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Abstract: We present an optical architecture for a scanning lidar in which a Digital 

Micromirror Device (DMD) is placed at an intermediate image plane in a receiver to decouple 

the trade-offs between scan angle, scan speed, and aperture size of the lidar’s transmitter and 

receiver. In the architecture, the transmitter with a galvo mirror and the receiver with a DMD 

scan the horizontal and vertical fields of view, respectively, to enable an increased field of view 

of 50°, centimeter transmitter beam diameter, and video frame rate range finding captures. We 

present our optimized system and discuss the adjustable parameter tradeoffs. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

The maximum measurable distance of light detection and ranging (lidar) systems ranges over 

two to three orders of magnitudes and is application specific. Long-range mapping applications, 

such as 3D spatial awareness for land or air vehicles and automated space docking routines, 

prioritize the maximum range requirement over the Field of View (FOV), for example reaching 

over 100 m [1]. When both long max range and a wide FOV are required, auxiliary mechanical 

scanning is employed for a point-and-shoot lidar architecture [1-4]. For short range 

applications, such as 3D gesture recognition, a relatively large FOV over 100° is needed while 

the maximum range is not so demanding [5]. A flash lidar employing 2D illumination, an 

imaging lens, and a 2D detector array are commonly employed which eliminates the need for 

a scanning modality [1,6,7]. As the point-and-shoot and flash systems indicate, the depth 

mapping volume, defined by the FOV and distance range, is application-specific and 

determines the necessary optical architecture [8]. 

The scanning modality is one of the key factors to determine in a lidar optical architecture. 

Commonly, the long-range and wide-FOV systems require a point-and-shoot lidar architecture 

relying on high-inertia scanning mechanics to increase the FOV [2,3,9]. Point-and-shoot lidar 

architectures benefit from a common-path design in which the transmitter and the receiver share 

the same optical path: steering both the transmitter’s output beam and the receiver’s entrance 

pupil across the entire FOV enables a large output beam diameter and avoids entrance pupil 

area reduction due to telescopic expansion. To avoid high-inertia scanning mechanics in a 

point-and-shoot architecture, a MEMS-based resonant scanning mirror can be adopted for beam 

steering with an optically expanded FOV of 20° [10]. This type of MEMS mirror achieves 

range finding with video frame rates by a resonant fast-axis scanning at kHz speeds and a sub-

kHz slow-axis scan [11,12]. However, lidar systems employing MEMS-based resonant 

scanning mirrors avoid common-path designs: telescopic expansion of the FOV would reduce 
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both the transmitter’s beam diameter and the receiver’s entrance pupil diameter below the 

relatively small MEMS mirror diameter (~1-4 mm). A small output beam diameter limits the 

laser pulse energy, and therefore max range, for non-eye-safe wavelengths (e.g., 905 nm) which 

are necessary to permeate through fog and rain [4]. Since a receiver’s entrance pupil diameter 

scales with max range, MEMS-based resonant scanning mirrors are commonly implemented 

into “dual-aperture” non-common-path point-and-shoot lidar architectures employing a 

separate non-scanning receiver, funneling light from the entire FOV onto a detector, with an 

entrance pupil larger than the MEMS mirror [10]. Due to F/#-limited optics and the trade-off 

between FOV the entrance pupil diameter, these solid-state non-scanning receivers have 

entrance pupil diameters significantly smaller than the massive entrance pupils of the narrower-

FOV high-inertia scanning systems [2,3,9].  

As the above state-of-the-art implies, MEMS devices have unique potential for lidar, 

provided that a system’s FOV and receiving collection area can be increased while maintaining 

a video frame rate. Unfortunately, it is not feasible for a resonant MEMS mirror to support both 

a large area and a large FOV, because inverse relationships exist between the mirror’s size and 

its scan speed and between the mirror’s size and its angular throw [11]. For these reasons, 

commercially available MEMS resonant mirrors, with relatively small mirror diameters 

(restricting max range) and relatively small angular throws (restricting FOV), have only offered 

limited beam steering capabilities to lidar applications, despite the incredible speeds offered by 

MEMS devices.  

In this paper, we propose an optical architecture that overcomes the limitations affixed by 

scanning resonant MEMS mirrors in lidar systems while still maintaining MEMS sampling 

rates. We leverage a Digital Micromirror Device (DMD), a non-resonant binary-state MEMS 

device, in the receiver as a 1D scanning filter along with a galvo mirror in the transmitter for 

orthogonal 1D scanning which together enable a wide-FOV and mid-range imaging lidar 

system. Section 2 introduces the decoupled-axes lidar optical architecture using a single-pixel 

detector. Section 3 presents the optics and electronics of our experimental setup. Section 4 

reports the empirical system performances including maximum distance, distance and angular 

resolutions, and frame rate. Section 5 discusses design-parameter-dependent system trade-offs. 

