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ABSTRACT In this paper we present a resolution-enhanced system for digital micromirror device (DMD) 

projected images by utilizing time multiplexing and birefringence in order to achieve this with static 

components only. This provides a less expensive solution than reducing the size of the hardware pixels and 

can also be applied to higher resolution displays, as and when, these become available. Birefringent materials 

have different refractive indices for linearly polarized light with orthogonal polarization directions. A high-

resolution projected image can be observed by overlapping two or three native resolution images at shifts of 

one half or one third of a DMD pixel diagonal respectively on successive frames. The optical components 

comprise a custom-made quartz plate as the birefringent component and an off-the-shelf twisted nematic 

liquid crystal display (TN-LCD) screen as a polarization rotator that is synchronized with the DMD frame 

rate. This paper covers the principle of operation and the system design. The functioning of the display is 

verified using enlarged images of the letter ‘R’ and a checkerboard pattern that are formed from a small 

number of DMD pixels. 

INDEX TERMS Birefringence, digital micromirror device (DMD), resolution enhancement, static 

components.  

I. INTRODUCTION 

In the display field, pixels are the units that carry information, 

and higher resolution means that a larger number of pixels 

can be displayed, which means that a larger amount and 

denser data display becomes possible. A convenient starting 

point for the assessment of the perceived resolution is that 

for 20/20 vision where the eye can resolve features 

subtending one minute of arc, which corresponds to 30 

cycles per degree [1]. This was the basis for the term ‘retina 
display’ that was applied to iPhones. The criterion is a 
simplification; however, if it is met then the display will have 

reasonably acceptable quality. With current direct-view 

displays, such as TVs, monitors and phones, there is 

generally no problem. Virtual reality (VR) and augmented 

reality (AR) displays with their requirement for a large field 

of view can suffer from insufficient display panel resolution 

and may show the ‘screen-door effect’ where the pixel 

boundaries are visible as mentioned in [2] [3].  

In VR, AR and projection displays, it is practicable to apply 

some form of resolution enhancement as the display panels in 

these devices are small. Nevertheless, an enhancement 

technique has been demonstrated on a monitor where the 

screen is physically moved in a circular path by employing a 

spinning weight [4]. Super-resolution in microscopy is 

described in [5]. In [6], a projector that uses native resolution 

light modulator panels to enhance projection resolution at 

selected regions is presented, which is achieved by 

decomposing a target high resolution image into a sparse edge 

image and a complementary lower resolution non-edge image, 

and then projecting these images in a time sequential manner 

at a high frame rate. Various techniques for sequential 

superimposition in projectors are given in [7]. 

Improvement in near eye displays is described in [8] [9] and 

[10]. And in [11], a display structure that cascades two-layered 

spatial light modulators (SLMs) is proposed combined with an 
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image decomposition algorithm, the structure achieves double 

spatial resolution and double refresh rate by making two 

panels produce fixed lateral displacements that are refreshed 

at staggered intervals; This is an example of multiplicative 

superposition, unlike the others referenced here which are 

additive. In [8], a compact active static component is proposed 

to address the accommodation–convergence conflict problem 

and enhance image resolution in a light field near eye display 

by using a birefringent plate and a twisted nematic switch cell. 

Pancharatnam-Berry phase components [Geometrical Phase 

Optical Components: Measuring Geometric Phase without 

Interferometry] are employed in [12] [9]. The displays of [10] 

and [13] incorporate holographic optical elements. 

Although typical image capture devices tend to have a 

higher resolution than the panel on which they are displayed, 

there has been considerable research on enhancing the 

captured image [14] [15] [16]. [17] presents an interesting 

method of enhancing the edges in areas of the image that are 

moving, for example, scrolling script. In some other popular 

imaging fields, such as metasurface imaging display as 

mentioned in [18] [19] [20], the enhancement of resolution can 

also be of great significance. 

We were inspired by techniques from related research [7] to 

complete a digital micromirror device (DMD) projection 

display system that can achieve resolution multiplication, but 

without using any moving parts. In this system, we use a laser 

as the illumination source, a twisted nematic-liquid crystal 

display (TN-LCD) screen as the light polarization rotator 

device and a field programmable gate array (FPGA) circuit to 

drive the TN-LCD screen in synchronism with the DMD. We 

customized the birefringent crystal elements in accordance 

with the pixel size of the DMD and the wavelength of the laser, 

designed the optical path and completed the construction of 

the entire system. For image detection, we used a charge-

coupled device (CCD) to obtain experimental results and 

MATLAB to analyze the results of the projected images. 

Rather than focusing on algorithm research, we 

concentrated on the construction and design of the system and 

aimed to provide a solution for realizing the resolution 

enhancement in the DMD projection system. This article 

introduces the principle in the second chapter, the system 

design in the third chapter, the experiment and result analysis 

in the fourth chapter, the discussion in the fifth chapter, and 

the conclusion in the sixth chapter. 

