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ABSTRACT  

A holographic lidar concept established on the Digital Micromirror Mirror (DMD)-based hybrid light modulation is 

reported, which multiplexes coarse-steering by sawtooth phase modulation and fine-steering by binary amplitude 

modulation. The hybrid steering is achieved by overlaying displayed Computer-Generated Holograms (CGHs) with a 

sawtooth blazed grating phase mask, which the blaze angle programmed by synchronized short-pulse illumination of 

transitioning micromirrors creating the CGHs. The steering principle is demonstrated as a 2D beam steering scheme with 

a 532 nm visible pulse laser, and implemented into a 905 nm lidar system with a 44° field-of-view, 0.9°×0.4° angular 

resolution, 7.8 FPS video frame rate, and 1 m detection distance.  

Keywords: DMD, holographic lidar, beam steering, hybrid light modulation 

 

1. INTRODUCTION  

For the beam steering functionality of lidar application, high speed, high resolution, wide Field of View (FOV) and large 

aperture size are desired. Nevertheless, these requirements are commonly conflicting with each other. For example, a large 

mechanical rotating system is used due to their large aperture however its high mechanical inertia prevents it from rapid 

scanning1. In contrast, a resonance Micro-Electro-Mechanical System (MEMS) mirror with kHz of refresh rate is used in 

beam steering design, but the scanning range characterized by the optical extended FOV is limited to about 20 ° . 

Furthermore, the small mirror aperture of MEMS mirror limits the available output energy and the maximum detection 

range to satisfy the eye safety requirement which bounding the maximum detection range due to the laser safety 

consideration2.  

To overcome the inverse relationships between the size of MEMS mirror and its angular range or scanning range, a Spatial 

Light Modulator (SLM) combined with an auxiliary mechanical scanning system3 or MEMS mirror4, is commonly 

employed. However, the combined system design suffers from the increase of system complexity. According, a single-

chip beam steering system is desired, and our lab previously proposed a DMD based amplitude SLM system to steer beam 

over 48° in one dimension with kHz refresh rate5. The proposed system illuminates the DMD with a nanosecond pulse 

laser during the microsecond transitioning time of micromirror. Accordingly, the micromirrors are effectively frozen 

during the illumination of nanosecond laser pulse while transitioning between the “on” and “off” state, and the arrayed 

structure of micromirror forms a dynamic sawtooth phase grating which diffracts light toward one direction with nearly 

100% diffraction efficiency. However, the sawtooth phase grating limits the steering resolution to the number of diffraction 

orders according to the grating equation. Approach such as multiple laser system has been proposed to interleave the 

diffraction light generated by pulse laser incident at different angle which effectively increase the scanning resolution 

while increase the system complexity and power consumption6.  

A hybrid holographic beam steering concept has been developed to overcome the limited scanning resolution challenge of 

the single-chip DMD based beam steering system without additional mechanical mechanism and light sources. The hybrid 

holographic beam steering is achieved by modulating incident light in a coarse- and fine- based hybrid mode. The fine 

steering is achieved by the aforementioned sawtooth phase modulation. The fine steering is achieved by spatial amplitude  
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modulation of micromirror is achieved by selectively turning pixel “on” or “off” during coarse steering to form a 

customized holographic grating pattern to diffract light in an intended direction in a finer manner.  

In Section 2, we review the principle of sawtooth phase modulation, amplitude modulation, and the proposed hybrid light 

modulation. In Section 3, we demonstrate the experimental setup of the hybrid light modulation based beam steering with 

wide scanning FOV and high scanning resolution with 532 nm pulse laser. In section 4, we show the practical 

implementation of the reported beam steering technique into a lidar system with 905 nm pulse laser.  

2. PRINCIPLE OF HYBRID HOLOGRAPHIC BEAM STEERING 

2.1. Angular modulation by dynamic sawtooth phase grating 

According to the grating equation, the number of diffraction order is determined by the grating pitch, incident angle and 

wavelength of light. As the micromirror array of DMD transitions from the flat state to the “on” and “off” state, a sawtooth 

structure with time varying tilt angle is formed. The sawtooth structure is also named as a blazed grating. Theoretically, 

the blazed grating diffracts light toward only one single diffraction order with 100% diffraction efficiency when the phase 

is modulated to 2𝜋 . Accordingly, a certain diffraction order can be selectively blazed depends on the tilt angle of 

micromirror array. To explain the blazed diffraction phenomenon mathematically, we assume the phase variation of the 

sawtooth profile over one single period Λ is given by:  