Section 6 discusses the architecture’s benefits over current MEMS scanning mirrors and the 

scalability of the proposed system beyond the current demo. 

2. Decoupled-axes imaging lidar optical architecture 

In 2D FOV sampling lidar systems, the slower scan axis can use a sub-kHz scanning modality 

such as a MEMS mirror in linear mode, a galvo mirror, or a voice-coil-actuated 1D rotating 

mirror [3,13]. It is necessary to have a second, substantially faster 1D scanner, or 1D field 

selecting device, scanning along the direction orthogonal to the slow scanning axis for complete 

2D FOV sampling.  

The proposed decoupled-axes imaging lidar optical architecture is schematically depicted 

in Fig. 1(a): a galvo mirror scans the horizontal FOV with a vertical illumination line, and a 

DMD disposed at the back focal plane of an imaging lens selectively filters the vertical FOV 

by passing light from only a horizontal line of the DMD active area, corresponding to a 

horizontal line of the FOV, to an avalanche photodiode (APD). The horizontal line, covering 

the entire width of the DMD, is multiple DMD-pixels in height and is programmable. The single 

FOV point of interest is defined as the overlapping region of the two orthogonal FOV lines. In 

contrast to a common-path architecture employing a 2D resonant MEMS mirror in the receiver 

and transmitter, the presented architecture decouples two parameters: the entrance pupil 

diameter of the receiver is decoupled from the scanning speed and angular throw of the 

transmitter.  



 

Fig. 1: (a) A block diagram of an x-y transmitter-receiver decoupled lidar system. The vertical 

line illumination is scanned by the galvo mirror across M horizontal positions of the FOV. The 
vertical filter is scanned by the DMD across N vertical positions of the FOV. (b) A slow-fast 

interleaved 2D scanning procedure using a 1D slow-scanning illumination galvo mirror and a 

1D fast-scanning field selector DMD. The galvo mirror increments the vertical line illumination 
through each of its M horizontal positions only after the DMD increments through all N vertical 

positions of the horizontal filter. (c) A close-up of the FOV illumination imaged onto the filtering 

DMD micromirror array. 

Figure 1(b) depicts the scanning sequence: the horizontal scanning element (x-axis, by 

galvo) is incremented after the vertical scanning element (y-axis, by DMD) is incremented 

through all vertical-scan points. This decoupled-axes imaging lidar architecture equates the 

half-oscillation frequency of the slow-scanning device (the rate at which the galvo can cycle 

through all M horizontal-scan points) directly to the system frame rate as long as the DMD 

operates fast enough. Since lidar frame rates are typically video speeds, for instance 10 to 100 

fps, the slower scanning device can have round-trip oscillation frequencies as slow as 5 to 50 

Hz, allowing for larger rotating mirrors with greater angular throw. Additionally, a high-aspect-

ratio FOV reduces the speed requirement for the fast-axis scan rate: for a fixed horizontal 

increment rate, fewer vertical-scan points allows for a slower vertical increment rate while still 

achieving video frame rates.  

Figure 1(c) schematically depicts a region of the DMD active area placed at the image plane 

of the imaging lens. A region of interest within the FOV is selected by the two orthogonal 

scanning modalities. First, the red (colored) area corresponds to the image of the 1D vertical 

line illumination in the FOV, selecting the horizontal region of interest. The on-state DMD 

micromirrors (white pixels in Fig. 1(c)) form a 1D horizontal line filter in the FOV, selecting 

the vertical region of interest. The extent of the illumination width and the DMD vertical filter 

height formed by the collective on-state micromirrors determine, respectively, the effective 

horizontal and vertical region of interest size. A TOF measurement is taken for each region of 

interest, forming a respective pixel of information for each lidar frame capture.  

Adjustable functionalities of the architecture, such as adjustable FOV and angular 

resolution by a variable-focal-length zoom lens and a programmable DMD filter, enable 

performance balancing as described in later sections. Figure 1(c) shows a closeup of a 3-pixel-



high vertical filter programmed onto a DLP3000 DMD with diamond-oriented micromirror 

pixel elements [14] and an imaged vertical-line illumination. On-state (white/red) pixels pass 

light from a target vertical field point, and off-state (black/red-black) pixels do not. Together, 

Figs. 1(a) and 1(c) show how the single-point resolution is dictated vertically by the DMD 

programming, and horizontally by the vertical-line illumination. 