II. PRINCIPLE 

The overall operating principle of the system is shown in the 

schematic diagram in Fig. 1. The light emitted by the laser is 

unpolarized and is input to the subsequent system. After 

passing through the polarizer, the light beam becomes 

linearly polarized with the same polarization direction as the 

polarizer; it then enters a polarization rotator vertically. The 

polarization rotator is used to change the polarization 

direction of the linearly polarized light, allowing the beam to 

continuously switch between two orthogonal linearly 

polarized states. The DMD is used to load frame images from 

the computer and provide projected images by reflection. 

Due to birefringence, two orthogonal linearly polarized 

beams are produced that correspond to ordinary light (o-light) 

and extraordinary light (e-light), and as a result, the projected 

images shift a certain distance. Based on time multiplexing, 

superimposed projected images can be obtained which 

enables a DMD projection system with multiplied resolution 

to be realized. 

 

FIGURE 1. Overall operating principle schematic diagram of the 
proposed DMD projection system with enhanced resolution. 

A. TIME MULTIPLEXING 

Resolution-enhanced images can be obtained by shifting and 

superimposing multiple projected images at different times 

[16] [21]. As shown in Fig. 2, different frames are projected 

by the DMD at different times. The shift of these images is 

sub-pixel and in the direction of the DMD pixel diagonal. 

Therefore, when these projected images are superimposed, an 

original projection pixel will effectively be blended into 

several smaller projection pixels. In this way, the resolution of 

DMD projected images can be enhanced. As shown in Fig. 2, 

the letter S represents the diagonal distance of a DMD pixel. If 

the shift distance of projected images is 1/2 S and two images 

are superimposed, an original projection pixel can be blended 

into 2 small projection pixels on each side, which means that 

the resolution can be doubled. If the shift distance of the 

projected images is 1/3 S and three images overlap, an original 

projection pixel can be blended into 3 small projection pixels 

on each side, which means that the resolution can be tripled. 

The system introduced in this article achieves the effect of 2 

times the native projection resolution. 

 

FIGURE2. Time-multiplexed images: (a) the superimposed image with 
double resolution and (b) the superimposed image with triple 
resolution. 

 

The critical flicker frequency (CFF) threshold is the critical 

frequency at which a flickering image appears to be 

continuous to observers; it has different values for different 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3082564, IEEE Access

 

VOLUME XX, 2017                                                                                                                                                                                                                                                                          3 

people and is lower with decreasing screen luminance [22]. 

Since 60 Hz exceeds the CFF value of most people in the 

environment with the ambient illumination not exceeding one 

foot-candle (approximately 11 lux), and at the luminance not 

exceeding 10 cd/m2 of the display [22], they will not feel 

obvious flicker when viewing the projected image at this 

frequency in the same or lower illumination environment. 

Then, due to the persistence of vision described in [23] and 

[24], the human eye merges the images displayed at adjacent 

times and it seems that these images are displayed at the same 

time. By these characteristics of the human eye, time 

multiplexing [4] [11] [21] can be realized. 

B. BIREFRINGENT COMPONENT 

 

FIGURE 3. Schematic diagram for birefringence in a quartz plate. 

 

A quartz plate is introduced as the birefringent element as 

shown in Fig. 3 [8]. The ordinary and extraordinary rays have 

refractive indexes of no and ne respectively, so the projected 

images of o-light and e-light will have different projected 

positions after passing through the quartz plate. The 

dispersion angle  between the o-light and the e-light is 

given by: 

 

2
1 0

2
tan ( tan )

e

n

n
  −= −  (1) 

where θ is the elevation angle between the optic axis and input 

rays, and it is 45° [8]. 

 

FIGURE 4. Schematic diagram for a twisted nematic liquid crystal device 
as a polarization rotator. 

 

Because the polarization directions of the o-light and e-

light are perpendicular to each other, a twisted nematic (TN) 

liquid crystal device can be used as the polarization rotator. 

As shown in Fig. 4, when the TN device is in state 1, the 

liquid crystal molecules are arranged parallel to each other, 

and the polarization direction of the input rays does not 

change. When the TN device is in state 2, the liquid crystal 

molecules are arranged in a twisted nematic column with two 

surface molecules perpendicular to each other. When the 

polarization direction of the input linearly polarized light is 

same with the direction of surface molecules, it changes with 

the molecular arrangement direction in the TN device. 

Therefore, the polarization direction of the output linearly 

polarized light changes 90° compared with the input light. 

III. SYSTEM DESIGN 

The experimental system comprises three parts: the optical 

components, the optical path design and the circuits and code 

program design. 

A.  OPTICAL COMPONENTS 

1)  THE BIREFRINGENT ELEMENT 

The custom-made quartz plate is shown in Fig. 5; the rotation 

angle of optical axis from the surface of the quartz plate is 

consistent with that shown in Fig. 3; that is 45°. When a 532 

nm wavelength laser beam passes through the plate, the 

refractive index no of o-light is 1.54689, and the refractive 

index ne of e-light is 1.55609. According to Eq. (1), the 

dispersion angle    of o-light and e-light in the quartz plate 

can be calculated.  

