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Abstract

Applications of digital micromirror device for lidar are overviewed. A large Lagrange invariant value makes DMD as one
of the attractive beam steering transmitter and receiver solutions for a time-of-flight lidar, especially with its an extended

angular throw by synchronized pulsed laser illumination.
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1 Introduction

Digital micromirror device (DMD) has been around for over
30 years since its adoption to consumer projection display
products [1]. DMD has been recognized as one of the key
display devices along with liquid crystal displays (LCDs),
liquid crystal on silicon (LCoS) displays, grating light bulbs
(GLVs) and resonant mirror-based mirror scanners [2—4].
DMD modulates light by electro-mechanically actuated
array of micromirrors. Dimension of each of the micromir-
rors is about 10 um, and they are individually and electro-
statically tilted between two static states, on- and off-state
[5, 6]. The on- and off-states are differentiated by tilt angle
of micro mirrors, typically + 12°, some with + 17°, with
respect to a flat state. Between the on- and off-state, there is
a dynamic transitional state where micro mirrors changes its
tilt angle. The dynamic motion of the micromirror is elec-
trostatically initiated by an abrupt change of the potential
difference between electrodes and micromirror itself. The
initial transitional motion is assisted by a spring hinge struc-
ture implemented in the mirror yoke. The time profile of
the potential difference or voltage applied to electrode and
mirror enables a selective actuation of mirrors with short
transitional “mirror crossover” time, which is on the order of
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microseconds. The short mirror crossover time enables tens
of kHz binary refresh rate to increase framerate, contrast and
color/grayscale bit depth of the projected image. DMDs have
been applied for advanced displays, such as holographic,
head mounted, near-to-eye, light field, and occluded displays
[7-10]. For non-visual image display applications. DMD-
based spectrometer, optical switch for optical interconnect
has been reported [11, 12].

Recently, advanced autonomy for self-driving robotic
cars, as well as for advanced driver assistance system
(ADAS) requires new sensing and human interfaces, such as
head-up display, lidar, cameras, radars and pixel light head-
lamp. Such optical devises for automobile have been actively
researched in addition to longstanding optical devices such
as headlights, interior and gauge cluster illuminations. For
ADAS and robotic cars, adoption of lidar at this moment has
just started. Market research shows the number of adoption
of lidar units for ADAS and robotic vehicles in 2030 exceeds
over 20 M units/year and will continue to grow [13]. From
optical system design point of view, lidar involves complex
challenges to simultaneously achieve framerate (~20 fps),
the field of view (FOV 10-90° horizontal, 5-10° vertical),
angular resolution (~0.1°) while satisfying requirements on
eye safety, size, weight, cost, power in a harsh environment,
i.e., under sunlight, vibration and temperature range of — 40
to 105 °C.

One of the fundamental challenges in lidar optics is its
large Lagrange invariant (LI), known as Etendue, which is
a product of angular and spatial extent of flow of energy
[14]. Geometrically, LI is approximated by product of FOV
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and pupil area of lidar optics. For example, one can imagine
that as FOV is increased, power budgeting becomes tight
for receiver optics due to the smaller entrance pupil of such
wide-angle receiver optics. Similarly in lidar transmitter
optics, the limited transmitter aperture area for such wide
FOV optics imposes an upper limit of transmitted energy
due to the limited power density for eye safety. Moreover,
maximum LI is upper limited by LI of detector that affects
the bandwidth of the detector. There is a complex trade-
off among optics, lasers and detectors primarily dominated
by LI. To work around the LI limited lidar performance,
research efforts on detectors with higher sensitivity, faster
readout time and arrayed format. Various lidar architecture
has been proposed by employing scanning modalities includ-
ing, mechanical scanners, micro electro mechanical system
(MEMS) mirrors, spatial light modulators (SLMs), elec-
trowetting, photonics crystals, slow light waveguide grat-
ings, and optical phased arrays [13, 15-20].