Our implementation uses the DLP3000 DMD as the vertical-scanning horizontal line filter. 

The DLP3000 DMD has a nominal pattern rate of 4 kHz [14], corresponding to our point-by-

point sampling frequency. For example, a lidar capture with a resolution of 200 total points is 

therefore capped at 20 fps, requiring only a 10 Hz (round-trip) horizontal scanning mirror as 

the above discussion on round-trip frequencies suggests. Given the fixed sampling rate, 

increasing the lidar capture resolution only increases the required horizontal scanning mirror 

incrementing frequency while maintaining the roundtrip frequency. Section 6 will elaborate on 

this benefit over currently-available MEMS mirrors. 

Before going into details of the implementation, it is important to note on the light steering 

ability of the DMD with respect to MEMS resonant mirrors. As discussed in Section 1, the 

small mirror diameter and limited angular throw of MEMS resonant mirrors limit their 

effectiveness as receivers, especially in architectures employing telescopic expansion. While 

the DLP3000 DMD only has an active area diagonal of 7.54 mm, not significantly greater than 

a typical MEMS resonant mirror diameter, the larger angular sweep of ±12° achieves a greater 

binary-steerable étendue [14]. Since the DMD in the presented system is steering light at an 

image plane, whereas most MEMS resonant mirror steering occurs at a pupil plane, the overall 

receiver’s light collection ability is dependent on the entrance pupil diameter of the zoom lens—

significantly greater than the DMD active area, though still F/#-limited as discussed in Section 

5.1. A thorough technical comparison of the systems is discussed in Section 6.1. 

3. Implementation 

Figure 2 depicts the optical layout of (a) the transmitter and (b) the receiver. The illumination 

source is a 905 nm laser module which outputs 8 ns, 1760 nJ pulses [15]. The output beam is 

collimated by a microscope objective lens and set to diverge in 1D by a cylindrical lens to emit 

a 0.5°×10° (H×V) beam. The beam is horizontally steered by a digitally controlled galvo mirror 

that can scan up to a 10 mm diameter beam across a maximum 80°. The entire FOV is imaged 

by an IR-corrected zoom lens onto a DMD driven by the DLP LightCrafter Evaluation Module. 

The DMD, operating as a programmable horizontal line field filter (of programmable sizes and 

positions), switches the micromirrors to individually direct light toward or away from relay 

optics. The entire DMD region is imaged by the 1:1 relay, through a 905 nm bandpass filter, 

onto the input facet of a down-tapering light pipe. The light is funneled down to the area of an 

APD to capture an analog signal for Time of Flight (TOF) processing. Light from on-state 

micromirror pixels of the DMD is redirected toward the APD through relay optics, while light 

from off-state micromirror pixels of the DMD propagates away from the detector pathway. The 

transmitter and receiver design is implemented on a 12-inch square breadboard as depicted in 

Fig. 2 (c) and (d). The components are specified in Table 1. 



 

Fig. 2: Decoupled-axes imaging lidar design of (a) the transmitter with 1D-line illumination 

beam shaping optics and a beam steering galvo, and (b) a receiver with a DMD at an intermediate 

image plane for spatial filtering before detection by an APD. Photographs of the constructed 

system show (c) the transmitter and (d) the receiver.  

Table 1: Optical components 

Component Make Model Spec 

Laser module Laser Components  LS9-220-8-S10-00 905 nm, 8 ns, 1760 nJ  

Objective lens Rolyn Optics 80.3521 0.25 NA 

Cylindrical lens Rolyn Optics 14.0820 -60 mm focal length 

Galvo mirror Thorlabs GVS011 10 mm diameter, 80° 

Zoom lens Tamron 12VM412ASIR 4-12 mm focal length, F/1.2 

DMD Texas Instruments DLP3000 4 kHz reset rate 

Bandpass filter Thorlabs FL905-25 905 nm +/- 12.5 nm 

Light pipe Edmund Optics 63-104 3X taper, 50 mm 

APD Thorlabs APD130A 1 mm diameter, Si, 50 MHz  

 

The control sequence for 2D-TOF range finding is depicted in Fig. 3. For each distance 

measurement, a microcontroller controls a time-to-digital converter (TDC) which measures the 

time-of-flight of each laser pulse with 55 ps resolution. The TDC is calibrated by an 8.196 MHz 

clock. Two sequential trigger pulses are used to start the TDC timer and initiate a laser pulse. 

