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ABSTRACT  

A concept of Texas Instrument (TI)-Phase-only Spatial Light Modulator (PLM) is reported which utilizing the dynamic 
piston motion of PLM pixels to form a discretized blazed grating. By fully manipulating the piston motion of pixels and 
increasing the available discretization level of the quasi-blazed grating, the Diffraction Efficiency (DE) can achieve close 
to 99%, which qualifies PLM an ideal candidate for beam steering functionality combining with its MEMS based high 
refresh rate and large aperture. The DE of the discretized blazed grating is proven to have 86% with 633 nm monochromatic 
light incident at 25° with 16 discretization levels and 2𝜋 round-trip phase modulation by RCWA algorithm. Furthermore, 
additional factors which lead to the degradation of diffraction efficiency is also analyzed.  

Keywords: TI-PLM, diffraction efficiency, discretized blazed grating, beam steering 
 

1. INTRODUCTION  
Spatial Light Modulator (SLM) has obtained more and more attention in the realm of digital holography1, maskless 
lithography2, and beam steering3 thanks to its functionality of engineering the amplitude or the phase of light. Recently, 
new emergence applications such as Light Detection and Ranging (LiDAR) system is pushing the momentum of 
development related to new SLM technologies for beam steering functionality with high efficiency, fast scanning rate, fast 
scanning range and larger aperture. However, these requirements of beam steering are conflicting with each other for most 
of the traditional SLM devices. For example, commercial Liquid Crystal on Silicon (LCoS) has been used for high 
efficiency beam steering by modulating the phase retardation of light4. However, the relative low speed of liquid crystals 
limits the speed of scanning to be sub-kHz5, and the polarization of illumination light need to be specifically modified 
which increases the complexity of system. Micro-Electro-Mechanical System (MEMS) mirrors with kHz of refresh rate is 
also studied for beam steering but the small mirror aperture size limits the output power of light due to the requirement of 
eye safety, which alternatively limits the maximum detection range of LiDAR6. 

To satisfy the demand of beam steering for LiDAR, our lab recently demonstrated a Digital Micromirrors Device (DMD) 
based single-chip holographic beam steering technique7. DMD is a type of MEMS based binary amplitude SLM consisted 
of massive amount of micromirror developed by TI. Each micromirror can rotates between “on” and “off” state to 
effectively steers beam over 48° in one dimensional with kHz refresh rate. During the transitioning process, the array of 
micromirrors acts as a dynamic sawtooth phase grating which diffracts light with nearly 100% diffraction efficiency. By 
illumination the DMD with nanosecond laser pulse during the microsecond transitioning period, light is coarse steered in 
discrete manner depends on the incident angle and wavelength of light. Besides, the DMD micromirror pixels can be 
selectively turned “on” or “off” during the transition between discrete diffraction orders by displaying a customized 
holographic grating pattern to diffract light in an intended direction in a finer manner during the coarse steering process. 
Accordingly, the demonstrated beam scanning system can achieve over 40° of scanning range with sub-degree angular 
resolution and MEMS-level kHz sampling rate. Nevertheless, the Diffraction Efficiency (DE) of diffracted beam is reduced 
to only 10.1% due to binary amplitude modulation8. 

To enhance the DE of SLM based beam steering while maintaining kHz refresh rate and large aperture size, a MEMS-
based PLM is desired which in theory provides at least 40.5% of DE under the scenario of binary phase modulation with  
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π phase shift8. Recently, TI has developed and demonstrated the aforementioned PLM by utilizing their Digital Light 
Processing (DLP) MEMS based technology9. Similar to DMD, PLM is also consisted of arrays of square micromirror with 
10.8𝜇𝑚 corner-to-corner pitch. Different from DMD, the micromirror of TI-PLM is actuated in the manner of piston 
motion rather than rotating the micromirror between the “on” and the “off” state as shown in Fig. 1, which equivalently 
controls the Optical Path Difference (OPD) to achieve certain phase modulation. Moreover, arrays of micromirrors can be 
engineered in a multi-level manner to form a discretized sawtooth phase grating (blazed grating) which dramatically 
increase the diffraction efficiency.   

