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Fast Dispersive Laser Scanner
by Using Digital Micro Mirror
Arrays
We demonstrate a fast dispersive laser scanning system by using MEMS digital micro-
mirror arrays technology. The proposed technique utilizes real-time dispersive imaging
system, which captures spectrally encoded images with a single photodetector at pulse
repetition rate via space-to-time mapping technology. Wide area scanning capability is
introduced by using individually addressable micro-mirror arrays as a beam deflector.
Experimentally, we scanned �20 mm2 at scan rate of 5 kHz with �150 lm lateral and
�160 lm vertical resolution that can be controlled by using 1024� 768 mirror arrays.
With the current state of art MEMS technology, fast scanning with <30 ls and resolution
down to single mirror pitch size of 10.8 lm is also achievable. [DOI: 10.1115/1.4027127]

Keywords: hybrid processes, metrology, nanomanufacturing, process control, surface
treatments

1 Introduction

With the advent of micro manufacturing technology, extremely
fine surface engineered solids are now reality for higher perform-
ance or for new functionalities. For instance, hydrogen fuel cells
utilize bi-polar plates with microfluidic channels of dimensions as
small as 5 lm at the surface to convert fuel into power via electro-
chemical conversion [1]. In the near future, hydrogen fuel cells
are expected to become one of the main alternative energy sources
and hence there will be demand for mass production of plates
with micro fluidic channels, especially for automotive industry
[2]. However, as the mass manufacturing of these micro textured
solids becomes reality, the rapid quality control becomes a
fundamental bottleneck for high yield.

Characterization of surface texture is an interest of surface me-
trology and it has been investigated extensively. Up to date, sev-
eral techniques have been developed, mostly specialized on one
aspect of the measurement at a time such as measurement of the
overall shape, the small-scale features, waviness and the rough-
ness of the surfaces [3]. In general, these various surface metrol-
ogy methods are classified under three categories such as the

stylus instruments, scanning probe microscopy, and optical
scanning techniques. The first technique, which is based on draw-
ing stylus tip over the surface at constant speed, can enable up to
several millimeters wide area with the detection of fine details
down to �1 lm [4]. The second technique, which relies on very
low contact forces between tip and surface, provides relatively
highest lateral resolution (�1 nm) and vertical resolution down to
sub nanometers, but lacks of scanning speed and limited to small
scanning areas [5]. Optical scanning techniques, on the other
hand, measure the surface topography by illuminating the surface
through optical system and processing the reflected or transmitted
light without destructive physical contact. Among these, interfero-
metric microscopes [6] based on phase shifted interference enable
monitoring of wide area with high vertical resolution (<0.1 nm)
and lateral resolution close to �0.1 lm. Alternatively, confocal
microscopy [7], namely a focused beam version of stylus,
achieves higher lateral resolution by use of a pinhole, and it is
very widely used technique. Higher resolution is achievable by
any of these techniques at the expense of scanning area and speed.

Fast laser scanning technology is highly desired in many appli-
cations ranging from defense to sensing and micro-manufacturing
to increase the imaging speeds [8–10]. Especially, high speed
(>1 kHz) scanning is essential for multi-dimensional monitoring
of moving objects and to capture fast transient information of a
dynamic process pertinent to light detection and ranging [11,12],
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structural dynamics [13,14], surface vibrometry [15], observation
of biomechanical motility [16], cellular network dynamics [17],
confocal and multi-photon microscopy [18,19] applications. In
addition, scanning of wide area or many objects in a short period
of time is also important for such high-throughput applications as
atmospheric science [11], endoscopy and cytometry for medical
diagnosis [20,21], geographical survey and surface profilometry in
the semiconductor industry, and surface characterization and qual-
ity control in micro-manufacturing [8–10]. Various types of laser
scanning techniques enabling higher scan rates have been recently
proposed. Galvanometric mirrors known as the mechanically
scanning mirrors are widely used for beam steering. The scanning
speed of such high inertia mirrors is limited to �10 kHz in 1D and
�100 Hz in 2D [22]. Alternatively, frequency-tunable laser in a
diffractive optic bench has recently been demonstrated to achieve
more than 10 times higher scanning rates [23]. In addition to the
methods mentioned above, new all-optical techniques using
acousto-optic deflectors (AOD) are used as a tunable diffraction
grating to deflect the beam via electronically changing the angle
of 1st diffraction order. Millimeter scale area imaging with
<10 ls scanning speed and few micrometer scanning resolution
has been achieved [24]. Well known real-time dispersive imaging
system providing ultra fast frame rates up to tens of MHz com-
bined with a beam deflector to enable 2D wide area scanning has
been recently demonstrated [25]. However, AOD is deficient in
terms of power transfer efficiency and limited deflection angles,
and hence scanning area.