Upon reflection at the target, the light is filtered by the DMD and is detected by an APD. The 

signal from the APD is processed through an amplifier and comparator, with a voltage threshold 

set by a resistor to filter out noise, and finally triggers the TDC to stop the timer. The TDC 

sends serial TOF data to the microcontroller. The microcontroller offloads the final distance 

data to an SRAM memory chip for storage, display, or additional processing. A buffer is used 

to bridge the 0-5V digital output of the microcontroller and the integrated chips which use 0-

3.3V digital output. The TOF process is repeated synchronously with the galvo and DMD 

actuation commands. The TOF measurement is repeated for each vertical FOV line by 



sequentially actuating corresponding DMD pixels. After completing each vertical scan, the 

microcontroller drives the galvo, through a Digital-to-Analog Converter (DAC), to increment 

the vertical output beam along the horizontal axis at a slower rate than the DMD. The electronic 

components are listed in Table 2. 

 
Fig. 3: Electronics schematic. An Arduino microcontroller controls the galvo rotation through a DAC, the DMD pattern 

switching, and the distance measurement, including laser trigger, TDC start trigger, TDC readout, and SRAM storage. 

The returned laser signal is detected on the APD, amplified, read by the comparator to convert to a digital signal, and 

sent to the TDC to stop the 55 ps resolution timer which is calibrated by an 8.196 MHz clock.  

Table 2: Electronic components 

Component Make Model Spec 

Microcontroller Arduino Uno 13-pin digital I/O, SPI 

TDC Texas Instruments TDC 7200 55 ps resolution 

Clock Linear Technology LTC6930 8.192 MHz 

Amplifier HP 8447D 25 dB 

Comparator Analog Devices AD8561 1.5 ns fall time 

SRAM memory Microchip 23LC1024 1 Mb 

Buffer Texas Instruments SN74AHCT125 0-7 V digital high 

DAC Analog Devices AD5721R 12-bit 

 

4. Performance evaluation and trade-offs  

We evaluated maximum measurable distance, distance resolution, horizontal and vertical field 

of view, horizontal and vertical angular resolution, and frame rate. We first present the 

performance evaluation methods in the context of a 70°×10° FOV system iteration. We next 

present the performance for a 50°×10° FOV system, and finally the tabulated best performance 

(per metric) and balanced performance (overall) systems.  

In general, the high contrast-ratio of the display-application-driven DMD demonstrated a 

very high filtering capability on the return signal. The following results illustrate the system as 

being generally limited in SNR to the anticipated photon efficiency of the architecture, rather 

than by cross-talk from poor DMD filtering.  

4.1 Maximum distance and range resolution 

The maximum distance was evaluated by ranging a target at different distances and determining 

the maximum distance the target was recognizable above noise of the system. Figure 4 shows 

(a) captured lidar images with a maximum range of 180 cm, and (b) respective photos of the 



test setup (with viewing offset between camera and lidar system). The distance resolution was 

evaluated for the on-axis pixel by measuring targets at incremental distances. The distance 

resolution of the system was calculated using a root-sum-squared (RSS) error calculation of all 

of measured distances. Figure 4 (c) shows the captured data for a 9.2 cm distance resolution. 

 

Fig. 4: Maximum distance and resolution test for a 70°×10° FOV system iteration, including: (a) 

captured lidar images of three targets in which the center target distance varies and the side 
targets are fixed at 150 cm, (b) photos of the 10×10 cm targets at the corresponding distances, 

and (c) distance measurements for the on-axis pixel. 

4.2 FOV and angular resolution 

A target was placed at the edge of the FOV, determined by live-video output, for direct 

measurement of the system FOV. Targets were also moved throughout the FOV to detect for 

dead zones and independent distance measurement. Figure 5 (a) shows a test setup photo and 

lidar capture of targets placed throughout the FOV and a target placed at the edge of the FOV 

(with viewing offset between camera and lidar system). The vertical angular resolution was 

measured by placing square targets in the FOV with vertical edges initially in contact. The 

targets were incrementally separated for angular resolution evaluation. Figure 5 shows results 

of horizontal angular resolution test, including (b) lidar image captures for targets at different 

angular separations and (c) corresponding photos. The results resolve the individual targets at 

1° of angular separation. A similar process was used to determine the vertical angular 

resolution. 

 

Fig. 5: (a) Photo and lidar capture to measure FOV and detect dead zones. Horizontal angular 

resolution testing using 10cm x 10cm targets at 1m distance for 0.5° increments starting at 0° 
separations: (a) Lidar image captures for different target separations, and (b) corresponding 

photos. 