Figure 1. Simplified representation of (a) DMD micromirrors diamond pixel layout and the three states of micromirror, and 
(b) PLM micromirrors square pixel layout and the longitudinal position of micromirrors corresponding 0% and 100%
normalized displacement.

In section 2, the DE performance by engineering the piston displacement of micromirror is analyzed and reported with the 
consideration of nonlinear piston displacement and limited fill factor of PLM micromirror array. In section 3, we report 
the rigorous way to predict the diffraction efficiency and compare the simulation result with measurement data to discuss 
the additional factor that leads to the degradation of diffraction efficiency.  

2. ANALYSIS OF TI-PLM DIFFRACTION EFFICIENCY

2.1. Phase modulation by TI-PLM 

Binary phase modulation is commonly used in PLM based SLM device. The DE of the 1!" diffraction order of a binary 
phase grating can be expressed as8:  

𝜂# = 𝜂$# =
2
𝜋%
(1 − cos𝜙), (1) 

where 𝜙 represents the phase different between the two adjacent pixels in a single path configuration. In order to maximize 
the first order diffraction efficiency, the phase term is required to be 𝜋 which give us the maximum DE to be 40.5%.  As 
the micromirror array of PLM transitions from the 0% normalized displacement position to the 100% normalized 
displacement position, the phase of light at certain micromirror pixel position can be dynamically controlled. Assume the 
phase variation of the sawtooth profile over one single period Λ is given by:  

𝜙(𝑥#) =
2𝜋
𝜆 OPD(𝑥#) =

2𝜋
𝜆 ℎ(𝑥#), (2) 

where 𝑥# is the spatial location along one dimension of the PLM micromirror array, 𝜆 indicates the wavelength of the 
incident light, Λ  indicates the grating period of one binary grating, and ℎ  represents the absolute displacement of 
micromirror during the piston motion. a certain rotation angles. Accordingly, the OPD introduced by the micromirror need 
to be 𝜆/2	to maximum the diffraction efficiency, which requires the displacement difference between two adjacent 
micromirrors within one period of binary grating to be 𝜆/4 due to double path configuration.   

However, even though 40.5% of light is already a high efficiency for beam steering, most of the light is still allocated to 
other different orders such as the conjugate of the first diffraction order which also has 40.5% of diffraction efficiency. 
Among all different types of diffraction elements within the Ramen-Nath diffraction regimes, blazed grating is the ideal 
candidate for its ability to achieve nearly 100% diffraction efficiency. Although PLM micromirror can only be modulated 
in the piston motion manner, a multi-level blazed grating is constructible by approximating the slope of blazed grating 
profile in multiple discrete steps as shown in Fig. 2. Assume the reflectance profile of the discretized blazed grating is 
expressed as: 
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𝑟(𝑥#) ==𝐶&exp	(
𝑗2𝜋𝑛𝑥#
Λ )

'

$'

, 𝑛 ∈ 𝑍, (3) 

where 𝑗 is the complex constant equals to √−1, and 𝐶& is the complex Fourier coefficients of the 𝑛"( diffraction order of 
the discrete blazed grating which can be expressed as:  

𝐶& =
𝑠𝑖𝑛𝑐 K𝑛𝑚L𝑠𝑖𝑛𝑐 K

𝜙)
2𝜋 − 𝑛L

𝑠𝑖𝑛𝑐 M1𝑚K𝜙)2𝜋 − 𝑛LN
expO𝑗 P

(1 + 𝑛)𝜙)
2𝑚 − 𝑛𝜋RS , (4) 

where 𝑚 is the discretization level, 𝜙) is the phase modulation varies from 0 to 2𝜋. Accordingly, the DE can be calculated 
taking the magnitude square of the complex Fourier coefficient: 