𝜙(𝑥1) =
2𝜋

𝜆
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where 𝑥1 is the spatial location along one dimension of the DMD aperture, 𝜆 indicates the wavelength of the incident light, 

Λ indicates the grating period of one single micromirror, and ℎ represents the grove depth of the micromirror at a certain 

rotation angle. Accordingly, the complex Fourier coefficients of the sawtooth profile can be represented as:  
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where 𝐶𝑚 is the complex Fourier coefficient for the 𝑚 diffraction order, and 𝑗 is the complex constant. Accordingly, the 

diffraction efficiency of the sawtooth grating is given by taking the square of the Fourier coefficient: 

𝜂𝑚 = |𝐶𝑚|2 = sinc2(
2ℎ

𝜆
− 𝑚) (3) 

Equation 3 depicts the relation between the grove height, incident wavelength and diffraction order. The diffraction 

efficiency profile of the blazed grating is characterized by a sinc function. As the ration between the grove height and 

wavelength equals to the value of certain diffraction order, 100% diffraction efficiency can be achieved in theory.  

2.2. Spatial modulation by binary amplitude grating 

The sawtooth phase grating modulates light angularly into a specific diffraction order. An alternative modulation approach 

provided by DMD is spatial modulation by displaying binary amplitude grating patterns. The binary amplitude grating 

patterns is pre-designed by a virtual interference process to form a Computer-Generated Holograms (CGHs) with indicated 

grating period and direction. During the virtual interference process, the two Electromagnetic (EM) plane waves can be 

expressed as:  

�⃗� = 𝐴𝑅 exp [𝑗 (𝑘𝑅
⃗⃗ ⃗⃗  ∙ 𝑟 + 𝜑𝑅(𝑥, 𝑦, 𝑧))] , (4) 

𝑆 = 𝐴𝑆 exp [𝑗 (𝑘𝑆
⃗⃗⃗⃗ ∙ 𝑟 + 𝜑𝑆(𝑥, 𝑦, 𝑧))] , (5) 
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where the reference beam �⃗�  indicates the fixed incident beam, the signal beam 𝑆  represents the direction of light designed 

to be redirected. The wave vectors that corresponding to the reference beam and signal beam are given by:  

𝑘𝑅
⃗⃗ ⃗⃗  = 𝑘𝑅�̂�, (6) 

𝑘𝑠
⃗⃗  ⃗ = 𝑘𝑠(sin 𝜃𝑑 cos 𝜙𝑑 �̂� + sin 𝜃𝑑 sin 𝜙𝑑 �̂� + cos 𝜃𝑑 �̂� ) (7) 

where θ and φ are polar and azimuthal of signal/diffracted beam, respectively. The direction of incident beam is chosen to 

be perpendicular to the plane of interference. The resulting interference pattern is given by: 

𝐼 = |�⃗� + 𝑆 |
2
= |�⃗� |

2
+ |𝑆 |

2
+ �⃗� 𝑆 ∗ + �⃗� ∗𝑆 (8) 

Figure 1 (a) below demonstrates the process of virtual interference. Figure 2 (b) shows three sample interference patterns 

generated with different polar angle θ and azimuthal angle φ. Since the reflectance of DMD is basically equals to 1, so the 

reflectance function is simply equivalent to the interference pattern with quantization process. Accordingly, by engineering 

the polar angle θ and the azimuthal angle φ of the target signal beam, an interference pattern corresponding to the desired 

diffracted beam will be generated, and therefore a real incident beam can be interfered by the pattern and be redirected to 

the direction with the indicated polar and azimuthal angle. During the reconstruction process which the same reference 

beam as used for designing the interference pattern illuminating the DMD, the result reconstructed field can be obtained 

and is computed as: 

𝑝𝑟⃗⃗  ⃗ = �⃗� × 𝐼(𝑥, 𝑦, 𝑧) = �⃗� (|�⃗� |
2
+ |𝑆 |

2
) + �⃗� �⃗� 𝑆 ∗ + �⃗� �⃗� ∗𝑆 (9) 

where the first term of Equation 9 is a constant bias, the second terms represent the complex conjugate of the signal beam, 

and the third term contains the complex conjugate of the original reference beam and therefore becomes unity with only 

the signal beam left. The constant bias and the complex conjugate are noise signal and will commonly be eliminated in 

many holographic based display and beam steering.  

 

Figure 1. (a) Demonstration of the “hologram construction” process by simulating the interference pattern generated by two 

EM waves, and (b) three sample interference binary patterns with different grating direction and period corresponding to three 

different signal beams. 

