

point the active polarizer transmits 77% of perpendicularly 

polarized light in the On state (i.e. the active polarizer is in 

the non-polarized state). However, when voltage is 

removed to the active polarizer, the transmission of 

perpendicularly polarized light drops from 77% in the On 

state to about 10% in the Off state (i.e. the active polarizer 

is in the polarized state). 

 

Figure 3-5. Transmission Simulation Curves as a 
Function of Dye Doping Levels 

4. Data Analysis 
Assuming a front linear polarizer as shown in Figure 2-1 

with an 87% parallel polarized light transmittance, the 

transmission rate of polarized light from a display in the 

“on” (20V drive) condition may be estimated. This is 

shown by multiplying the orthogonal polarization 

transmission rate by the front linear polarizer transmission 

rate per Equations 1 and 2. 

%9.3887.0*%7.44 OnPT  (Sample 1) (1) 

%5.5487.0*%6.62 OnPT  (Sample 2) (2) 

Correspondingly, when the active polarizer is in the “off” 

(0V drive) condition, the parallel polarized light 

transmission of the active polarizer and front linear 

polarizer may be determined per Equations 3 and 4. 

%58.087.0*%67.0 OffPT  (Sample 1) (3) 

%39.587.0*%2.6 OffPT  (Sample 2) (4) 
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Assuming a transmission rate for unpolarized light of 44% 

for the front linear polarizer, external ambient light would 

have a transmission rate through the front polarizer and 

active polarizer in the “on” (20V drive) condition as 

determined by Equations 5 and 6. 

%7.1944.0*%7.44 OnAT  (Sample 1) (5) 

%5.2744.0*%6.62 OnAT  (Sample 2) (6) 

Finally, when the active polarizer is in the “off” (0V drive) 

condition, unpolarized external ambient light would have a 

transmission rate through the front polarizer and active 

polarizer as determined by Equations 7 and 8. 

%30.044.0*%67.0 OffAT  (Sample 1) (7) 

%73.244.0*%2.6 OffAT  (Sample 2) (8) 

Assuming that the reflected external ambient light is not 

substantially depolarized by its reflection off of the TFT 

display surface, a neutral density equivalent transmission 

rate, TNDEq may be determined for ambient reflection light 

considerations per Equations 9 and 10 for the “on” and 

“off” states respectively. 

OnPOnAOnNDEq TTT    (9) 

OffPOffAOffNDEq TTT    (10) 

Substituting actual values into Equations 9 and 10 yields 

the neutral density lens equivalent transmission for the two 

samples per Equations 11 through 14. 

%28%9.38%7.19 OnNDEqT  (Sample 1) (11) 

%39%5.54%5.27 OnNDEqT  (Sample 2) (12) 

%42.0%58.0%3.0 OffNDEqT (Sample 1) (13) 

%8.3%39.5%73.2 OffNDEqT (Sample 2) (14) 

In the “on” condition, the transmissions per Equations 11 

and 12 would represent the transmission of a passive 

neutral density filter to ambient lighting. Therefore in the 

“on” condition, the active lens system does provide a 

reasonable black panel effect. 

Correspondingly, an equivalent neutral density filter with 

transmissions per Equations 13 and 14 will have an 

outstanding black panel effect in the vehicle “off” 

condition. 

An active polarizer dimmable lens prototype was built for 

an all-electronic automotive instrument cluster which 

utilized a 12.3” TFT display as shown in Figure 4-1. 

 

Figure 4-1. Active Polarizer Dimmable Lens 
Prototype Cross Section 

Pictures of the active polarizer based dimmable lens as 

reported at the 2018 SID symposium [4], [5] are shown in 

Figure 4-2. 

  

 

Figure 4-2. Display “Off”, Maximum Lens Dimming 
(Left) and Display “On” Minimum Lens Dimming Right 

In the “off” state, the panel has a very black appearance 

and it is difficult to see any features (e.g. display bezel) 

behind the dimmable lens. Using the Sample 1 

configuration, the reflection performance with specular 

component included (SCI) was very low as shown in 

Figure 4-3, ranging from about 1.1% in the dimmed state to 

about 1.7% in the transmissive state with a display that was 

not optically bonded to the lens assembly. 