𝜂& = |𝐶&|% = U
𝑠𝑖𝑛𝑐 K𝑛𝑚L 𝑠𝑖𝑛𝑐 K

𝜙)
2𝜋 − 𝑛L

𝑠𝑖𝑛𝑐 M 1𝑚 K𝜙)2𝜋 − 𝑛LN
V

%

(5) 

Figure 2. Comparison between of (a) blazed grating with grating pitch Λ equals to the pixel pitch p, and (b) discretized blazed 
grating form by 4 steps of pixel piston displacement with effective grating pitch equals to 4p. 𝜃!", 𝜃#, and 𝜃$ represents the 
angle of incident, angle of diffracted light, and blazed angle, respectively.  

Figure 3. 1st order Diffraction Efficiency (DE) of discretized blazed grating as a function of (a) levels of discretization with 
phase modulation 𝜙% equals to 𝜋/2, 𝜋,3𝜋/2, and 2𝜋, respectively, and (b) magnitude of phase modulation with the levels of 
discretization 𝑚 fixed at 2, 4, 8 and 16, respectively.  
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Fig. 3 above depicts the relationship between the first order diffraction efficiency, discretization level 𝑚, and magnitude 
of phase modulation 𝜙).  As indicated in the Fig. 3(a), since two is the minimum number of relative piston displacement 
between two adjacent micromirrors, it is insignificant to analyze the diffraction property for discretization level less than 
two. With a constant phase modulation, the DE increase as the levels of discretization increases. However, the increment 
of DE with different phase modulation is different. For example, the dynamic range of the 1st order DE of the discretized 
blazed grating with 𝜙) = 𝜋 is only 20% (20%-40%). In contrast, the dynamic range of the 1st order DE is approximately 
60% (40%-100%) under the scenario of 𝜙) = 2𝜋. Also, the gain of increasing discretization level beyond 16 is negligible 
for all phase modulation cases. Fig.3 (b) shows a different presentation of 1st order DE as a function magnitude of phase 
modulation with different discretization level. The plotting indicates the 1st order DE is still positive correlated to the 
magnitude of phase modulation 𝜙). Furthermore, higher discretization value allows the 1st order DE approaching nearly 
100% of DE. One thing worth mentioning is that the plotting for m = 8 and m = 16 are quite similar, which indicates the 
marginal benefit of approaching 16 level of discretization is less than 8 level of discretization.  

2.2. Diffraction Efficiency Degradation: Nonlinearity of Discretization Level 

As mention in the previous section, the diffraction efficiency of 1!" order approaches 100% as the magnitude of phase 
modulation equals to 2𝜋 and level of discretization approaches infinity. For the case of TI-PLM, the maximum level of 
discretization is 16 which limited by the 4-bit electrode address configuration10. According to the plotting shown in Fig. 3, 
the diffraction efficiency of the 1!" order is predicted to be nearly 99% when levels of discretization equal to 16. However, 
the actual piston displacement of micromirror is nonlinear due to the actual 3D field produced by the realistic electrode 
geometries10. The nonlinear piston motion of micromirror of TI-PLM which summarized in Fig. 4(a) deforms the shape of 
multi-level blazed grating, and therefore varies the magnitude of phase modulation of multi-level blazed grating. Detailed 
analysis of nonlinearity will be introduced in section 3. Also, since the PLM micromirror piston displacement is designed 
to be optimized for 633 nm light, the allowable dynamic range of phase modulation for smaller wavelength of light is 
limited. 

Figure 4. (a) Comparison of piston profile for one period of multi-level blazed grating with nonlinear and linear piston 
displacement. Piston motion is highly sampled in the range from 0% to 10% displacement range for the nonlinear profile. (b) 
Comparison of round-trip phase profile for one period of multi-level blazed grating with wavelength of 450 nm, 532 nm, and 
633 nm incident light, respectively.  