4.3 Frame Rate 

The frame rate test consisted of the microcontroller internally timing the duration required to 

capture 20 consecutive frames to the SRAM chip. To verify the multi-frame capture by visual 

inspection, a moving target pendulum was placed in the FOV during capture. The frames were 

later read out over USB and stitched together to create a real-time video (GIF) to observe the 

video frame rate. Figure 6 shows (a) a frame from the lidar captured video in Visualization 1, 

and (b) the setup for capturing the video. Visualization 1 is a 5.6 FPS, real-time video of a target 



in an elliptical swing across the FOV.  The system is setup for a 70°×10° (H×V) FOV with an 

angular resolution of 1°×1° (H×V) and a sample rate of 3.92 kHz.  

 

Fig. 6: (a) A frame from a 5.6 FPS, real-time video lidar capture of an elliptical swinging target, 

and (b) the setup of the capture. See Visualization 1. 

4.4 Parameter-driven performance balancing 

The lidar system has adjustable parameters including galvo mirror increment, vertical extent of 

DMD on-pixel area, increment of DMD on-pixel area, and the lens module’s zoom and focus. 

The five above performance metrics were evaluated across many variations of the adjustable 

parameters. Figure 7 shows the improved max distance and distance resolution of a 50°×10° 

FOV system iteration due to an increased receiver signal and APD rising slope over the 

previous 70°×10° FOV iteration.  

 

Fig. 7: Distance resolution test of a 50°×10° FOV system iteration compared to a 70°×10° FOV 

system iteration. 

These performance trade-offs are discussed in more detail in the following section. Table 3 

shows the best performance achieved for each metric, as well as the performance of the 

balanced system.  

Table 3: Performance summary 

System Specification Best performance Balanced performance 

Max distance (m) 8  4.5  

Distance resolution (cm) 6.8 6.8 

FOV (°H×°V) 70×10  50×10 

Angular resolution (°H×°V) 0.5×0.5  1×1 

Frame rate (frames/sec) 22.2 8.4 



5. Performance Trade-offs 

The five specs of Table 3 have interdependent relationships. Max distance is interdependent 

with FOV due to the fixed F/# imaging zoom lens: max distance scales with entrance pupil 

diameter and FOV scales against focal length. Angular resolution is interdependent with frame 

rate: more points takes more time to scan. With sufficient signal strength, distance resolution is 

relatively independent, relying on the time resolution and stability of the electronics. The 

following discusses these relationships in greater detail. 

5.1 Maximum distance, FOV, and angular resolution 

Table 4 summarizes the experimental results of the maximum distance testing for various FOV 

schemes.  The system with a full FOV of 70°×10° (H×V) was able to measure a distance out to 

2.5 m while the system set with an FOV of 35°×10° can measure up to 8 m. The imposed 

limitation is due to a tradeoff between the area of the entrance pupil diameter (EPD) and focal 

length of the receiving optics. For a set DMD size and F-number of the receiving lens, EPD 

inversely scales with FOV. The maximum measurable distance, Rmax, scales with square root 

of the entrance pupil area, therefore we expect an inverse relation too between the FOV and 

Rmax. While reducing the full FOV to 50°×10°, the EPD is increased roughly by a factor of 1.5, 

increasing Rmax. 

Another factor adopted to extend the maximum distance is the height of the DMD filter. 

The filter consists of a 2D array of on-state pixels passing receiver photons of the APD, as 

shown in Fig. 1(c). Decreasing the horizontal FOV from 70° to 50°, by changing the focal 

length of the fixed-F/# lens, changes the Instantaneous Field of View (IFOV) of each DMD 

micromirror. To maintain a constant 1° vertical angular resolution, the number of pixels turned 

on along the vertical scan direction for each TOF-measured field point is similarly increased 

from 8 pixels (608 horizontal pixels / 70°) to 12 pixels (608 horizontal pixels / 50°). This has 

the effect of increasing the photon throughput at the DMD by a factor of 1.5. This factor can 

be further increased, while marginally affecting angular resolution, if the vertical field filter 

height is increased beyond the spacing between two vertical field filter positions (e.g., a 16-

pixel-tall vertical field filter is sampled at vertical increments every 12-pixels, with impacts on 

vertical selectivity and angular resolution). These improvement factors of decreasing the FOV 

and increasing the DMD sample area to maintain or increase instantaneous FOV sampling 

resulted in the empirical balanced performance of 5 m for the 50° (H) FOV. When the FOV 

was reduced to 35°, and DMD filter size similarly scaled, Rmax was further extended to 8 m. 