Having found  , the relationship between the thickness d 

of the quartz plate and   can be easily inferred and 

expressed as Eq. (2).  

 
/ 2 2

tan 2 tan

S L
d

 
= =  (2) 

Where S represents the diagonal distance of a single pixel of 

the DMD, and L represents the side length of a DMD pixel. If 

the superimposed projected image achieves two times 

resolution enhancement, then the shift distance of the 

projected image of o-light and e-light should be 1/2 S. The 

model number of the DMD in our system is DLP F6500, and 

the DMD pixel side length L is 7.56 µm. According to Eq. (2), 

the thickness d of the quartz plate is 0.9 mm. 

 

FIGURE 5. Photo of the custom-made quartz plate used in the system. 
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As a 532 nm laser light source is used in our system, the 

surface of the quartz plate is coated with an antireflection 

coating for this wavelength in order to improve the light 

transmittance. 

2) THE POLARIZATION ROTATOR 

The TN-LCD screen used is an ordinary computer display 

screen with model number A190EN02, 1280x1024 

resolution, and working frequency of 60 Hz. We removed 

the backlight plate of the screen and the polarizer in the exit 

direction, that is, the rear polarizer, and only retained the 

front polarizer and the liquid crystal panel. The purpose is to 

let the laser beam pass through the polarizer and the liquid 

crystal panel, and then emit directly. Different states of the 

screen are controlled by circuits and code program, and the 

two states shown in Fig. 4 correspond to the black and white 

display of the screen respectively. 

B. OPTICAL PATH DESIGN 

The initial optical path structure is designed as shown in Fig. 

6. The output light of the laser is a parallel beam with a 

diameter of about 1cm, a wavelength of 532 nm and a power 

of 200 mW. Since the polarization rotator of the linearly 

polarized light is a standard monitor screen, when it is placed 

behind the DMD and in front of the quartz plate, a grid 

projection as shown in Fig. 6 will appear, which is caused by 

light passing through two cascaded periodic structures: the 

DMD and the TN-LCD screen. The reason is the 

microstructure of the TN-LCD screen, as shown in Fig. 7. 

Each TN-LCD pixel has a part of the opaque thin film 

transistor (TFT) circuit control area and the black mask that 

accommodates the addressing lines. Only the effective area 

of each TN-LCD pixel can transmit light. Therefore, if a 

DMD projected image goes through the TN-LCD screen in 

the way as shown in Fig. 6, it will inevitably be covered by 

the pixel grid of the TN-LCD screen. 

 
FIGURE 6. Schematic diagram of the initial optical path structure. 

 

To solve this problem, we designed another light path 

structure, as shown in Fig. 7. As the laser beam itself is a 

wide beam with a diameter of about 1cm, a convex lens with 

a focal length of 35 mm is placed in front of the laser and 

behind the polarizer, the purpose of which is to converge the 

beam into a small region.  The TN-LCD screen is located at 

the focal point. Under ideal conditions, adjusting the TN-

LCD’s position can make the focal point of laser beam 

exactly fall on the effective area of a single TN-LCD pixel 

as shown in Fig. 7. However, it is difficult to achieve in 

actual experiments, so we adjusted the position of the TN-

LCD screen so that the focal point of laser beam falls on as 

few as possible of the effective areas of TN-LCD pixels. 

Then a convex lens with a focal length of 50 mm placed at 

the front of the TN-LCD screen collimates the illuminating 

beam again. After going through the illumination light path 

comprising multiple mirrors, the laser beam illuminates the 

DMD and forms a projected image, and then passes through 

the quartz plate and the projection lenses to form an enlarged 

projected image. Such a design not only changes the 

polarization direction of linearly polarized light when 

switching the state of the TN-LCD, but also does not form a 

grid pattern on the projected image. 

 
FIGURE 7. Schematic diagram of the improved optical path structure. 

 

C. CIRCUITS AND CODE PROGRAM DESIGN 

 

FIGURE 8. Schematic diagram for the hardware and circuit structure. 

 

The hardware circuit structure is shown in Fig. 8. The state 

switching of the TN-LCD screen requires two circuit boards, 

the TN-LCD driver circuit board, and the FPGA control 

circuit board. One end of the TN-LCD driver circuit board is 

connected to the TN-LCD screen with a screen line, and the 

other end is connected to the FPGA circuit board with a VGA 

line. The FPGA circuit board is also connected to a computer 
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and can be programmed and controlled by the computer. We 

programmed the FPGA circuit on the computer software 

platform Quartus using Verilog HDL language, and then 

loaded the code into the FPGA circuit. In this way, the FPGA 

circuit can make the TN-LCD screen work between state 1 

and state 2, and work at a certain frequency by controlling 

the TN-LCD driver circuit board. 