In terms of the value of LI, DMD is uniquely positioned.
In high-end DMD model, the array area exceeds 230 mm?
[21]. The DMD’s reflective light modulation allows to
use infrared light which is commonly used for ADAS and
robotic lidars. The modulation speed well exceeds that of
liquid crystal-based SLM. While those distinctive nature
would make DMD as potential key components for lidar.

In this review paper, we overview potentials and appli-
cations of DMD in particular for imaging lidar. Section 2
overviews radiometric aspect of lidar optical architectures.
Section 3 addresses current use cases of digital micromirror
devices for in lidar system. In Sect. 5, we discuss impacts
of DMD’s Etendue on lidar performance, especially the
effect of diffraction efficiency and angular throw of newly
proposed pulse synchronized operation of DMD for beam
steering. Major challenges, limitations, and outlook of the
research area of DMD in imaging lidar are addressed.

2 Optical architecture of lidar

A lidar system is comprised of a distance measurement
mechanism and a scanning or mapping mechanism. Fig-
ure la schematically depicts a time-of-flight (TOF) lidar.
A short laser pulse, on the order of 10 ns, is launched from
a transmitter over a distance R, and is then scattered by the

Fig.1 a A time-of-flight meas-
urement by a short laser pulse.
b A 3D lidar system mapping
distances across a 2D field-of-
view

object back towards a receiver, typically near the transmitter.
The TOF, which is used to calculate distance, is measured
by high-speed electronics and a detector. Figure 1b depicts a
3-dimensional (3D) lidar system mapping distances across a
2-dimensional (2D) FOV. The system has an active scanning
mechanism, such as a rotating stage or a 2D galvo mirror,
or a passive mapping mechanism, such as an imaging lens
with a 2D detector array. Different ranging techniques exist,
such as frequency modulation, coded waveforms, heterodyne
detection, and gated capture [22], but they are all dependent
on the same radiometric principles.

There are two archetypal lidar architectures: (1) flash
lidar, a passive image mapping using flood illumination,
and (2) point-and-shoot lidar, an active 2D scanning using a
collimated or 1D line beam illumination [23, 24]. In any of
the lidar type, the retuning signal power Py returned from
an object is given by [23],

oA
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Pr =Py 2 TatomTsys (1)

A

illum

where Py is transmitted power, o is a cross-sectional area of
an object that is upper bounded by illumination area of the
transmitting beam, A;;,,- R is a range between laser trans-
mitter and receiver. #,,, and 7y, are the transmission of
atmosphere and optical system, respectively.

2.1 Radiometry of flash, point-and-shoot, and line
illumination lidar

2.1.1 Flash lidar

A flash lidar system is schematically depicted in Fig. 2a. An
illumination laser ‘flood” illuminates the entire FOV. A lens
(not shown) images the field onto a detector array, such as
an avalanche photodiode (APD) array, or alternatively onto
a field selection device, such as a spatial light modulator
(SLM) through which photons from a selected field-point
are relayed to a single-element APD [25]. Due to the two-
dimensional divergence of the illumination beam, the irra-
diance at the target, E|, drops off from the irradiance at the
transmitter’s output aperture, E,, as proportional to 1/R?,
mathematically represented by E; (1 /RZ)E0 [23].

object
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Fig.2 a 2D diverging illumina- lllumination .-,
tion. b Collimated illumination.
¢ 1D diverging illumination EO
RN «—
E;
Reflection
(a)

Assuming a Lambertian and diffuse reflection from the
target, the irradiance returned to the collection aperture
of the receiver, E,, is given by E, « (1/R*)E, = (1/RYE,.
Accordingly, this low photon efficiency has a sharp signal-
to-noise ratio drop-off with distance reduces the maximum
detectable distance, though the single-shot illumination (in
the APD array case) is useful for high-speed captures. With
a silicon photomultiplier array detector long-range detec-
tion operates in 10 Hz is reported [26]. A time-gated single-
photon avalanche diode (SPAD) array with megapixel counts
with an impressing frame rate of 24 kHz is reported [27].