2.3. Diffraction Efficiency Degradation: Fill Factor of Micromirror 

Another factor that leads to degradation of DE is the limited fill factor of PLM micromirror pixel. The PLM pixel has 10.8 
nm of pixel pitch with 300 nm of gap between two adjacent micromirror pixel as indicated in the Fig. 5 (a) and (b). A 
diffraction patterned at far field image plane was captured by illuminating the unpowered PLM with 532 nm wavelength 
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of light at 30° incident angle. In theory, light should all be reflected toward the 0th order when illuminating the unpowered 
PLM if the fill factor of micromirror is 100%. In reality, the captured image shows a sinc function intensity variation re-
sampled by Dirac delta function. The observation is explainable by treating each micromirror pixel as a rect function and 
the gap between two adjacent micromirrors as an array of Direct-delta function (comb function). The far field distribution 
of light can be obtained by taking the Fourier transform of the convolution of rect function and comb function, which is 
equivalent to the multiplication of the sinc function and comb function. As a result, light is diffracted toward multiple 
higher diffraction orders, which leads to the degradation of 1th order DE as the PLM is actuated as a multi-level blazed 
grating.  A more rigorous analysis of DE vs. fill factor will be shown in the next section.  

Figure 5. (a) PLM micromirror arrays in the unpowered “all-flat” state, and (b) zoom-in image of the micromirror mirror array 
with vertical displacement, indicating the gaps between two adjacent micromirrors, the depth of micromirror, and 100nm of 
micromirror vertical movement9. (c) Diffraction pattern of the unpowered “all-flat” state PLM micromirror array illuminated 

with 532 nm light incident at 30°.  The brightest diffracted spots corresponding to the 0th diffraction order.  

3. RIGOROUS ANALYSIS OF DIFFRACTION EFFICIENCY

3.1. Modeling Setup 

As explained in section 2, the diffraction efficiency (DE) of PLM micromirror is affected by the nonlinear piston 
displacement and limited fill factor. To precisely predict the diffraction performance of PLM, we adopted Rigorous 
Coupled Wave Analysis (RCWA) approach which is an effective tool to analyze the diffraction property of either Raman-
Nath grating and Bragg gratings with periodic structures. For the diffraction analysis presented in this paper, we used 
DiffractMOD module of RSoft from Synopsys Inc., which relied on the RCWA algorithm to perform the analysis of TI-
PLM phase grating11. To simulate the performance of TI-PLM, several important parameters need to be defined such as 
the dimension and material property of one single micromirror, incident angle and operation wavelength of light. Also, 
since RCWA only requires one period of the grating to be setup for simulation, only several micromirrors are required to 
be built in the model, with the number of micromirror equals to the amount of discretization for approaching the blazed 
grating, with the depth of each micromirror pixel is set to match the corresponding piston displacement. Fig. 6 below shows 
an example of unpowered “all-flat” state PLM 3x3 micromirror array with 10.8 𝜇𝑚 pixel pitch and 0.3 𝜇𝑚 gap modelled 
in RSoft CAD user interface.  
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Figure 6. 3D isometric view (left), side view (middle), and top view (right) of a 3x3 micromirror array with 10.8 𝜇𝑚 pixel 
pitch and 0.3 𝜇𝑚 gap in the unpowered “all-flat” state.  

3.2. RCWA based Diffraction Efficiency Analysis of TI-PLM  

As the linearity of phase modulation deformed caused by the nonlinear piston placement, the DE is predicted to be 
degraded. Fig. 7 shows the diffraction efficiency of multiple diffraction orders as a function of incident angle (launch 
angle) with the wavelength of light set to be 633 nm and the steps of discretization level to be 4, 8, and 16, respectively. 
At each discretization level, the diffraction efficiency between nonlinear blazed grating, ideal linear blazed grating, and a 
new profile of multi-blazed grating which defined as quasi-linear blazed grating are compared. Since the piston 
displacement between 0 to 0.2𝜋 of round-trip phase modulation is highly sampled as shown in Fig. 4, the ideal linear 
blazed grating can be mimicked by replacing some low value phase steps with higher phase level steps such that the overall 
blazed grating profile is approaching the ideal linear profile. The mimicked linear profile called quasi-linear blazed grating 
has the potential to reduce the degradation of diffraction efficiency due to the non-linear profile.  