In order to synchronize the DMD frame images with the 

state of TN-LCD, we slave the TN-LCD from the DMD 

output signal master. As Fig. 8 shows, one end of the DMD 

driver circuit board is connected to the computer with a 

DMD line, and the other end is connected to the FPGA 

circuit board with a signal line. Specific parameters of the 

DMD, such as frame images, refresh frequency and trigger 

signal are loaded by the computer. The DMD acts as the 

master by sending out a trigger signal after loading images 

frame 1 and frame 2. The output signal of the DMD is 

detected by the FPGA circuit so that the display state of the 

TN-LCD is controlled by the DMD. 

 

FIGURE 9. Flow chart for the main structure of our program code. 
 

The main structure of the code program is shown in Fig. 9. 

The first piece of the program for displaying DMD frame 

images includes two main parts: the parameter setting and 

image loading.  The second piece of code for driving the TN-

LCD includes three main modules: clock signal setting, VGA 

display preset and display state definition. Then the DMD and 

TN-LCD are prepared ready. When the DMD output signal is 

detected by the FPGA circuit, there is a piece of code to count 

the falling edge number of the signal and judge whether the 

count is odd or even. When the count of the DMD output 

trigger signal is odd, the TN-LCD screen displays in state 1, 

and when it is even, the TN-LCD screen displays in state 2. In 

this way, the synchronous change of the DMD and the TN-

LCD screen can be realized.   

IV. EXPERIMENT AND RESULT ANALYSIS 

A. EXPERIMENT 

The overall structure of the experimental system is shown in 
Fig. 10. When the system is running, the laser and the other 
devices are turned on, the DMD and TN-LCD are 
synchronized and the circuits loading the program are 
working normally. The experiment environment is dark and 
with an ambient illumination of 0.1 lux, and the luminance 
of the projected images is also further lower than the display 
luminance in [22]. Symbols t1 and t2 represent two adjacent 
moments at a certain frequency. At t1, the TN-LCD screen is 
in state 1, the DMD shows frame 1. The projected image is 
of o-light, which goes through the quartz plate and is 
enlarged by the projection lenses and then the projected 
image I1 is detected by a CCD placed in a fixed position. In 
the same way, at t2, the TN-LCD screen is in state 2, the 
DMD shows frame 2. The projected light is of e-light, which 
goes through the quartz plate and is enlarged by the 
projection lenses and then the projected image I2 is detected 
by the CCD. When the system works at a frequency of 60 Hz, 
the projected image is perceived as a superimposed projected 
image of the image I1 and the image I2 by the human eye. 

 

FIGURE 10. Photo of the overall structure of the experimental system: 1-
laser, 2-lens, 3-polarizer, 4-TN-LCD, 5-lens, 6-mirror, 7-DMD and drive 
circuit, 8-quartz plate, 9-projection lenses, 10-CCD, 11-TN-LCD drive 
circuit, 12-FPGA circuit.  

 

B. RESULT ANALYSIS 

In the result analysis, a CCD is used to instead of the human 

eye to detect projected images. In the experiment, a letter R 

pattern with a stepped shape and a checkerboard pattern with 

one pixel accuracy are used as test objects to prove the 

effectiveness of our system, which is formed by MATLAB 

software. As the letter R with the side width of 10 DMD 

pixels is easy to measure the number of projection pixels and 

provides a lot of convenience for result analysis, it is a 

suitable test object for our experimental system. The 

projected images I1 and I2 detected by the CCD at t1 and t2 

are shown in Fig. 11.  
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The schematic diagram of the magnification of projected 

images is shown in Fig. 12. The height of the detected 

projected images I1 and I2, as shown in Fig. 11, is about 85 

enlarged projection pixels. Then, as shown in Fig. 12, the 

original projected image without magnification is with a 

height of 85 original projection pixels, that is the same size of 

85 DMD pixels. As the side length L of a DMD pixel is 7.56 

µm, the height h of the original projected images without 

magnification is 642.6 μm. As the CCD is with a resolution of 

1936×1216 and the CCD pixel size of 5.86 μm, the height of 
its detected area is 7125.76 μm, that is the size m×h of the 

enlarged projected images as shown in Fig. 12. So, it can be 

calculated that the magnification m of our system is about 11. 

At the same time, the shift distance S/2 is enlarged in the same 

proportion, and it is projected as m×S/2 in the enlarged 

projected images. 

It should be noted that the native resolution of the projected 

images mentioned below reflects the native resolution of the 

DMD device and has nothing to do with the resolution of the 

detector device CCD.  The size of a single pixel of the enlarged 

projected image is (7125.76/85) μm, that is about 83.8 μm. 
However, the side length of a single pixel of the CCD is 5.86 

μm, which is much smaller than the pixel size 83.8 μm of an 
enlarged projected image after going through the projection 

lenses. 