In a flash lidar, the max range is limited by lens-depend-
ent FOV-Entrance Pupil Diameter (EPD) tradeoff. The FOV
is inversely proportional to the focal length of the lens,
f o« (1/FOV). However, lensing elements are F/#-limited—
sometimes down to F/2.8—1.4. It follows that the FOV is
inversely proportional to the diameter of the entrance pupil,
FOV « 1/(Dgp). The returned signal is directly proportional
to the area of the entrance pupil (A, in Eq. 1), or the square
of the entrance pupil diameter. This is a tradeoff between
signal strength and FOV.

2.1.2 Point-and-shoot lidar

A point-and-shoot lidar outputs a collimated beam improve
overall photon efficiency to E, « (1/R?)E,, because of the
collimated illumination makes E, ~ E,. However, the col-
limated beam must be steered to each field point, a possible
frame rate bottle-neck if the scanning speed is slow (often
limited by slow, high-inertia mechanics). The point-and-
shoot lidar is mainly adopted for 1D applications with rela-
tively slow scan rates for consumer or robotic applications
[28, 29]. Another high-end implementation for autonomous
vehicle applications achieves over 100 m range with 360°
[H] x25° [V] FOV using a 1D mechanical scanning mecha-
nism, along with multiple lasers and detectors to accom-
modate a vertical FOV [30]. Micro electro-mechanical sys-
tem (MEMS)-based beam steering, oscillating mirrors have
been demonstrated on a UAV with a range of 100 m for
a particular laser power [31]. Those MEMS mirrors have
resonant frequencies in the range of several kHz [32, 33].
The MEMS mirror solution, however, is limited to a 20°
full FOV due to the + 6° rotation limitation of the MEMS
mirror (expanded by optics to+ 10°). The 5 mm diameter
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mirror is a significant limitation in the collection area of a
single-aperture design and in the output aperture of single-
and dual-aperture designs. The system shows the enormous
speed benefits of MEMS devices due to their low inertia.

2.1.3 1D lineillumination lidar

Using a 1 dimensional line illumination source is feasi-
ble along with additional field selection modality such as
1 dimensional attained detector (Fig. 2c). The horizontal
dimension of the illumination beam is collimated while the
vertical dimension is diverging. A 1D collimated beam has
an irradiance drop-off at the target proportional to 1/R, rep-
resented by E, o« (1/R%)E,, putting the theoretical max dis-
tance cutoff in between the flash (R™*) and point-and-shoot
(R_z) systems.

3 Use case of digital micromirror device
for lidar

3.1 Holographic beam steering

A lidar employing collimated illumination or 1D diverging
illumination (Fig. 2b, c) requires beams steering for trans-
mitter and receiver. Since DMD is a binary amplitude spatial
light modulator (SLM), the most straightforward method for
beam steering with DMD is to project pixel patterns with a
projecting lens. However, because only a fraction of mirror
array is turned on, such methods suffer from a substantial
reduction in power throughput.

Binary amplitude grating has in theory 10.1% of diffrac-
tion efficiency for + 1st order diffraction [34]. In a similar
way to DMD-based holographic optical tweezer, beam
steering by amplitude hologram is feasible [35, 36]. The full
angular scan extent is rather limited and is given by ~A/2p
where A is wavelength and p is pixel period. With a typical
pixel period of DMD, p=5.4~13.8 um and at wavelength
A ~ 1 um, the diffraction angle is on the order of a couple
of degrees which is insufficient for lidar application. That
implies multiple optical channels to cover total FOV in a
segmented manner is needed and discussed in Sect. 4 in
detail. It is known that conservation of Lagrange invariant
(Etendue) alters the area of the exit pupil (A, in Eq. 1).

rec
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Optical expansion of the angular throw by inverse telephoto
optics was adopted to increase angular throw of beam steer-
ing device [37].