The amplitude profile of CHGs displayed by DMD can be considered as a series of square function with an average 

reflectance set between 0 to 1 as depicted in Figure 2 (a). The reflectance function of the binary amplitude modulation with 

one duty cycle (equivalent to two-pixel pitches) can be expressed as: 
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Similar to Equation 2, the complex Fourier coefficient which represent the profile of a rectangular function within one 1 

duty cycle can be computed via Fourier transform of the reflectance function  
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Similarly, the diffraction efficiency of the binary amplitude grating is given by:  
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When illuminating the DMD tilted micromirror array as shown in Figure 2 (b) below, the reflectance of a pixel is either 0 

or 1 which corresponding to the “on” or “off” state, respectively, as shown in Figure 2 (c). Therefore, the average amplitude 

of reflectance 𝑟𝑎 is 0.5 for DMD micromirror pixel, which eliminate the first sinc function term in Equation 12. This result 

shows the diffraction efficiency is 25% for the 0th order and about 10.1% for the ±1st order. The rest of the diffraction 

energy is allocated in other higher order diffraction. 

 

Figure 2. (a) One-dimensional profile of binary amplitude modulation. (b) Demonstration of DMD spatially modulated by 

binary amplitude grating with oblique illumination. (c) Image of DMD pixels with single pixel pitch binary amplitude grating 

orientated in 45° captured by microscope with oblique illumination. 

2.3. Holographic beam steering by hybrid modulation 

The aforesaid dynamic sawtooth phase grating based beam steering produced an angular light modulation effect of 

diffracting light into selectable directions with high diffraction efficiency, but involved no spatial light modulation across 

the illumination plane. The binary amplitude grating based beam steering spatially modulate light into a finer manner, but 

the diffraction efficiency is low with higher order terms generated. The proposed hybrid light beam steering approach 

simultaneously modulates light in both the angular and spatial domains, creating more degrees of freedom from a traditional 

DMD across a greater angular extent. The degrees of freedom provided by the hybrid light modulation include a 

programmable blazed grating phase mask, defined by the global angle of the transitioning micromirror array, and a 

programmable amplitude profile which created by pre-designing a series of CGHs pattern of which micromirror pixels will 

transition. 

To achieve the hybrid modulation based beam steering, there are three steps to be actuated: (1) The DMD actuates to a 

fully black pattern by displaying an all-black image to land all the micromirrors in the same state. (2) A diffraction-order-

specific time delay between the micromirror actuation and illumination pulse is programmed for the next actuation, defining 

the next phase mask, and the next hologram pattern is loaded to the DMD, defining the next amplitude mask. (3) The DMD 

is then actuated, and the correct delay occurs during the transition of the pre-selected pattern of micromirrors before the 

illumination pulse occurs so that the pulse wavefront collects both the correct phase mask and amplitude mask at the plane 

of the DMD. Fig. 3 below demonstrates the process for two different masks directed into two different diffraction orders. 
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Figure 3. Schematic of the DMD micromirrors phase (top) and OPL (bottom) maps during the hybrid light modulation. (a) 

Fully black pattern of mirrors at “off” state. (b) “X” pattern of micromirrors actuated and, after time delay 𝑡1, illuminated 

during the transition at a mirror angle of -3° to project an “X” pattern in a diffraction order direction. (c) Transitioning 

micromirrors complete their transition to “on” state. (d) All mirrors reset to the “off” state. (e) Square pattern of micromirrors 

actuated and, after time delay 𝑡2, illuminated during the transition at a mirror angle of +6° to project a square pattern into a 

different diffraction order. (e) Transitioning micromirrors complete their transition to the “on” state. Reprinted7. 

3. EXPERIMENTAL DEMONSTRATION 

3.1. Single-sideband filter implementation 

The hybrid holographic beam steering combines the wide-angle sawtooth phase modulation based coarse steering with the 

pixelated binary amplitude based CHGs grating for fine steering. Conclusively, high steering resolution with wide steering 

range system is achievable. One critical drawback for this approach is the potential crosstalk between the noise terms and 

the signal terms generated during the reconstruction process of CGHs based amplitude grating. To avoid the potential 

crosstalk issue, we implemented a single-sideband technique to filter out the constant bias the complex conjugate terms at 

the Fourier plane.  