 
(a) 

 
(b) 

FIGURE 11. The projected images of a letter R pattern with stepped shape 
detected by CCD: (a) the detected image I1 at t1, and (b) the detected 
image I2 at the neighboring time point t2 (the projection system works at 
a frequency of 60 Hz). 

 

 

FIGURE 12. Schematic diagram of the magnification of projected images. 

 

If the system realizes double resolution projection, the 

detected images I1 and I2 should have a certain displacement 

when the spatial position detected by the CCD remains 

unchanged. Therefore, we conducted the following image 

processing and analysis on the I1 and I2 images detected in 

the experiment: 

 

FIGURE 13. The resulting image I3 of absolute difference values obtained 
by subtracting image I1 from image I2 with MATLAB software. 

 

To prove that the projected images at time t1 and t2 are 

shifted, we subtracted image I1 from image I2 in MATLAB. 

And the resulting image I3 presenting the absolute difference 

between I1 and I2 is shown in Fig. 13. Because the gray scale 

of the letter R pattern is only black and white, the gray value 

of the digital image can be represented by 0 and 1, with 0 

presenting black and 1 presenting white. In our MATLAB 

program, subtracting image I1 from image I2 gets only 

absolute values and not negative values. Therefore, if the 

projection pixels’ gray values of image I1 and image I2 are 

the same at a certain spatial position, the projection pixel 

gray value of the image I3 should be 0, which means black. 

If the projection pixels’ gray values of image I1 and image I2 

are different at a certain spatial position, the projection pixel 

gray value of the image I3 should be 1, which means white. 

During the whole experiment, the CCD is in the same 

detection position. If the projected image does not shift, the 

image I3 should be black. However, as shown in Fig. 13, 

there are obvious white image pixels on the border of the 

letter R, indicating that the projected letter R has been shifted. 

In addition, since there are also narrow gaps among DMD 

pixels, as shown in Fig. 11 (a), when the projected image 

shifts, the image I3 will also show a uniform distribution of 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3082564, IEEE Access

 

VOLUME XX, 2017                                                                                                                                                                                                                                                                          7 

smaller white image pixels compared with the white image 

pixels on the border of the letter R. 

 

FIGURE 14. The resulting image I4 obtained with the MATLAB software 
after the addition program of images I1 and I2, simulating the 
superimposed image observed by human eyes. 

 

In order to prove that the resolution of the observed 

projected image is doubled, we conducted the following 

analysis. Since the perceived image is a superimposed image 

at 60 Hz under a low illumination condition [22], we simulated 

the superimposed projection of image I1 and image I2 with 

MATLAB, as shown in Fig. 14. We added image I1 and image 

I2 based on their display time ratio, and got the resulting image 

I4, as shown in Fig. 14. Although the image I4 is obtained with 

MATLAB, it comes from two real resulting images I1 and I2 

detected by the CCD, and it shows true information of images 

I1 and I2. Then, the image I4 is an effective auxiliary image to 

demonstrate our system and can used to simulate the perceived 

image observed by human eyes directly.  

 

FIGURE 15. The contrast diagram of native resolution and system 
resolution: (a) the chosen area of image I2 with native resolution, (b) the 
same chosen area of image I4 with native resolution, (c) an original 
projected pixel and the structure of real DMD pixels, and (d) the 
schematic diagram of the formation of finer pixels realized by the system. 

 

Compared to image I2 with the native resolution, image I4 

shows the resolution achieved by our system. In Fig. 15, (a) 

and (b) are enlarged images of the same part from image I2 and 

image I4 from Fig. 11 (b) and Fig. 14. It shows that the side 

width of the projected pattern letter R of the native resolution 

is 10 projection pixels, but when the system works at 60 Hz, 

the side width observed is 20 projection pixels. In Fig. 15 (c), 

the right part of the diagram shows the shape of real DMD 

pixels. It should be noted that, there is a hole in the middle of 

a DMD pixel which is caused by the DMD device itself. So, 

as the left part of Fig. 15 (c) shows, a projected pixel of image 

I2 with native resolution also shows a hole in the middle and is 

different from the small projected pixels of image I4 with 

system resolution shown in Fig. 15 (d). In Fig. 15 (d), as all 

original projected pixels of the chosen area are white, when 

projected images shift as the diagram shows, an original 

projected pixel will be divided into four new smaller projected 

pixels, as the number 1, 2, 3, and 4 marked. And all these 

smaller pixels are with uniform brightness. Therefore, it can 

prove that the projection pixels realized by the experimental 

system are more refined than the native resolution, and the 

projection of twice the resolution is realized. 

 
(a) 

 
(b) 

FIGURE 16. The projected images of a checkerboard pattern with the one-
pixel accuracy detected by CCD: (a) the detected image I11 at t1, and (b) 
the detected image I22 at the neighboring time point t2 (the projection 
system works at a frequency of 60 Hz). 