A binary phase hologram achieves even higher diffrac-
tion efficiency, 40% for + 1st order diffractions when phase
profile is modulated in a square wave manner between 0 and
n. Although DMD is an amplitude SLM, an auxiliary optics
converts DMD to a binary phase SLM [38]. Incoming plane
wave to DMD is re-directed to two arms consist of catadi-
optic 4-f system, The 4-f optics reimages on and off pixels
on top of themselves while PZT actuated mirror in of the
4-f arms adds a & phase shift. To add a & phase shift, area
of DMD mirror array is halved that impacts on system LI.
A higher diffraction efficiency, ~40%, while keeping high
frame rate was demonstrated.

3.2 Beam steering with synchronized pulsed laser

Further enhancement in diffraction efficiency, 100% in
theory, along with the reduction of the effective pitch of
DMD was first reported in Ref. [39]. The key aspect of the
approach is accessing to crossover transitions of DMD mir-
ror array between on- and off-state. Figure 3 depicts the prin-
ciple of the beam steering.

Array of micromirrors are arranged in a diamond shape,
and each of micromirrors tilts + 12° around the axis of rota-
tion (Fig. 3a). Figure 3b illustrates the tilt angle of mirror,
0, as a function of time. The mechanical transitional time
between off- and of-sates, crossover time, is typically several
ps [40]. During the crossover period, ns laser pulses illumi-
nates mirror array in a synchronous manner to the mirror
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transition, i.e., at times ¢, t,, and ¢, in Fig. 3b. Compared
to the crossover time of mirror array, the ns pulse is three
orders of magnitude shorter. Due to the three orders of mag-
nitude difference of time scales, the micromirrors’ move-
ment is effectively frozen that precisely defines tilt angle of
mirror array that forms a saw tooth blazed phase profile that
further enhances diffraction efficiency (Fig. 3c). Between
the mirror tilt angle of + 12°, there are 5-10 tilt angles of
mirrors that satisfies a blaze condition that realizes a close
100% diffraction efficiency in theory. Figure 3d illustrates a
timing diagram of the beam steering operation. First, micro-
controller triggers DMD (Light Crafter 3000, Texas Instru-
ments) to initiate micromirror’s movement. Prior to applying
the trigger to DMD, all the micromirrors are in the off-state.
For the DMD, there are about 220 ps of delay between the
trigger signal and the actual micromirrors’ actuation. While
micromirrors are in motion from off- to on-state, ns laser
pulse illuminates DMD. The illumination timing is synchro-
nized to micromirror’s motion so that the mirror tilt angle
0, satisfies a brazed condition. The cycle is repeated for
the next blazed condition to steer beam towards the next
diffraction orders by adjusting the trigger to the ns laser.
The method effectively decreases the pixel period that
increases LI with larger angular throw increased to about
48°. The challenge though is the number of steering point
is limited to number of diffraction orders that satisfies
blaze condition. Several approaches have been proposed
to increase the number of scanning point. In Ref. [41],
multiple laser sources with slightly different angle of inci-
dence to single DMD were used to increase the number
of scanning points. Similar approach were reported for
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Fig.3 a A “diamond” arrangement of micromirror array, (b) tilt angle of mirror as a function of time during the crossover period, (¢) examples
of phase profiles of micromirror array at several mirror tilt angles, and (d) a timing diagram of beam steering
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display applications with DMD [8, 42, 43]. In Ref. [41],
multiple pulses were employed within a single transition
of micromirror that increases scan rate by a factor of the
number of supported diffraction orders by DMD. Refs.
[39] and [41] also describes benchtop demonstration of
lidar systems with the beam steering approach in a single
path optical architecture.