Figure 4 depicts the principle of the single-sideband implementation. Figure 4 (a) schematically describes the geometry of 

DMD (DLP 3000) micromirror arrays. The micromirrors are arranged in a diamond scheme with the corner-to-corner 

length equals to pixel pitch 𝑝, and the edge length equals to 𝑝/2. Figure 4 (b) depicts a DMD micromirror arrangement in 

the wavelength normalized spatial frequency domain. The CGHs based binary amplitude grating forms an on-axis 

diamond-oriented frequency band area with extent of ±1/𝑝 along the 𝑓𝑥/𝜆 and 𝑓𝑦/𝜆 axes. The 0th output diffraction order at 

the origin and the ±1st  output diffraction orders of the binary grating are limited to this extent. However, the higher 

diffraction order outputs (e.g., ±2nd) which have reduced diffraction efficiency by the suppression of 𝑠𝑖𝑛𝑐(𝑓𝑥/𝜆𝑝) envelope 

due to the Fourier transform of the pixel function, are still overlapping with the neighboring diffraction order band 

diamonds generated by the sawtooth phase grating based coarse steering. The base diamond (dark black outline) is iterated 

in the 𝑓𝑥/𝜆 and 𝑓𝑦/𝜆 dimensions with 2/𝑝 intervals while the higher order cross-term diamond bands iterate as well. The tilt 

of the micromirror imparts a phase shift, shifting the 𝑠𝑖𝑛𝑐(𝑓𝑥/𝜆𝑝) envelope to neighboring bands on the 𝑓𝑥/𝜆 axis. The 

amount of phase shift is implemented in the synchronization of the illumination laser pulse and to control the tilt angle of 

the micromirrors. Consequently, several frequency bands beyond the central band become accessible to enable wide angle 

holographic beam steering. 
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Figure 4. (a) Diamond-orientated arrangement of DMD micromirrors array with notation indicating the micromirror rotation 

and coordinate addressing to compensate for the diamond-orientated arrangement. (b) Fourier domain of the hybrid light 

modulation based beam steering with diamond area enclose the 0th and ±1st diffraction order forms by the binary amplitude 

grating, and the white area indicates the throughput region while gray area indicates the region filtered by the single-sideband 

filter. Reprinted7. 

3.2. Beam steering system setup and results 

To experimental demonstrate the high angular resolution and wide angular range beam steering, DMD (DLP 3000) was 

illuminated with a pulsed 532 nm laser at 30° of incident angle. According to the grating equation, 9 diffraction orders 

(from the -4th to the 4th order) can be obtained with the rotation limit of DMD micromirror. Since binary state image was 

display along with micromirror transitioning, two diffraction orders were used for dumping the “off” state light. Figure 5 

shows the hybrid light modulation based beam steering setup with 9 coarse output diffraction orders. A cylindrical lens 

(Rolyn #14.200, 80 mm focal length) with focal length of 80 mm and the optical power is orthogonal to the plane of the 

steering is placed right after the DMD. The cylindrical lens creates a 1D Fourier plane at the focal length of the lens away 

from the lens. As mentioned in the diffraction analysis of binary amplitude grating, a constant bias term and a complex 

conjugate are generated with the signal term. Accordingly, a spatial filter array is placed at the Fourier plane to filter out 

the constant bias and complex conjugate image to avoid the crosstalk with the signal beam. Subsequently, and extended 

cylindrical lens array which made of 3 cylindrical lenses was placed a focal length away after the spatial filter to re-

collimate the beams. Lastly, another cylindrical lens array made of 9 cylindrical lenses with vertical optical power were 

used to compensates for the FOV fill factor to improve the continuity of beam steering. 
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Figure 5. Experimental setup for the 2D holographic beam steering by the hybrid light modulation tech. Several diffraction 

orders are generated under the illumination of pulse laser. Reprinted7. 

During the illumination of the 8 ns 532 nm pulse laser, 96 binary CGHs patterns, which the number of patterns is limited 

by the memory size of the DLP device, were uploaded to the Lightcrafter EVM which used to drive the DMD (DLP 3000) 

for pattern displaying in sequence and encoded with the sawtooth phase profiles of the DMD. Since the micromirror need 

to be reset every time right after it displays an image, only 48 patters out of the 96 patterns can be used to display the 

binary CGHs, while the rest need to be a completely black pattern interleaving the adjacent binary CGH grating to reset 

the micromirror positions after each CGH grating was actuated. Figure 6 below shows the long exposure capture of a 2D 

hybrid light modulation based beam steering. With 48 binary CGH grating for fine steering within each diffraction order 

and 7 discrete diffraction orders (regardless of the +3rd and +4th “off” state diffraction order for light dumping), totally 336 

scanning points were generated for a 44° of horizontal scanning range. The degradation in terms of brightness at the +2nd 

diffraction order was caused by the edge-clipping in the vertical-power cylindrical lens array. The scanning angular 

resolution was determined by vertical line target method, and the angular resolution of the reported system was measured 

to be 0.9° × 0.4° (H×V). One thing worth mentioning is that the scanning resolution can be further increased by using a 

DMD with a larger memory capacity such that more binary CGHs pattern can be displayed. In the demonstrated system, 

the DLP 3000 has a 4 kHz refresh rate, and it need to be reduced by half since half of the memory is used to display all 

black image for micromirror reset. In conclusion, the scanning rate of the presented beam steering is 2 kHz with a 2D 

scanning FOV of 44° ×2°. 