In this paper, we present fast dispersive laser scanning system
that facilitates �20 mm2 wide area scanning with �150 lm lateral
and �160 lm vertical resolution at 5 kHz scanning rate by using
digital micro-mirror device (DMD) technology. DMDs provide al-
ternative fast area scanning technology that can achieve dynamic
sectioning of modulated patterns via pixelated MEMS mirrors.
Our proposed method using DMD technology can provide fast
scanning rates up to 32.5 kHz (�1000 times faster than conven-
tional scanners) and resolution down to single mirror pitch size of
10.8 lm with the state of art MEMS technology.

The DMD technology is preferred for real-time imaging,
because it provides high resolution, high reflection, exceptional
stability, and excellent controllability over thousands of individual
micro mirrors. Also, it has already been commercialized for many
applications ranging from confocal microscopy, optical network-
ing, 3D metrology, spectroscopy to medical applications [26–28].
By spatially switching the light through micro-mirror arrays,
DMD can be utilized as a digital reflective spatial light modulator.
In comparison to most commonly used liquid crystal display tech-
nology, such devices provide extremely high 2D scanning speeds
up to 32.5 kHz (<30 ls fast switching speed), higher fill factor of
90% than the liquid crystal with 70%, �6.6 times higher power
transfer efficiency, �11 times higher contrast ratio, as twice as
higher diffraction efficiency of 88% and feasibility for wide range
of wavelengths (UV to near-infrared (NIR)) [29,30].

2 Experimental Setup and System Description

Figure 1 illustrates the concept of novel 2D imaging system uti-
lizing MEMS DMD technology. Ideally large area scanning is
achieved by using N pulsed lasers with the same repetition rates.
Each laser will send optical impulses to image different subsec-
tion of the imaging plane. Since detection system uses single
photodetector, each pulse is generated with a constant delay,
n� s, (n¼ 1,2,3,…,N), where N � s � T ¼ repetition rate. In the
proposed system, N laser array is replaced by a modelocked fiber
laser as a master light source to generate broadband supercontin-
uum (SC) of light through nonlinear process [31]. Specifically,
supercontinuum pulses are generated to provide broadband source
by propagating the Mode Locked Laser pulses (at 1550 nm with
<1 ps pulse width and 20 MHz repetition rate) through a fiber-
based system that consists of an amplifier (Erbium Doped Fiber
Amplifier) and the cascaded single mode, dispersion shifted and

nonlinear fiber patch cords. Band pass filter (Coarse Wavelength
Division Multiplexing) centered at 1590 nm is used to carve out
�20 nm nearly flat portion of the spectrum for scanning. In the
first stage, carved SC pulses are wavelength-to-time mapped by
using a dispersion compensation module (DCM with dispersion
D¼�675 ps/nm) for real-time detection. In this step, group ve-
locity dispersion is being used to create a time delay between dif-
ferent colors of the pulse and hence spread spectral content
linearly in time domain. The timing requirement at this stage is
imposed by the overlap between lasers after time stretching. The
delay between consecutive pulses (s) should be larger than the
chirped pulse width at the input of the circulator [32–34]. A pulse
picking setup using optical switches follows the SC source and
time wavelength mapping process to generate N parallel optical
paths and to mimic the N independent lasers.

After time wavelength mapping, selected pulses are launched
into free space by an array of collimators and followed by DMDs
to facilitate 1D scanning. The optical pulses, on the other hand,
are highly attenuated while passing through the system. The sys-
tem losses are mainly due to the DCM (�2.1 dB insertion loss)
and the DMD which induces single pass attenuation of �45% by
considering the beam wavelength (1590 nm), micro-mirror reflec-
tivity (�90%), active area (�90%), diffraction efficiency (88%),
and the protective cover glass on the micro mirrors (single pass
transmission coefficient of �90% if coated for NIR and �75% if
coated for visible) [14]. In the experimental setup, since power
budget was not sufficient for simultaneous multichannel measure-
ment, only one channel at a time has been used for scanning.
Also, in order to compensate the system losses and to obtain a bet-
ter signal-to-noise ratio (SNR), a flat gain Raman amplifier is
designed to provide a uniform amplification through the DCM.
The Raman amplification with �10 dB net gain and <0.5 dB gain
ripple is introduced by using four pump diode lasers at wave-
lengths of 1450 nm, 1470 nm, 1490 nm, and 1505 nm in a hybrid
pumping configuration.