While diffraction efficiency is greatly improved by the
technique, there still are challenges to apply the DMD-
based beam steering technology for lidar applications,
especially in number of scanning points. Reference [44]
reports binary holographic beam steering is combined to
the beam steering principle. Amplitude grating patterns
are displayed on DMD and addressed and illuminated by a
ns laser while corresponding DMD pixels representing the
grating pattern is transitioning. In this way, the beam steer-
ing angle is kept large while incorporating an increased
number of scanning points at the expense of reduced dif-
fraction efficiency. With an APD detector and electronics
TOF lidar is demonstrated. The beam steering principle
is applied for the holographic display system with larger
viewing zone [7].

3.3 Spatial filter for compressive sensing lidar

Reference [45] proposed applying single-pixel compressive
sensing to TOF lidar. A 2 ns 780 nm laser diode illuminates
target with 10 MHz repetition rate. The returning signal is
detected by imaging lens. At the back focal plane of imaging
lens, DMD is placed and spatially modulated. The modu-
lated light is detected by photomultiplier tube (PMT). The
reconstruction algorithm achieved 32 x 32 pixel video and
256 x 256 pixel still image for a sparsely placed 2D planer
object within range of 0-8 m.

The combination of compressive sensing with a single
photo multiplier tube (PMT) is applied to a commercially
available 2D TOF sensor. Li et al. demonstrated compressive
sensing improves resolution of lidar. DMD is placed at the
back focal plane of the imaging lens. The image formed on
DMD is modulated for compressive sensing and relayed to a
320240 pixel commercial TOF sensor. Although the maxi-
mum range demonstrated was limited up to several meters
due to the amplitude modulated continuous wave detection,
the enhancement of resolution beyond physical pixel limit
was demonstrated [46].

References [45, 46] report combination TOF lidar with
compressive sensing. Frequency modulated continuous
wave (FMCW) lidar combined with compressive sensing is
reported [47]. Optical system is modelled as an ideal optics
with an aperture of 2 in., and assumed that all the returning
photons are captured with a detector. Simulation shows that
128 x 128 pixel image located at 20 m can be imaged with a

@ Springer

single detector with DMD that employs spatial modulation
of returning the signal for compressive sensing.

3.4 Adoptive spatial filtering for ambient light
reduction

As Eq. (1) shows, the retuning signal power Py from an
object scales with R72, therefore, the management of envi-
ronmental and stray light is critical for auto lidars targeting
object at a far distance. In addition to the ambient light,
interference from neighboring lidars and especially strong
reflection from traffic signs impose a challenge in a dynamic
range of auto lidar systems [48]. Effective and adaptive
suppression of ambient light, illumination from neigh-
boring lidars, and strong reflection from traffic signal are
highly anticipated. In a similar way to confocal microscopy
employing DMD as a spatial filter [49], filtering ambient
light is employed by placing of DMD at the back focal plane
as a spatial filter is reported [50].

Lidar system having DMD as a FOV selector/spatial filter
placed back focal place of receiver lens is reported in Ref.
[51]. A 1-dimentional scanner scans objects with a line illu-
mination. The line image of the objects is formed on DMD
that is placed at the back focal plane of the imaging lens.
While 1-dimensional illumination scans object horizontally
with vertically oriented 1D beam, DMD scans along verti-
cal FOV. By two scanning modalities, distance is mapped
to FOV. Lidar system with 5.6 fps frame rate and 50° FOV
for distance measurement up to 10 m is experimentally
demonstrated.