As shown in Fig.7 (a) to (c), the reflection DE of 1st diffraction order is only 55.72% at ±48.5 degree of incident angle as 
the phase level is set to be 4 under the nonlinear blazed grating scenario. For the case of ideal 4 steps linear blazed grating, 
the reflected DE of the 1st diffraction order can be scaled up to nearly 75%, which is 1.5 times larger than the case of 
nonlinear profile. By replacing the certain lower phase level with higher available phase level, the maximum DE is 
increased to 74.3% which is almost the same as the value of ideal linear blazed grating. Similar logic can also be applied 
to the 8 steps and 16 steps multi-level blazed grating. For the case of 8 steps multi-level blazed grating, the maximum 1st 
order DE is 68.8% for the nonlinear profile and 86.8% for the ideal linear profile. After the lower phase level is selectively 
replaced, the DE of 1st diffraction order is increased to 84.7%. Similarly, for the scenario of 16 steps multi-level blazed 
grating, the maximum DE of the 1st order diffraction order is increased from 71.12% to 86.27%. In conclusion, a 15%-
20% of DE increment is achievable by transforming the nonlinear blazed grating into a quasi-linear blazed grating. On the 
other hand, as we compared the angular bandwidth profile between the three different steps multi-blazed grating under the 
same blazed grating manner, we can notice the Full Width of Half Maximum (FWHM) of the angular bandwidth is 
shrunken as the number of piston displacement steps increased. The FWHM of angular bandwidth information is valuable 
as the PLM is manipulated in a cascade system with multiple scanning devices. 
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Figure 7. Diffraction efficiency as a function of incident angle (launch angle) for the case of 4 steps discretization level in the 
(a) nonlinear blazed grating, (b) ideal linear blazed grating, (c) quasi-linear blazed grating, 8 steps discretization level of the 
(d) nonlinear blazed grating, I ideal linear blazed grating, (f) quasi-linear blazed grating, and 16 steps discretization level of 
the (g) nonlinear blazed grating, (h) ideal linear blazed grating, and (i) quasi-linear blazed grating.  

Besides, the DE reflected by the PLM micromirror is also affected by the fill factor of micromirror arrays as mentioned in 
section 2. The gap between micromirror acts as a comb function which samples the intensity profile at the far field plane 
and controls the amount of light intensity at different location on the far field plane. As the magnitude of gap varies, it is 
predicable that the magnitude of DE allocated to diffraction orders is also affected. In the RSoft simulation, the diffraction 
efficiency diffracted by the PLM micromirror arrays is also simulated with different magnitude of fill factor with the 
wavelength of light to be 532 nm at 30° incident angle. As shown in Fig. 8, the maximum diffraction efficiency which 
corresponding to the 0th diffraction order is roughly 84.7% as the gap between adjacent micromirrors to be 0.3 𝜇𝑚 which 
is the case of the real PLM device. As the magnitude of gap increased from 0.3 𝜇𝑚 to 1 𝜇𝑚, the 0th order DE is decreased 
from 84.7% to nearly 50%.  
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Figure 8. Diffraction Efficiency represented in angular space with TI-PLM micromirror arrays illuminated with 532 nm 
wavelength of light at 30° incident angle for the case of (a) 94.52%, (b) 90.96%, (c) 87.46% and (d) 82.34% of fill factor. Red 
spot located at the center indicates the 0th diffraction order.  