In the second stage, the optical beam is expanded to illuminate
the active area of the DMD, which consists of individually con-
trollable micro-mirror arrays. Here, we use DMD mirrors fabri-
cated by Texas Instruments. By switching the state of individual
micro mirrors from ON state to OFF state, the large optical beam
is digitally divided into segments and mapped to different loca-
tions at the image plane and hence beam steering is achieved as
shown in Fig. 2. The spectral content of the time stretched SC
pulses is dispersed by the diffractive optics which is composed of
a blazed diffraction grating and a Fourier lens to illuminate each
location in space by different colors of light that arrive at different
times. After being mapped over the focal plane, the spectrum of
the pulses is modified by the reflection and transmission property
of the target image. Through the time wavelength mapping pro-
cess that was achieved in fibers, the spectral modulations are
mapped to the time domain at the image plane. The spectrally and
temporally modulated pulses via DMD are then captured by a
photo detector (>1.2 GHz bandwidth), which is placed at the opti-
cal path that corresponds mirrors’ ON state direction, while at the
OFF state, beams are blocked by the setup. A real-time storage
oscilloscope with 8 GHz RF bandwidth captures the electrical
signals from the photodetector for post processing.

2.1 Lateral Scanning. The broadband optical pulses are spa-
tially dispersed and focused over the space by using diffractive
optics including diffraction gratings and Fourier lenses. Due to the
pulse nature of the illumination, image modulation is captured by
a single pulse and thus the lateral scanning rate is in
megahertz, which is determined by laser repetition rate. The
normalized intensity distribution �I x; kð Þ, field of view (FOV) and
the spatial (Dx) resolution of the pulse shaping system for
both plane waves Ep x; dð Þ / rect x=dð Þ and Gaussian waves

Eg x;wð Þ / exp �0:5x2=w2ð Þ where w ¼ d=ð2
ffiffiffiffiffiffiffiffiffiffi
lnð2Þ

p
Þ are

calculated as
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Fig. 2 DMD as a programmable beam steering technology (a) [35]. A single DMD
consists of 768 3 1024 micro mirrors and inset shows the SEM image of micro mir-
rors (b). Schematics of individual micro mirrors (c) [36].

Fig. 1 The experimental setup for all optical reflective parallelized N-channel dispersive laser
scanner (a). The single channel setup is used for the proof-of-concept demonstration. The
supercontinuum pulse generation (b) and the amplified dispersive Fourier transform (c)
modules.
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FOV � GbfDk (3)

Here f is the lens focal length, d is the beam size,
x0 ’ Gbf k� k0ð Þ is the relative position of 1st order diffraction
peak with respect to central wavelength (k0), and Gb is the effec-
tive groove density, which is defined as a function of 1st order dif-
fraction angle, G=cos bð Þ [32]. The beam size is defined as the
aperture size for plane waves, and full width at half maximum for
Gaussian beams. The 1st order diffraction angle ðbÞ for the inci-
dent beam at wavelength (k) and the incident angle (a) is calcu-
lated by using the grating equation as sin að Þ þ sin bð Þ ¼ kG which
reduces to 2 sin bð Þ ¼ kG in a Littrow configuration a ¼ bð Þ.

Final resolution of the imaging system is defined not only by
the diffraction limit but also by the temporal resolution (band-
width) of the detection system. Figure 3 illustrates the achievable
resolution with respect to key parameters of optical components
and the RF detection system. According to Eq. (2), the system re-
solution is optically limited by the diffraction limit (r¼ d/f) due to
Fourier optics. By increasing the diffraction parameter (r> 0.1),
the spatial resolution <10 lm is achievable, as illustrated in
Fig. 3(a). In this proposed system, by changing the number of hor-
izontal mirrors, DMD can enable tunability of the beam size and
hence the diffraction limit. The lateral resolution of the system is
mainly limited by the detection system. A photodetector with a
given RF bandwidth (1.2 GHz used in our experiments) limits the
achievable temporal resolution Dtdet � 1=Df Þð to �800 ps which
corresponds to spectral resolution ðDkdet � ðDf � DÞ�1Þ of
�1.2 nm (due to uniform �675 ps/nm dispersion) which translates
into a spatial resolution of, Dxdet � ðDf � DÞ�1Gbf � 145lm, via
time-to-space mapping, as illustrated in Fig. 3(b).