 

Figure 6. Long exposure of the captured 2D beam steering image with collimated 532 nm pulse laser with 8 ns pulse width. 9 

blazed diffraction area corresponding to the 9 discrete diffraction orders are generated. 432 scanning points are generated with 

each diffraction region are occupied by 8×6 scanning points corresponding to the 48 CGHs binary grating. Reprinted7. 
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4. HYBRID BEAM STEERING IN TIME OF FIGHT LIDAR 

The hybrid light modulation based beam steering technique was implemented into a Time-of-Flight (TOF) lidar system 

with distance measurement scheme, combing with a custom TOF measurement electronics and a custom receiver. The 

TOF lidar system measure the time required for a single short pulse signal to be generated from the beam steering system, 

reflected off a target object within the scanning FOV, and then detected by a receiver. Since the goal of the presented TOF 

lidar system is to demonstrate the concept of the proposed hybrid light modulation, so a bare Avalanche Photodiode (APD) 

(Thorlabs, APD130A, Si Ø1 mm) was adopted without additional optics. Since the signal response of APD depends on 

the incident angle of signal which leads to circular signal acceptance pupil, flat mirrors were implemented to allocate 

portion of the circular acceptance pupil to fulfill the horizontal FOV bounded by the binary amplitude grating for fine 

steering. Acceptance aperture relocation is demonstrated in Figure 7 below.  

 

Figure 7. (a) Schematic of horizontal FOV increment by acceptance pupil re-arrangement by two mirrors. (b) Acceptance pupil 

(b) before and (c) after re-arrangement. Reprinted7.  

Due to the occurrence of amplitude-dependent signal walk when processing the signals reflected by targets at varying 

distance, a custom Constant Fraction Discriminator (CFD) was designed via the SPICE tool and implemented into the 

system to eliminate the signal walk generated by the varying signal amplitude. Figure 8 shows the schematics of the custom 

CFD circuit. Detailed explanation of the CFD circuit design is illustrated in Reference [7]. 

 

Figure 8. Custom CFD circuit design including: (a) delay op-amp, (b) summing op-amp, (c) comparator, (d) and (e) power 

rails, and (f) tunable threshold for comparator. Reprinted7.  

Figure 9 shows the result of distance accuracy measurement for the reported hybrid light modulation based TOF lidar 

system. 8×6 array of diffraction spots from the -1st diffraction order was used for the distance accuracy measurement. 10 
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distance data were measured for each target distance ranging from 15 cm to 100 cm with a 5 cm distance increments. 

Distance measurement accuracy result is shown in Figure 9 (a) with a calculated Root Sum Square (RSS) resolution of 

10.1 cm. The RSS error is reduced to 4.1 cm when the 10 measurements of the presented system are averaged per target 

distance. Figure. 9 (b) and (c) shows two example images of the lidar system video capture of the return signal with video 

frame rate of 7.8 FPS, which proved the feasibility of single-chip DMD-based hybrid holographic beam steering for lidar. 

The distance resolution of this lidar system can be further improved by optimizing the manipulation and design of the 

custom electronics and the transmitter output energy.  

 
Figure 9. (a) Result of the distance accuracy measurement. (b) Single detection post-processing of for the visualization of 

horizontal and (c) vertical angular resolution testing. Reprinted7.  

5. CONCLUSIONS 

We have illustrated the principle of hybrid light modulation at a single plane which combines the fine-coarse multiplexed 

beam steering technique. The proposed beam steering approach merges DMD-based programmable blazed grating beam 

steering with SLM-based holographic beam steering, which successfully overcome the scanning solution challenge of the 

SLM-based holographic beam steering without increasing the system complexity. We have demonstrated the 

implementation of the single-chip DMD based hybrid light modulation beam scanning in a TOF lidar system with MEMS 

level scanning rate, video frame rate, high scanning resolution and 44° wide FOV. 
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