Table 4: FOV vs Max Distance 

FOV  

(°,H) 

Focal length  

(mm) 
F-num 

 

EPD  

(mm) 

Max distance 

 (m) 

DMD scale  

(pixels/°) 

35 10.4 1.2 8.7 8 17 

50 7.0 1.2 5.9 5 12 

70 4.7 1.2 3.9 2.5 8 

 

5.2 Frame rate, FOV, and angular resolution  

As previously described, Visualization 1 is a 5.6 FPS, real-time video lidar capture of a target 

in an elliptical swing across the FOV. The 5.6 FPS system is setup for a 70°×10° (H×V) FOV 

with an angular resolution of 1°×1° (H×V) for a sample rate of 3.92 kHz. Within this domain, 

where the sample rate is limited by the slowest device (the galvo), the frame rate (FR) follows 

a scaling law: res res

FOV FOV

H V
FR

H V





. For instance, if the 5.6 FPS capture is scaled to an equivalent 



FOV and increased angular resolution of 2°×2°, the expected frame rate is 5.6 ∗ 4 = 22.4 FPS. 

Following the frame rate test outlined in Section 4.4, a system with a 70°×10° FOV and a 2°×2° 

angular resolution demonstrated a frame rate of 22.2 FPS, the “Best Performance” frame rate 

listed in Table 3.  

6. Discussions 

6.1 Benefit of decoupled-axes architecture over 2D MEMS mirror scanning 

When comparing narrow-FOV systems, the 2D scanning point-and-shoot MEMS resonant 

mirror architecture has a clear distance advantage over the presented imaging lidar system due 

to a negligibly diverging output beam, as compared to the presented 1D diverging output beam 

with additional photon efficiency loss due to the DMD spatial filter (cover glass reflections, 

micromirror diffraction efficiency and fill-factor, etc) [10]. However, the presented system 

architecture enables a greater FOV over 2D MEMS systems while maximizing distance, and it 

enables video frame rates while employing a galvo mirror, traditionally considered a “slow” 

device. The following outlines the advantages of the presented architecture over 2D MEMS 

mirror scanning systems. 

The 2D scanning resonant MEMS mirror is an attractive option when determining a 

scanning modality for a lidar system since it scans both required axes while achieving high 

frame rates. However, the limited aperture size and limited angular throw of these mirrors 

fundamentally restricts the FOV and range of these lidar systems in several ways.  

First, as mentioned in Section 1, the relatively small aperture sizes of resonant MEMS 

mirrors prevent common-path designs in which the transmitter and the receiver share the same 

optical path due to the limited collection area it would impose on the effective receiver. Rather 

than common-path, a separate solid-state imaging-based receiver can be used to funnel light 

from the entire FOV onto a single-element detector [10]. (This is in contrast to the presented 

system which employs a 1D scan on the transmitter and a 1D scan on the receiver.) Given the 

lower limit on the F/# of available lenses, there is a fundamental tradeoff between entrance 

pupil diameter (return signal collection area, and therefore max distance) and FOV. This trade-

off is in-part common to the presented system as discussed in Section 5.1.  

Second, the relatively small aperture sizes of resonant MEMS mirrors limit output beam 

diameter, and therefore pulse energy, for water permeable wavelengths (e.g., 905 nm) due to 

eye safety considerations [4]. Pulse energies can increase and remain eye-safe as output beam 

diameters increase beyond the 3-8 mm diameter iris of the human eye. (Collimated beam 

divergence is negligible for ~mm beam waists and >0.1° angular resolutions.)  

Third, the limited angular throw of MEMS mirrors either limits FOV directly without 

telescopic expansion, or maximum range with telescopic expansion. Maximum range is 

impacted by limited angular throw because output beam diameter decreases as telescopic 

angular magnification increases. As stated above, greater beam diameters allow for higher pulse 

energies, with respect to laser safety, due to the finite size of the human eye iris.  

The D•θ product performance metric is comprised of the mirror diameter, D, and the 

mechanical half-angle throw of a beam steering device, θ. The D•θ product has been used to 

compare the radiometric performance of scanning mirror technologies [16]. Figure 8 plots D 

and θ for 40 reported MEMS devices and the employed galvo. The area D•θ of each point is 

the respective device’s performance. 



 

Fig. 8: Reported mirror diameters (largest circular beam footprint possible) and mechanical 

rotation half-angles for 40 commercially available MEMS mirrors compared to the Thorlabs 

GVS011 galvo mirror used in the presented system [12,17-20]. 