2.2 Vertical Scanning. In our proposed 2D imaging system,
the vertical scanning is achieved by a DMD that is used as a beam

steering device. At each vertical position, SC pulses directly
capture the entire lateral image by using spatio-temporal disper-
sive imaging technique without scanning. The lateral resolution
(Dx) is determined by 4-f imaging system, which consists of dif-
fraction grating and a Fourier lens in a double pass system, and
the resolution estimated by the width of the focused beam through
Eq. (2). Spatially and spectrally shaped pulses are then stretched
over time by passing through the highly dispersive DCM for real-
time detection.

Figure 4 illustrates the sample binary patterns created on DMD
for beam steering. In these horizontal strip-type patterns, the white
parts correspond to NxM arrays of ON state mirrors and the black
parts correspond to OFF state mirrors. In the imaging experiment,
first such horizontal strip patterns on DMD, namely narrow spatial
masks, are created and then the light reflected by the mirror array
is sent onto the object through a cylindrical lens. The vertical
scanning is achieved by dynamically shifting this mask at the
DMD, which, as a result, shifts the reflected light onto the object.
Consequently, the vertical (Dy) resolution is expected to be differ-
ent from what is estimated by Eq. (2). Indeed, it is determined by
the number of rows of mirror arrays that switch to the same state
simultaneously or the size of masks on DMD surface. Hence, a
use of N rows will create an optical beam where the vertical beam
waist will be N � 10:8lm, where 10.8 lm is the mirror pixel size
at the DMD chip. Increasing the number of rows in DMD array
increases the SNR, since more optical power is reflected on to the

Fig. 3 The spatial resolution of the focusing system depends on the diffraction limit and is impoved by increasing diffraction
parameter, r 5 d/f (a). The temporal resolution (calculated for D 5 2675 ps/nm) due to the RF bandwidth limits the spatial resolu-
tion via time-to-space mapping (b) [32].

Fig. 4 The horizontal strip-type binary patterns created on
DMD for laser scanning. The position of the NXM spatial mask
is vertically scanned over the object by loading DMD with these
dynamic patterns.
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object. However, it will decrease the vertical resolution, since the
width of the reflected light on image increased. The vertical scan-
ning speed is the second crucial parameter in the proposed experi-
mental system and it is determined by the frame rate of DMD.
Experimentally, DMDs with 32.5 kHz scanning speed (�30 ls
switching time) can achieve �600 laser pulses to illuminate the
same subsection or 600 subsections for pulse picking at the same
laser pulse rate (20 MHz/32.5 kHz).

3 Experimental Results

Real time imaging can work in reflection or transmission mode.
To demonstrate 2D fast scanning capability, we used the time-
space-wavelength mapping technique working in the reflection
mode. The target image scanned by the DMD is recorded by the
series of SC pulses. This 1D pulse stream (stream of horizontal
line scans) with 50 ns time aperture is then segmented for different
vertical coordinates, vertically aligned and digitally processed to
extract the spatial features and reconstruct the original 2D image.

In this experimental study, we have used optical beam with
�5 mm beam size, diffraction grating with 600 lines/mm, lens
with 200 mm focal length, DMD (0.55-in. diagonal mirror arrays,
1024� 768 individually addressable aluminum micro mirrors,
10.8 lm pitch size, discrete states of ON (þ12 deg rotation) or
OFF (�12 deg rotation), and frame rate of 5 kHz) and 15� 600
horizontal excitation strips to vertically scan the target image
(USAF test chart) which consists of vertical black and white strips
with different spatial frequencies. The proposed system can scan
�20 mm2 wide area (�3 mm lateral (FOVlateral ¼ Gbf Dk) and
�7.6 mm vertical (FOVvertical ¼ 768x10:8lm)) with 20 MHz
(pulse repetition rate) in 1D and 5 kHz (DMD frame rate) in 2D.

Figure 5 illustrates the lateral resolution performance of the dis-
persive imaging system. The 2D image of five groups of vertical
bars with dimensions varying from �150 lm to �220 lm is
captured by our dispersive laser scanner. The temporal modula-
tion (due to spatial/spectral pulse shaping) of the SC pulses by the
vertical bars with varying spatial frequencies is shown in Fig. 5.
Due to the diffraction limit of the focusing system, as the spatial
frequency of the patterns increases, the modulation depth
decreases. Thus, we used vertically wider excitation strips (N¼ 15
mirrors) to increase the signal-to-noise ratio at the expense of
diminishing vertical resolution to �160 lm compared to 10.8 lm
vertical resolution that is achievable by using narrow strips of
N¼ 1. In addition, vertically wider strips shifted by certain num-
ber (n<N) of pixels (overlapping strips) can be used to increase
the SNR and to achieve higher vertical resolution (n� 10.8 lm).