3.5 Packaging of lidar to headlight unit

Making headlight more intelligent and adoptive has been
researched. Along with an active array of LED and adop-
tively controlling projection pattern, passive and adoptive
illumination pattern generation has been proposed. DMD
were employed to switch low and high beams [52]. Not only
controlling the illumination pattern, a real-time capture and
image processing of pedestrians, neighboring cars as well as
raindrops and adoptive modulation of illumination pattern
is reported [52-55]. Integration of a lidar as a part of the
headlight is mentioned in Ref. [56]. The proposal is using
DMD as an optical path selector switch for LED projector
headlight and lidar receiver. For headlight, DMD selectively
illuminates objects through projector lens. The headlight
projector lens works as a lidar receiver optics by switching
DMD.
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4 Discussions

Key performance metrics of imaging lidar are maximum
distance, the field of view (FOV), angular and distance
resolution and frame rate. Reference [13] lists optical
specifications of current mechanical scanning point-and-
shoot lidar with a 360° horizontal FOV. The data rate spans
0.3-1.3 M samples/s for 360° FOV with multiple (16-64)
transmitter/receiver channels. Interestingly, the sampling
rate/degree/channel takes about the same values, 50-60
samples/s/degree/channel. This can be understood that the
360° scanning lidar extends vertical FOV by stacking mul-
tiple transmitter/receiver channels. Single-channel horizon-
tal sampling, (framerate) X 360/(angular resolution)~22.5 k
samples/s in Ref. [13]. The corresponding sampling interval,
40-50 ps, is reasonable to accommodate the time of flight
as well as margins for triggering delay, and data acquisition
time.

Based on the sampling rare, two lidar use case examples,
forward-looking lidar for ADAS and side looking lidar for
robotic cars are tabulated in Table 1. For a forward-looking
lidar, full horizontal and vertical FOVs of 14 x 3.5° are
assumed. The FOV corresponds to 50 X 12.3 m area at a dis-
tance of 200 m. To recognize a car with a 2 m of the extent
at 200 m, with 5 sampling points, angular resolution is set to
0.1°. To achieve 30 fps under single-channel sampling rate
of 22.5 kHz, 6 channels are needed. Similar analysis for a

Table 1 Use case specification of lidar for ADAS and robotic car
applications

Specifications ADAS (long range) Robotic (side looking)

Distance (m) 200 30

FOV (H x V) (°) 14%3.5 60x5.7

Target resolution (m) 0.4 (car) 0.1 (pedestrian)

Resolution (HXx V) (°) 0.3x0.3 0.2x0.2

# of samples (H X V) 122 %30 314x30
(pixels)

Frame rate (fps) 30 10

Sampling frequency 112 94
(kHz)

# of optical channels 6(5.6) 54.7)

60° horizontal FOV side looking lidar for robotic car, about
the same number of optical channels ~ 5 is required.

Table 2 summarizes benchmarking result in receiving
power Py normalized to long range ADAS for four beam
steering schemes described in Sect. 3. For simplicity we
have assumed, (1) object is under filled by illumination
6 /Ajum = 1, and (2) atmospheric absorption is unity and
independent to the distance for the range of 200 m. Also we
have assumed a common path geometry so that the transmit-
ter and receiver shares the same aperture area, A,.. = A,
In the analysis, power density P;/A,.,, for the two systems
set to be equal to equalize the maximum permissible expo-
sure as the same level among four beam steering cases. In
the analysis horizontal and vertical FOVs of each of the
optical channels is anamorphically adjusted to match to the
native scanning extent of DMD: FOV pyp = AMp~7.53° at
A = 1 um, pixel period=7.6 pm [57]. The receiving aperture
area A, is given by,

(FOVpup)’

ulse synch W @

Arec = ADMDN

Ople
where Apyp is area of DMD, N, is number of optical
channels, N, syncn 18 an enhancement factor of FOVpyp
while employing synchronized pulse illumination, and FOV,
and FOV, are horizontal and vertical FOV of lidar system,
respectively. Also, system efficiency 7, in a common path
geometry is given by 7y, = njiﬁ., where 74 is diffraction
efficiency of DMD. Under that assumption, Eq. (1) is modi-
fied as,

P (A N\’
PR — °T < rec”dnﬁ) (3)
V4 R

Gain factor G is defined by,

P
G= <—R> 4)
PR,ADAS, Binary CGH

where, Pg apas, Binary con 18 @ receiving power of ADAS lidar
system employing binary amplitude modulation for beam
steering.