 

Figure 4-3. Specular Component Included (SCI) 
Reflectance 
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5. Benefit Analysis 
A dimmable lens benefit analysis example was performed 

with the following assumptions: 

• Display reflection of 5% (no AR) 

• Lens front surface reflectance of 4% (no AR) 

• Dimmable lens rear surface reflectance of 4% 

• White shirt luminance of 10,000 cd/m² (typical of a 

sunlight illuminated white shirt) 

• Comparison with a 20% neutral density filter 

Typically, neutral density lenses with transmission rates in 

the 20% arena are considered a “good” dead front and 

lenses while 8% transmission rates are used for VF type 

displays. Lower transmission rates are desirable to get a 

blacker look in a vehicle “off” condition, however lower 

transmission rates also increase the amount of TFT 

backlight power required. With 0.42% to 3.8% “off” 

condition transmission rates per Equations 13 and 14, the 

dimmable lens will have a much blacker look than can be 

obtained with a 20% neutral density lens. The other 

advantage is that the dimmable lens transmission can be 

adjusted to maintain display visibility with much less TFT 

backlight power than is required when a 20% neutral 

density lens is utilized. Historically the equation that 

governs display visibility has been shown to be a fractional 

power function per Equation 15 such as is described by Dr. 

Silverstein per reference [3]. 

 CO DBLBESL 
 (15) 

• ESL = Emitted Symbol Luminance in cd/m² 

• BO = Luminance Offset Constant 

• DBL = Display Background Luminance in cd/m² 

• c = Power Constant (This is the slope of the power 

function in logarithmic coordinates) 

Figure 5-1 shows the Silverstein function on a log-log plot. 

The display background luminance (BGL) that the user 

would see for the white shirt reflection from the lens front 

surface may be calculated per Equation 16. 

 

Figure 5-1. Symbol versus Background Luminance 
[3, page 274 redrawn for clarity] 

nitsKBGLFront 40004.010   (16) 

The reflections that would occur from the display and lens 

rear surface reflectance in the “on” condition may be 

determined per Equations 17, 18 and 19 where the 

equivalent transmission rates per Equations 11 and 12 are 

utilized. 

   

nitsBGL

KBGL

TFT

TFT

71

28.004.005.010
2



  (Sample 1) (17) 

   

nitsBGL

KBGL

TFT

TFT

137

39.004.005.010
2



  (Sample 2) (18) 

   

nitsBGL

KBGL

TFT

TFT

36

2.004.005.010
2



  (20%ND) (19) 

The required emitted display luminance after the lens may 

be calculated per Equations 20, 21 and 22. 

  nitsESL 382714003.44
35.0
  (Sample 1) (20) 

  nitsESL 4001374003.44
35.0
  (Sample 2) (21) 

  nitsESL 372364003.44
35.0
  (20%ND) (22) 

For a neutral density lens transmission of 20%, the required 

display luminance as calculated per Equation 23 would be 

1860 nits. This is a significantly high luminance level 

associated with extreme thermal management problems. 

nitsLumDisplay 1860
2.0

372
_   (20%ND) (23) 

On the other hand, for active polarizer lens configurations 

the required display luminance would be reduced per 

Equations 24 and 25 and is a significant decrease in the 

required display luminance. The polarized light 

transmission rates from Equations 1 and 2 were utilized in 
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Equations 24 and 25 because the TFT display output light 

is polarized. 

nitsLumDisplay 982
389.0

382
_   (Sample 1)  (24) 

nitsLumDisplay 734
545.0

400
_   (Sample 2) (25) 

Therefore from a display visibility aspect, being able to 

increase the lens transmission under high ambient light 

conditions greatly reduces the display luminance 

requirements. From a contrast ratio point of view under the 

high ambient light conditions, Equations 26, 27 and 28 

show the contrast ratios do not change substantially even 

with greatly reduced display luminance for the active 

polarizer configurations. Note that from a visibility aspect 

all three would have the same visibility because the eye 

requires less contrast ratio as the background luminance 

increases per Equation 15. 

 
85.1

36400

36400372





CR  (20%ND) (26) 

 
81.1

71400

71400382





CR  (Sample 1) (27) 

 
74.1

137400

137400400





CR  (Sample 2) (28) 

However, if the same 1860 nit display was used on all three 

configurations, the associated high ambient light contrast 

ratios would be per Equations 29, 30, and 31. 

 
85.1

436

4362.0*1860



CR  (20%ND) (29) 

 
54.2

471

471389.0*1860



CR  (Sample 1) (30) 

 
90.2

537

537548.0*1860



CR  (Sample 2) (31) 

This example shows there is a substantial benefit from a 

visibility point of view by utilizing a dimmable lens and it 

is advantageous to increase the lens transmission as much 

as possible with the active polarizer lens. Automatic 

dimming control techniques may also be considered to 

increase the display lens transmission for visibility thus 

maintaining the best black panel effect for any ambient 

lighting condition. 

6. Segmented Dimmable Lens Fade Pattern 
As the active polarizer element is based on liquid crystal 

technology, it is a simple extension to fabricate a 

segmented version where only the display active area is a 

separate controllable “segment” (Zone 1) and the remaining 

lens area is another “segment” (Zone 4). A test sample was 

designed as shown in Figure 6-1. 