The D•θ product is sometimes combined with scanning frequency, f, to form the D•θ•f 

product performance metric [16]. While it would typically be unfair to compare the D•θ product 

of beam steering MEMS mirrors to a traditional galvo mirror, without mirror oscillation 

frequency consideration, the presented architecture’s DMD-based sampling rate, similar to that 

of 2D scanning MEMS mirrors, minimizes the relevancy of the beam steering mirror’s 

oscillation frequency. The mirror diameter and mechanical rotation angle remain primary 

bottlenecks of system performance in the presented architecture. It is clear in Fig. 8 that the 

galvo is the superior device in the presented architecture due to this decoupling of the galvo 

mirror oscillation frequency from the system performance. 

Radiometric scaling can be used to compare the signal and photon efficiency of the 

presented system to 2D resonant MEMS implementations. In particular, the presented system, 

denoted as the “galvo” system, will be compared against two iterations: (1) a common-path 

lidar in which a 2D resonant MEMS mirror steers the transmitter and the receiver, and (2) a 

dual-path lidar in which a 2D resonant MEMS mirror steers the transmitter, and the receiver is 

comprised of an imaging lens and a detector of the same area as the DLP3000. The comparison 

is achieved by calculating the signal improvement factor per TOF sample as gain, G, of the 

presented galvo system above that of each respective 2D resonant MEMS system, governed by 

Eq. 1. Gain, G, is a function of the full field of view, FFOV, and the vertical resolution (pixel 

count) of the presented galvo system, Vgalvo-res, as well as the architecture of the compared 2D 

resonant MEMS system, all discussed below. 
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 denotes the improvement factor of the transmitter’s 

output aperture area of the presented galvo system over the compared 2D resonant MEMS 

system. Due to eye safety limitations at 905 nm [4], greater transmitter aperture area enables 

and scales with greater transmitter power output, thereby producing a greater return signal. The 

gain was calculated for both the common-path and dual-path systems, in comparison to the 

presented galvo system, at 20°, 40°, 60°, and 80° FFOV. These FFOVs correspond to requiring 

resonant MEMS mirror mechanical half angle throws of 5°, 10°, 15°, and 20°, respectively. We 



assume from Fig. 8 the respective FOV-dependent mirror diameters of 5 mm, 2 mm, 1.5 mm, 

and 1 mm, equating to the transmitter output diameters, DTx-MEMS(FFOV), for both the common- 

and dual-path architectures. These were assumed by the upper trend of the graph. The presented 

galvo system has a transmitter diameter 
Tx-galvoD  of 10 mm. 

The second term, 
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, denotes the improvement factor of the receiver’s 

aperture area, a measure of the system’s photon efficiency, of the presented galvo system over 

the compared 2D resonant MEMS system. The receiver aperture diameter of the presented 

galvo system, DRx-galvo(FFOV), is equivalent to the entrance pupil of the imaging lens and is 

calculated by Eq. 2. The FFOV-dependent focal length, f(FFOV), is calculated by the DMD 

half-width, h, in Eq. 3. The half-width of the DLP3000 is 3.2859 mm, and the lens is F/1.2. 
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The receiver aperture diameter of the 2D resonant MEMS system, DRx-MEMS(FFOV), is 

architecture-dependent. In the common-path architecture, the receiver aperture is the MEMS 

mirror. The receiver aperture diameter, DRx-MEMS(FFOV), is therefore equivalent to the 

transmitter aperture diameter, DTx-MEMS(FFOV). In the dual-path architecture, the detector is 

assumed to have the same width as the DLP3000, 6.5718 mm, and the receiver lens is assumed 

as an equivalent F/1.2. The dual-path receiver therefore has an equivalent imaging system as 

the lens and DMD in the presented galvo system, so the improvement factor of the receiver’s 

aperture area, 
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, is 1.  

The third term, SRx, is the separation improvement factor due a to non-common-path design. 

In a common-path design, half the aperture of the steering mirror is used for the transmitter, 

and half the aperture is used for the receiver. (Alternatively, a common-path design can use a 

beam splitter, but double-pass causes even greater loss.) SRx is set to 2 to calculate the gain of 

the presented galvo system over the common-path 2D resonant MEMS architecture, and SRx is 

set to 1 to calculate the gain of the presented galvo system over the dual-path 2D resonant 

MEMS architecture While the large aperture of the galvo and the diverging beam enable 

significantly greater transmitter output powers in comparison to the MEMS mirror systems, it 

makes little difference in the transmitter output power whether the transmitted beam is half or 

all of the MEMS mirror aperture size because the entire MEMS mirror is smaller than the 

human pupil. The separation improvement factor is therefore only considered for the receiver.  