Table 2 Gain factors for DMD
beam steering common-path
lidar for ADAS and robotic car

applications

DMD beam steering case Pulse sync.  Nyyeqynen  Maig G ADAS (long G: Robotic
to mirror range) (side look-
ing)
1. Binary amplitude CGH N/A 1 0.1 1 (reference) 0.63
2. Binary phase CGH N/A 1 0.4 2 2.53
3. Binary amplitude CGH Applied 5 0.1 25 15.8
4. Blazed grating with scanner ~ Applied 5 1.0 2500 1584
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Table 2 tabulates gain factor G for four beam steering
schemes. The gain factor is normalized for the ADAS long-
range lidar system employing binary amplitude CGH.

In this analysis, sampling rate per channel is a constant,
22.5 kHz. Under this assumption, once can see the system
performance simply scales with the square of the product
of Etendue of DMD (ApypNyue synch (FOVpyp) ) and
diffraction efficiency #,;s. From the system design point
of view, increasing Etendue of DMD and diffraction effi-
ciency equally contribute to lidar performance. Note that
in the analysis for the case: 2. Binary phase CGH Apy is
decreased by a factor of 2 to accommodate the reduction
of the DMD area by factor two for phase modulation [38].

We also assumed theoretical diffraction efficiency for all
the cases. The diffraction efficiency of case 3 and 4 beam
steering reported in Ref. [39, 41]. Achieved ~40% with non-
optimum coating of DMD device. The efficiency is expected
to approach to 80-90% by applying an anti-reflection coating
optimized for infrared spectrum. For the case 4, the blazed
grating-based beam steering, the challenge is requiring an
additional high-efficiency scanning modality with the Eten-
due to the same level of case 1, Binary amplitude CGH dis-
played on DMD is needed. A large resonant MEMS mirror
for example 7 X5 mm with + 6.8° of scan angle, requires to
achieve angular resolution requirement [15, 41]. Reference
[58] reports a MEMS-based phase spatial light modulator
with 0.47" 960 X 540 micromirror device with an array area
of 10.36x5.83 mm.

The other challenge of DMD-based beam steering is a
range of distance measurement. The transitional time of
micromirror is typically several microseconds. The round
trip time, for example, lus corresponds to a distance range
of 150 m. In a co-axial optics where lidar transmitter and
receiver shares common beam steering device, the maximum
range of the DMD-based diffractive beam steering is limited
by the mirror transitional time within which high diffrac-
tion efficiency is attained [41]. Electro-mechanical dynamic
simulation of DMD microarray shows that the mirror transi-
tional time increases by controlling amplitude, polarity and
time profile of reset pulse [59]. Application of DMD as a
spatial filter for receiver optics would be especially effective
when it is combined with a camera and adoptive headlight
system to select a region of interest for lidar while blocking
light from neighboring lidars, sunlight and strong reflection
from traffic signs. Finally, a long term evaluation of DMD-
based beam steering for both static and pulse synchronized
beam-steering modes is inevitable. DMD devices specifies a
range of operation temperature from — 40 to+ 105 °C would
be a good fit for the long term evaluation [57, 60].
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5 Conclusions

Digital micromirror device (DMD) has an affinity to
scanning lidar system especially with its large micromir-
ror array area. With a pulse synchronized beam steer-
ing method, the angular scanning extent increases from
several degrees to several tens of degrees. Consequently,
the increased space-angular extent product (Etendue or
Lagrange invariant of DMD) improves photon throughout
of lidar system by factor of 25 as compared to traditional
beam steering with binary-amplitude computer-generated
holograms. Further enhancement of photon throughput,
by another factor of 100 is expected with a pulse synchro-
nized and brazed grating mode beam steering in conjunc-
tion with high efficiency yet moderate Etendue scanning
device, such as large resonant MEMS mirrors and micro-
mirror-based phase light modulators.
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