 

Figure 6-1. Segmented Dimmable Lens Test Sample 

In addition to the segmented dimmable lens and display 

configuration, another aspect that may be added to better 

conceal the edge of the display in the “key-on” operational 

condition, is a fade pattern surrounding the display opening 

and extending into the active area (Zone 1). Instead of the 

printed pattern as described in reference [6], the fade 

pattern was constructed as part of the segment edge. A 

benefit of creating the fade pattern as part of the segmented 

dimmable lens is there is no separate ink printing step and 

the associated problems if the lens is optically bonded as 

part of a larger system. The dot pattern in Figure 6-2 is one 

example of a fade pattern of sinusoidal configuration. Other 

dot patterns which are non-periodic and more random in 

nature may be more desirable. 

 

Figure 6-2. Fade Pattern – Dot Pattern Type 

 

Figure 6-3. Sinusoidal Fade Pattern 

The most effective fade patterns are half sinusoidal (ref 

Figure 6-3) in nature since a sinusoidal pattern has the 
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lowest number of Fourier spatial frequencies. These may be 

developed by halftone or other means of fade technologies. 

Lower spatial frequency work best due to the contrast 

sensitivity characteristics of the human eye as described by 

the Contrast Sensitivity Function (CSF); however the 

tradeoff is the amount of intrusion into the active area of 

the display. The contrast sensitivity function of the eye as 

shown in Figure 6-4, shows that spatial frequencies below 

~5 cycles/degree have a lower contrast sensitivity (i.e. 

harder to see). 

 

Figure 6-4. Contrast Sensitivity and Contrast 
Threshold Functions per equations provided in 

reference [7] 

A dot pattern is possible with the active polarizer dimmable 

lens by not connecting the dots since the dots are in a 

polarized state when LC is not powered. However, 

sinusoidal transmission characteristics are difficult to 

achieve with dot patterns. A more achievable method to 

create the desired fade pattern in a liquid crystal display is 

to use sinusoidal shaped features around the perimeter of 

the display opening as detailed in Figure 6-5. 

 

Figure 6-5. Sinusoidal Fade Pattern 

Since the sinusoidal pattern extends 2.5 mm into the active 

area, the spatial frequency associated with this transition at 

a viewing distance of 750 mm is 2.6 cycles/degree. While 

this results in contrast sensitivity close to the peak 

sensitivity at 5 cycles/degree, reducing the contrast 

sensitivity with a larger pattern length is at the expense of 

reduced active area. The sinusoidal fade patterns have a 

pitch of 400 um and therefore the spatial frequency is 

greater than 32 cycles/degree and the structure should be 

minimally visible since the contrast sensitivity is reduced 

by about a factor of 15 from the peak sensitivity. 

The corner required special attention in order to provide 

continuity of the fade pattern. LightTools® optical 

simulations showed an acceptable result when the corner 

pattern was constructed per Figure 6-6. The sinusoidal fade 

patterns along the sides were transitioned to staggered 

triangular shapes around a radiused corner. 

 

Figure 6-6. Corner Fade Pattern 

Optical simulations with LightTools® optical modeling and 

analysis software was performed with the following 

configuration: 

• Lambertian radiator light source (display emittance) 

• Fade pattern model 

• Receiver plane (illuminance detector) 

The optical simulation results of the fade pattern 

appearance are shown in Figure 6-7. To ensure the 

simulation represents how the human eye visualizes a 

physical sample, the resolution was set to mimic a 1.0 
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arcminute field of view. This represents the minimum 

visual acuity for 20/20 vision. At 750 mm viewing 

distance, this equates to a resolution of ~0.22 mm. 

 

Figure 6-7. LightTools® Simulation Results 

The fade pattern illuminance was analyzed and is shown in 

Figure 6-8. The transition profile is shown along with a 

Gauss error function (sigmoid shape) indicating the 

transition follows a Gaussian step function. 

 

Figure 6-8. Edge Transition Illuminance Profile 

7. Optical Sample Performance 
An active polarizer dimmable lens sample with Sample 2 

dye doping level will be constructed and evaluated when 

completed. 
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8. Conclusion / Summary 
The active polarizer may be utilized to provide a dead front 

look of a display in a vehicle “off” condition while 

minimizing the backlight power required in the “on” state. 

A segmented active polarizer dimmable lens is capable of 

providing a fade pattern that effectively helps to conceal 

the display opening in the “key-on” operational condition. 

Compared to ink printing technologies, the fade pattern 

created in the segmented active polarizer can made with 

higher resolutions and thus be more difficult to be observed 

with the human eye due to the reduced special frequency of 

the smaller feature size. Furthermore, in the “key-off” 

condition there will be a perfect color match between the 

fade pattern and the switchable active area which would 

otherwise be difficult to achieve with a printed ink fade 

pattern. 
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