The last term, 
galvo-res

1

V
, is a first-order approximation to account for the 1D divergence of 

the transmitted beam in the presented galvo system. While a 2D resonant MEMS lidar system 

integrates the return signal across the entire FOV, the presented galvo system integrates the 

return signal across the vertical height of the DMD filter. Previously this was described by the 

number of vertically-stacked micromirrors used to create the vertical filter, as shown in Fig. 

1(c). Alternatively, since the 1D divergence is fixed to 10°, the integration height by the DMD 

can be rather seen as dependent on the vertical resolution (in number of pixels), Vgalvo-res, of the 

presented galvo system. Put simply, the return signal is divided by the number of vertical 

sample points. For a 2D resonant MEMS lidar system, the presence of a telescope in the 

transmitter (after the MEMS mirror) contributes more to speed than signal. For instance, a 2x 

telescope may enable a MEMS mirror to be used with half the angular throw and double the 



diameter, according to Fig. 8. Though the smaller MEMS mirror may achieve a greater speed, 

the transmitted beam diameter will be halved by the telescope, precluding an effect on the gain. 

A telescope, still an F/#-limited optic, added onto the receiver would only maintain the tradeoff 

between FOV and entrance pupil diameter. 

  

Fig. 9: Contours depicting, across four FOVs, gain of the presented galvo system over a 2D 

resonant MEMS lidar system employing: (a) a common-path architecture, and (b) a dual-path 

architecture.   

Figure 9 shows the signal gain advantage of the presented galvo system over two 2D 

resonant MEMS lidar architectures: (a) common-path, and (b) dual-path architectures. Per 

FOV, each contour is a plot of the gain vs vertical lidar resolution in number of pixels. As 

mentioned previously, the returned signal in the presented galvo system is dependent on the 

vertical resolution. Gain above 1 represents a signal advantage in the solution space of the 

presented galvo system above the 2D resonant MEMS system, while gain below 1 represents a 

disadvantage. The graphs show significant signal advantage of the presented galvo system for 

wider FOVs, especially in comparison to the common-path design. Fig. 9(b) demonstrate the 

exception: the dual-path MEMS system is dominant for narrow FOVs. Unlike the 2D MEMS 

cases, however, the presented galvo system does have a signal roll-off with increases in vertical 

resolution, as discussed in Section 5.1. 

6.2 DMD scaling 

The system speed bottleneck is the limited refresh rate of DLP3000 DMD to 4.43 kHz (4 kHz 

nominally). The higher-end DLP7000 DMD can reach binary pattern refresh rates over 32 kHz, 

which, implemented into the system, could achieve a significantly higher frame rate [21]. 

Furthermore, the higher pixel count and greater active area would allow for greater angular 

resolution, a larger horizontal scan line for greater signal capture, and/or a greater FOV.  

A lower price point option is the DLP2000 at $20, with a driver bundle at $99, which has 

54% of the active area of the DLP3000 [22,23]. This makes a mid-range, wide-FOV, 3D lidar 

an option for lower-end autonomous or driver-assist systems, like self-driving delivery 

shopping carts or a driver blind-spot alert system. 

The LightCrafter uses a DLP3000 with a Corning Eagle XG window with an AR coating 

for visible wavelengths. At 905 nm, the cover glass has a one-way transmission of about 85% 

[24]. This corresponds to a double-pass transmission of about 72%. However, if the near IR 

coating is used, the one-way transmission is about 92%, which corresponds to a double-pass 

transmission of about 85%. The 13% signal improvement would increase the max distance of 

the system.  

6.3 Laser power scaling 



The particular laser module was selected based on laser safety regulations for our open-air, lab-

bench design. However, if the system was packaged, an enclosed space for beam divergence 

would allow the laser pulse energy to be doubled and still meet laser safety regulations. 

Doubling the laser pulse energy, for the system in which signal scales with 3 R  for distance R, 

would have the effect of increasing the max distance by a factor of 3 2 , an increase of 26%. 

The power could be further increased, while still maintaining laser safety requirements, by 

expanding the horizontal width of the 1D vertical illumination beam without increasing the 

horizontal divergence. 

6. Conclusion 

We have demonstrated a wide-FOV, mid-range imaging lidar employing a mass-produced 

Digital Micromirror Device (DMD). The system optical architecture adopts a vertical 1D line 

illumination horizontally scanning across the FOV with an active receiver using a 1D horizontal 

line, vertical scanning filter by a DMD placed at an intermediate image of the FOV. The optical 

architecture enables a cost-effective single laser and single detector lidar system while 

accomplishing mid-distance range finding. The balanced system is capable of 3D mapping over 

4.5 m, an FOV of 50°×10° (H×V), a video frame rate of 5.6 FPS, and horizontal and vertical 

angular resolutions of 1°. 
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