Figure 6 compares the 2D CCD image and the reconstructed
images of the test target (Fig. 6(a): USAF test chart) captured by
our MEMS-based dispersive laser scanner. The image is recon-
structed by mapping the reflection from the target encoded on the
pulse train at different scanning positions into a 2D matrix.

Dynamically shifting the 15� 600 excitation strips over the DMD
at 5 kHz rate, the target is scanned with a resolution of �150 lm
(lateral) and �160 lm (vertical). The captured image clearly
shows the vertical and horizontal bars: Group¼ 1, Element 3–6
(Fig. 6(b)) and Group¼ 0, Element 5–6 (Fig. 6(c)).

To construct the image the normalized intensity distribution
�Iðx; kÞ calculated in Eq. (1) is nearly same for all the wavelengths
within 20 nm spectral window centered at 1590 nm (k0). Thus, the
intensity distribution for each wavelength is approximated as

�I0ðxÞ ’ �Iðx; k0Þ
Iðx; kÞ ’ FðkÞ � �I0ðx� x0Þ

(4)

where I x; kð Þ is the intensity distribution and F kð Þ is the spectral
power density. The space-to-wavelength mapped optical beam is
both spatially and spectrally shaped by the target image m(x),
which can be modeled as a convolution at Fourier plane

y kð Þ ’ FðkÞ �
ð

�I0 x� x0ð Þ � m xð Þdx ¼ FðkÞ � conv I x; kð Þ;m xð Þ½ �

(5)

Spectrally encoded signals are converted into time domain

y kð Þ�����������������!

frequency� to� time

mapping
y tð Þ

2
664

3
775 via dispersive Fourier trans-

formation through highly dispersive fibers. By neglecting the
higher order dispersion terms, namely assuming a uniform disper-
sion over a wide spectrum, the temporal mapping is modeled lin-
ear as Dt ’ D � Dk, where Dt is the temporal position of the
wavelengths relative to the reference wavelength. By using such
digital signal processing techniques as digital filtering and decon-
volution, the spatial information of the target, m(x), can be
extracted.

The system performance of current experimental approach of
this real-time imaging, however, is limited in terms of the spatial
resolution, FOV, and the power efficiency due to following rea-
sons. The diffraction prevents the use of bulk Fourier lenses with
long focal lengths (/ kf/d) and hence limits the spatial resolution.
Also, 1 cm2 active area of the DMD combined with diffraction
gratings (�3.5 deg/100 nm spatial dispersion with 600 lines/mm
groove density) limits the field of view. Finally, high losses due to
higher order diffractions limit the power efficiency of the system.
In order to achieve resolution close to 20 lm and lower, the sys-
tem should be able to illuminate the whole imaging sample with
frequency–time and space–time mapped light, focus the light
everywhere on the sample to <20 lm spot size and should be low
loss for high contrast imaging. Furthermore, in order to make the
system compatible with manufacturing technology the working
distance should be long, >0.5 mm to avoid contact and
contamination. Planar optical devices such as lenses or diffraction

Fig. 5 The lateral resolution performance of space wavelength
mapping. The vertical bars with dimensions of �150 lm to
�220 lm are captured by the �13.5 ns SC pulses.

Fig. 6 Comparison between a CCD image (a) and a digitally
reconstructed scan image of the target: USAF test chart
Group 5 1, Element 3–6 (width/line 198 lm–140 lm) (b) and
Group 5 0, Element 5–6 (width/line 314 lm–280lm) (c)
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optics combined with real time imaging can facilitate high-
resolution imaging in real time.

4 Conclusion

We have proposed a fast dispersive laser scanning system by
using MEMS micro-mirror technology. Two-dimensional beam
steering is employed by combining the space wavelength mapping
for the lateral scanning and digital micro-mirror arrays for vertical
scanning. By dynamically switching the states of the micro mir-
rors, the position of the spatially dispersed beam is moved over
the target. We have monitored �20 mm2 wide area with �150 lm
lateral and �160 lm vertical resolution for the proof of concept.
We estimate that MEMS-based amplified time stretched system
can achieve fast vertical scanning with frame rates up to 32.5 kHz
and with resolution down to single mirror pitch size of 10.8 lm.
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