In order to prove that our system can also achieve resolution 

enhancement of fine images, following the same way, we 

tested a checkerboard image with one-pixel accuracy. The 

projected images I11 and I22 detected by the CCD at two 

adjacent time points t1 and t2 are shown in Fig. 16. The border 

of this tested image is designed for the convenience of 

experiment operation, the checkerboard area is shown in Fig. 

16 (a). A checkerboard with an accuracy of one DMD pixel 

that means one DMD pixel is either an all-white cell or an all-

black cell. The resulting image I44 simulating the effect of 

human observation is also obtained with the MATLAB 

software by adding images I11 and I22 and is shown in Fig. 17. 
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The same part of image I22 with the native resolution and 

image I44 with the system resolution are chosen to form a 

contrast. The contrast diagram is shown as Fig. 18. 

 

FIGURE 17. The resulting image I44 obtained with the MATLAB software 
after the addition program of images I11 and I22, simulating the 
superimposed image observed by human eyes. 

 

As show in Fig. 18, (a) and (b) are enlarged images of the 

same part from image I22 and image I44 from Fig. 16 (b) and 

Fig. 17. It can be observed that the image with system 

resolution has stepped edges which proves that the projected 

image has been shifted by the corresponding angle and 

distance. A column or a line corresponding to one original 

projected pixel is the width of two projected pixels with 

system resolution, as shown in Fig. 18 (b). An original 

projected pixel reflecting the appearance of the DMD pixel is 

shown in Fig. 18 (c).  In Fig. 18 (d), when the projected images 

shift as the diagram shows, an original projected pixel will also 

be divided into four smaller pixels, as the numbers 1, 2, 3, and 

4 marked. However, since the original white pixels of the 

checkerboard are distributed diagonally, and other 

horizontally adjacent original pixels are black, these four new 

projected pixels have uneven brightness. Only the position of 

numbers 2 and 3 are brightest because they are overlapped by 

two original white projected pixels. Therefore, it can be 

proved that our system can also achieve double resolution 

enhancement of fine images. 

 

FIGURE 18. The contrast diagram of native resolution and system 
resolution: (a) the chosen area of image I22 with native resolution, (b) the 
same chosen area of image I44 with native resolution, (c) an original 
projected pixel and the structure of real DMD pixels, and (d) the 
schematic diagram of the formation of finer pixels realized by the system. 

Since this system has been proven to have twice the 

resolution enhancement effect, we tested another letter ‘R’ 
with a different shape to observe its effect in a text projection 

application. The projected images I1’ and I2’ detected by the 
CCD at two adjacent moments t1 and t2 are shown in Fig. 19. 

When the system is applied in text projection, arcs and 

diagonal lines always have a greater impact on the viewer’s 
viewing experience compared with sharp edges of straight 

lines, and may even cause difficulties in text distinguishment. 

As shown in Fig. 19 (a), because the letter R with this shape is 

composed of the three main shapes of characters; straight line, 

diagonal line, and arc, it is an appropriate choice of application 

to test the effect of our system. 

 
(a) 

 
(b) 

FIGURE 19. The projected images detected by CCD in a text projection 
application: (a) the detected image I1’ at t1, and (b) the detected image I2’ 
at the neighboring time point t2 (the projection system works at a 
frequency of 60 Hz). 

 

 In the same way as before, we added image I1’ and image 
I2’ based on their display time ratio with MATLAB, and got 
the resulting image I4’, as shown in Fig. 20. Then, image I4’ 
simulates the superimposed image by human observation. 

Comparing image I2’ shown in Fig. 19 (b) and image I4’ shown 
in Fig. 20, it can be observed that the letter R of image I4’ 
becomes smoother than that of image I1’ or image I2’. 
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FIGURE 20. The resulting image I4’ obtained with the MATLAB software 
after the addition program of images I1’ and I2’, simulating the 
superimposed image observed by human eyes. 

 

For the convenience of observation, we have enlarged the 

same areas of image I2’ and image I4’ to form contrast images, 

as shown in Fig. 21. In Fig. 21, the upper parts of the images 

are the chosen areas from image I2’, and the lower parts of the 

images are the same chosen areas from image I4’. It can be 
observed that in our projection system, the sharp edges with 

native resolution can be shown as soft, that is, smoother. 

Therefore, in addition to having the effect of increasing the 

number of projection pixels, our system is useful for 

improving the image quality and text readability to some 

extent. 

 
FIGURE 21. Enlarged contrast images for the same parts of image I2’ and 
image I4’. 

 

V. DISCUSSION 

A.  DISADVANTAGES 

1) LOW TRANSMISSION EFFICIENCY 

Although the standard output power of the laser in our 

system is 200 mW, the actual optical power entering the 

system as an illumination beam is far lower than that. This is 

because 2-lens shown in Fig. 10 only partially collects the 

light emitted from the laser, and the rest of the light is lost. 