3.3. Degradation of Diffraction Efficiency: PLM Surface Flatness Variation 

Previous section indicates the diffraction efficiency of 0th diffraction order should achieve nearly 85% as the unpowered 
“all-flat” state PLM micromirror illuminated with 532 nm wavelength of light at 30° incident angle. However, the real 
reflection efficiency of the 0th diffraction order was measured to be only 63%. Another factor that leads to the additional 
amount of DE degradation is the random flatness variation of PLM micromirror pixel. As depicts in the Fig. 9, a surface 
wavefront patterns of an “all-flat” PLM micromirror array was captured by a Michelson interferometer. The measured 
pattern shows a circular wavefront on the left portion of the “all-flat” PLM micromirror array. The circular wavefront 
reveals that optical aberration is introduced even the PLM micromirror was unpowered. Therefore, it can be concluded 
that the micromirrors within the circular wavefront portion has some random flatness variation which distorted the 
incoming wavefront. As the surface flatness is determined during the manufacturing process, it is challenging for user to 
compensate the degradation of DE due to the surface flatness.  

 
Figure 9. (a) Image of unpowered “all-flat” state PLM micromirror pixel array taken by microscope, and image of surface 
wavefront captured by interferometer indicating circular wavefront is introduced by the “all-flat” PLM micromirror array. The 
three blue arrows between (a) and (b) indicates the exact same spatial location of PLM aperture under tested.  
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4. CONCLUSIONS 
For beam steering functionality of LiDAR system, MEMS-based phase-only spatial light modulator is one of the ideal 
candidates for its advantage of MEMS level refresh rate, high efficiency and large aperture size. As a type of MEMS-based 
phase-only light modulator, TI-PLM has the potential to diffracted light toward the 1st diffraction order with 40.5% of 
Diffraction Efficiency (DE). Furthermore, the DE can be further squeezed by engineered the piston placement of 
micromirror array in a multi-level discretized blazed grating manner, which can provide a DE of nearly 99% as the 
discretization level is set to the 16 and maximum phase modulation is set to be 2𝜋  in the double path round-trip 
configuration. Nevertheless, due to the intrinsic limitation of micromirror piston displacement actuation, micromirror 
piston displacement cannot be spaced evenly across the entire 2𝜋 phase modulation range. Such nonlinear distribution of 
phase level is proven to dramatically degrade the 1st order DE. One way to reduce the degradation of DE is to mimic the 
linear blazed grating profile by selectively choose the piston displacement at certain micromirror of the nonlinear blazed 
grating. After the linearization process, the DE is simulated to be improved for roughly 15%-20% via RCWA algorithm.  

Besides, other intrinsic factors of PLM micromirror such as limited fill factor and random flatness of micromirror also lead 
to the additional degradation of 1st order DE. The degradation of DE due to fill factor is also simulated via RCWA algorithm, 
and is demonstrated to reduce the 0th order DE from 100% to nearly 85% under the case unpowered PLM micromirror 
array with 0.3𝜇𝑚 of gap between adjacent micromirror pixel. However, the simulated result is still shown to be 20% less 
than measurement result. By capturing the surface wavefront of the “all-flat” state PLM micromirror, it is proven that 
optical aberration is introduced as the light reflected by the “all-flat” state PLM micromirror, which should dramatically 
reduce the DE and could explains the 20% DE discrepancies between the simulation and measurement result.  

Although the DE of 1st diffraction order can be dramatically improved by engineering the piston displacement of 
micromirror, the period of such quasi-blazed grating will also be scaled up by the number of micromirror used to form the 
blazed grating. Such scaling of grating period can dramatically decrease the available scanning range of beam steering 
according to the grating equation. Therefore, PLM based multi-level blazed grating is only suitable for small angular range 
of fine beam steering. In order to achieve a wide-angle beam steering functionality, it is necessary to increase the system 
complexity for cascading PLM with other wide angle coarse beam steering devices. 
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