Therefore, as shown in Fig. 10, the point between 2-lens and 

3-polarizer is set as point A, and the optical power PA 

measured at point A is regarded as the actual input optical 

power Pin of our system. Similarly, the point between 9-

projection lenses and 10-CCD is set as point D, and the 

optical power PD measured at point D is regarded as the 

output optical power Pout of our system. Then, the 

transmission efficiency E of this system can be calculated by 

Eq. (3). 

         𝐸 = (𝑃𝑜𝑢𝑡 𝑃𝑖𝑛) × 100%⁄                                    (3) 
In addition, we also measured the optical power PB and PC 

at point B between 3-polarizer and 4-TN-LCD and point C 

between 4-TN-LCD and 5-lens to observe the optical 

transmission process of the system and analyze the influence 

of each device on the transmission efficiency. Table I shows 

the mean of 5 sets of optical power data measured under 

stable system operation and the calculated overall mean 

transmission efficiency E of our system. 
TABLE I 

OPTICAL POWER AND TRANSMISSION EFFICIENCY 

 PA 

(mW) 

PB 

(mW) 

PC 

(mW) 

PD 

(mW) 
E 

1 110.0 58.76 29.15 4.030 3.67% 

2 101.5 62.60 31.08 4.098 4.04% 

3 110.5 61.55 32.85 4.450 4.03% 

4 103.5 60.32 31.98 4.060 3.92% 

5 98.80 57.80 28.43 3.958 4.01% 

MEAN 104.9 60.20 30.70 4.119 3.93% 
 

From Table I, the average value of transmission efficiency 

E is calculated to be 3.93%, which is relatively low. We 

analyzed the reasons for the energy loss between each point. 

As shown in Fig. 10, the light loss between point A and point 

B is caused by 3-polarizer, because 3-polarizer only allows 

light that is consistent with its polarization direction to pass 

through, and the rest of the light is absorbed or reflected. The 

light loss between point B and point C is caused by the 4-

TN-LCD: In addition to reflection, the TN-LCD also absorbs 

part of the light energy and converts it into heat, and the pixel 

grid structure of the TN-LCD itself also blocks part of the 

light from passing through.  

There are several reasons for the light loss between point 

C and point D: First, the light reflected by the mirror is not 

completely used by the area where the DMD loads the image, 

and a considerable part of the light is reflected to other 

directions without participating in imaging process; Second, 

the light participating in imaging is reflected by the DMD to 

form some multi-order diffraction projected images, and the 

unwanted diffraction orders cause significant loss [25]; Third, 

transmissive devices, such as 5-lens, the 8-quartz plate and 

the 9-projection lenses, suffer a degree of absorption and 

surface reflection losses; Finally, reflective devices, such as 

the mirror 6 and the DMD, have reflection losses. 

2) SLIGHT BLURRED IMAGES 

In our experimental results, the images detected by CCD as 

shown in Fig. 11, Fig. 16 and Fig. 19 are slight blurred on 
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the edges, which is principally caused by DMD diffraction 

imaging and aberration [26]. Since each pixel of the DMD is 

equivalent to a micro-mirror, and these micro-mirrors 

constitute the periodic structure of the DMD, then the DMD 

is equivalent to a periodically distributed grating. In the 

experiment, when the illumination beam with a wavelength 

of 532nm is reflected by the DMD, multiple diffraction 

orders are formed. Diffraction not only causes the loss of 

optical energy as discussed above, but also causes undesired 

diffraction orders to enter the projection lenses and 

introduces aberrations, so edges of the test images are slight 

blurred.  

To solve this problem in subsequent research, adding a 

spatial filter to block undesired diffraction orders, or 

correcting aberrations as a separate research subject may be 

effective methods [25] [26]. Some methods with 

metasurfaces may also be effective in eliminating high-order 

images, enlarging field of view, and improving image 

contrast [19] [20]. 

B.  ADVANTAGES 

Compared with other solutions that have been proposed by 

researchers, the principal difference of our system is the 

introduction of the TN-LCD device. Although the 

polarization rotator can be realized by some kinds of other 

devices with no multiple-pixel structure as described in [7], 

[8], [9], and [12], our solution has many advantages for 

achieving super-resolution and has great value in application 

and research. Since a TN-LCD has many pixels that can be 

independently controlled, this makes it more advantageous 

than some other devices in the following aspects: 

1)  MORE RELIABLE 

TN liquid crystal devices are prone to lose twisted nematic 

order and lose their effect. If it happens due to some reasons 

in the experiment or product applications, such as excessive 

light intensity [27], individual LC devices with a single 

working area used in other solution [8] need to be replaced 

with new ones, but a TN-LCD does not. Because only a few 

pixels of the TN-LCD are used, even if they are damaged, 

the TN-LCD itself will not be greatly affected due to the 

independence of each TN-LCD pixel. We can replace the 

damaged TN-LCD pixels with the other available but not 

need to replace a new TN-LCD.  

2)  MORE SCALABLE 

Since all pixels of the TN-LCD can be controlled 

independently, a TN-LCD can be divided into multiple 

independent working areas by programing the control 

program code, which makes the same effect of integrating 

countless individual LC devices on one TN-LCD. This 

allows a TN-LCD to modulate multiple illuminating beams 

at the same time in some cases, such as the application shown 

in Fig. 22, unlike other individual rotators with no multiple-

pixel structure that require the same number of illuminating 

beams under the same circumstances. Therefore, our system 

avoids excessive increase in the number of more polarization 

rotators and provides convenience for subsequent 

experiments and further research. 

3)  MORE NOVEL 

Due to some obvious disadvantages caused by TN-LCD grid 

structure and others, no one has modulated the illuminating 

light in such a projection light path using a TN-LCD. It is a 

novel and interesting solution using a normal screen to 

achieve resolution enhancement in projection system and 

provides a new idea for wide beam modulation and even 

multi-beam modulation. 

4)  MORE EFFICIENT 

Since it takes a longer period and higher cost to make an 

optical element with the same effect of a TN-LCD, choosing 

the available TN-LCD is an efficient solution to achieve the 

same experimental results. For setting the entire system, it 

saves both time and cost. It is also an effective solution that 

could be implemented quickly and performed reliably to test 

the effectiveness of a system prototype and is easy to get 

updated by further research. 

C.  OTHER APPLICATIONS 

1)  MONOCHROME PROJECTION WITH OTHER 
COLORS  

This system can be applied to monochromatic light 

projection of other wavelengths. When the wavelength of 

illuminating beam changes, the refractive index no and ne of 

the quartz plate are different from that in our system [28] [29]. 

Then, the thickness d of the quartz plate varies with the 

refractive index no and ne from Eq. (1) and Eq. (2). Therefore, 

when our system is applied to a monochromatic light 

projection system of different wavelengths, the quartz plate 

of the corresponding thickness d needs to replace the original, 

and the same resolution-enhanced effect can be realized. 

2) COLOR PROJECTION 

When the system is applied to color projection, three main 

illuminating lights of red, green, and blue are required at the 

same time [18] [20]. We proposed a possible solution for a 

color projection based on our system, and the schematic 

diagram is shown in Fig. 22. As mentioned before, a TN-

LCD can be divided into three independent working areas by 

changing the program code. So, arrangement states of liquid 

crystal molecules of the three areas of the TN-LCD can be 

changed to different degrees, in other words, the ratio ΦR: 

ΦG: ΦB of the luminous flux of the three colors after passing 

through the TN-LCD can be controlled. As mentioned before, 

quartz has a dispersion effect on light of different 

wavelengths [28] [29], so three quartz plates of different 

thicknesses d1, d2, and d3 should be used. Then, a color 

projection with resolution enhancement may be realized by 

mixing three individual projected images of three colors. 

In theory, our system has the feasibility of color projection 

applications, but further research is needed on some issues. 
To solve the problem that three beams of light incident on a 

DMD at the same time, perhaps different incident directions 

will be a feasible solution. The small birefringence 

difference of quartz material may cause an over-thick quartz 

plate and may reduce the transmission efficiency. Some 

other components using a medium with a larger 
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birefringence in relation to its dispersion, such as liquid 

crystal [33] may overcome this problem.  

 

FIGURE 22. Schematic diagram of a possible structure applied to color 
projection display that is based on our system. 

 

VI. CONCLUSION 

This experimental system was proposed to provide a specific 

solution that can achieve resolution multiplication of DMD 

projected images with static components only. In our proof 

of principle system, a readily available TN-LCD screen is 

used as the polarization direction rotator, a custom-made 

quartz plate is used to utilize birefringence, an improved 

optical path is designed to accommodate the microstructure 

of the TN-LCD screen, and the circuits and code program 

design makes the devices work normally and synchronously. 

According to observation and the analysis of the CCD 

detected results, the system realizes the DMD projection 

display with double resolution and has the effect of making 

edges smoother in the text projection application. Then, the 

disadvantages and advantages of this system, and possible 

implementations for other applications are discussed. 

For subsequent research, improvements can be proposed 

from the following three aspects. Firstly, the system may be 

combined with related image algorithms to improve the 

quality of the projected images. Secondly, faster rotators 

such as pi cells [30] [31] [32] or other types [33] [34] can be 

used to improve the viewing experience. Thirdly, based on 

this experimental system, multiple cascaded polarization 

rotators may be used to achieve triple or multiple resolution 

enhancement. Currently we are working on increasing the 

luminance and raising the perceived frame rate to higher 

frequency.  
Obtaining higher resolution in projection display devices 

is becoming increasingly difficult due to decreasing the 

hardware pixel size. Full high definition (HD) [35] can 

currently be converted to the equivalent of 4K ultra high 

definition (UHD) [36] with the use of actuators [4] [7] that 

must have physical movement. Looking to the future, we 

have shown that it may be possible to convert a 4K device to 

the equivalent of 8K operation but without the use of any 

moving parts and therefore providing a less expensive 

solution. 
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