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Abstract — A new raster-scanning chipset which provides enhanced projection performance is pre-
sented. The design is novel in that it combines electrostatic and electromagnetic actuation methods,
along with a unique feedback-control scheme to produce SVGA and WVGA projected images. A
micromirror, the actuators, and drive electronics are integrated into a small, power-efficient system,

a scanning chipset, to increase its reliability and manufacturability.
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1 Introduction

The growing usage of mobile devices along with the pro-
gress in their capabilities has opened up new possibilities for
the mobile world. The availability of rich multimedia with
endless colorful content, in addition to all-time connectivity,
expanded the use of mobile devices from personal viewing
into multimedia working and sharing platforms, both for
business users and entertainment consumers. However, as
the applications of mobile devices have become more sophis-
ticated, and due to the dramatic increase of their variety,
new standards and ambitious demands have emerged.
Above all, power consumption and the physical size of these
devices are the most crucial needs. Consequently, new con-
straints regarding designing new hardware components for
the mobile world have arisen, giving raise to the appearance
of miniature projection systems.

Several solutions!? have been suggested to address
demands for such miniature systems. However, none has
provided an overall satisfying solution. Tradeoffs between
power consumption (for LCD, DLP, DMD, or LCoS solu-
tions3?) and the quality of projection (for other MEMS
scanning devices) have been proposed; yet, none of those
seems to have a winning ticket. Conant et al.2 demonstrated
the feasibility of micro-machined raster-scanning displays
for video images, but pointed out that improvements in mir-
ror resonant {requency and mirror stiffness are necessary to
display VGA-quality video. Urey6 has compared scanning
schemas resolution and limitations. Schreiber et al.” and
Brown et al.8 presented Lissajous-like scanning solutions.
Various actuation schemes®%13 have been developed to
drive a two-axes scanning mirror. Sprague et al .1 have been
using a coupled electromagnetic drive, which results in a
SXGA resolution. Kwon et al.'> have implemented a new
isolation method for a two-dimensional gimbaled micromir-
ror. Du et al.1% designed and fabricated a 2-D in-plane dif-
fraction grating scanner with an optical scan angle of 5.2°,
which they admit that their scanner has a lower scan angle
than other micro-scanners.

Maradin’s scanning micromirror is based on a gim-
baled MEMS structure with two uncoupled actuators for

the horizontal and vertical directions. The horizontal scan is
based on an electrostatic resonating actuator driven by a
comb structure, whereas the vertical scan is driven by elec-
tromagnetic forces generated by a set of micro-coils and a
rotating magnet. This combination of two different actua-
tion mechanisms offers several advantages over the conven-
tional MEMS scanning micromirrors. It minimizes the
cross-coupling between two axes of scanning motion, requires
low driving power, increases deflection angle, and improves
the resolution of position sensors.

In the presently reported work, the novel design of the
two-dimensional MEMS scanning micromirror is presented
to enhance image quality by using feedback-control actua-
tion. This Maradin design enables high-resolution images
(WVGA/SVGA and up) interlaced or progressive, without
scanning distortions at high optical efficiency for low-power
laser-projection solutions.

2 Scanner architecture

Maradin’s scanning chipset17 is an electromechanical sys-
tem that is composed of three main parts: a scanning ele-
ment, an electromagnetic actuator, and an electronic driver.
These three units are assembled together in an optical
chamber to form a miniature component, herein termed a
“scanning chipset” not bigger then 0.4 cm?. Figure 1 depicts
a schematic sketch of Maradin’s chipset. The scanning ele-
ment is based on a two-degrees-of-freedom (DoF) MEMS
gimbaled mirror with each axis actuated independently. The
horizontal direction, customarily refering to the greatest
image dimension (with the larger number of pixels), is par-
allel to the interpupillary axis. The vertical direction, cus-
tomarily refers to the smaller image dimension (with the
smallest number of pixels), is parallel to the gravity vector.
The horizontal axis is driven by an electrostatic resonating
actuator based on a vertical comb drive (VCD).!8 The vertical
axis utilizes an electromagnetic actuator based on a micro-
version of a limited magnetic torque (LMT) motor with
rotating magnets.
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FIGURE 1 — Schematic sketch of the MEMS scanner.

We note that the use of two different actuation con-
cepts for each DoF decouples the electromechanical
response of the system, which results in reduced optical dis-
tortions and simplification of the MEMS design and its
implementation. Moreover, a progressive design of the
micro-coils that are used for the electromagnetic forcing of
the vertical scan enables an increase in vertical angle, with-
out the need to modify the mechanical design of the compo-
nent.

The scanning method chosen for the projecting proc-
ess of the image is based on a raster-scanning pattern, which
is built up from two interlaced fields. This procedure is simi-
lar to common CRT television scanning and is used by other
devices for display. Although scanning technology for televi-
sion was changed with the transition to flat panels, mainly
since flat panels cannot support interlacing, flickering effects
were solved by means of an increase of the refreshment rate.
However, a true raster interlaced scan, especially for a wide
range of miniature projection applications, enables main-
taining a lower refreshment frequency, which allows much
more flexibility of the design. Consequently, Maradin’s scan-
ning pattern utilizes a bi-directional scan, which eliminates
the need for line retrace, and therefore is time efficient and
enables an enhanced quality image. The meaning of a bi-direc-
tional scanning is that each second line of the image is
inversely projected (i.e., if the first line is projected from left
to right, the second line is projected from right to left,
and vice-versa). Realization of this solution requires an addi-
tional memory unit, which is part of the electronic unit of
the device.

One of the novelties of the presented design is its abil-
ity to scan a straight row, which results in a uniform row-to-
row spacing, as illustrated in Fig. 2. This solution is
fundamentally different from current state-of-the-art scan-
ners and CRT televisions, in which projection is performed
at an angle (rather than a straight line). Consequently,
Maradin’s concept for scanning requires half of the resonant
frequency needed to create the image, and the light-source
utilization is doubled with respect to state-of-the-art scan-
ners,'¥ which allows similar angular performances at lower
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FIGURE 2 — Straight row interlaced raster scanning. The blue line
represents the odd field and the red line represents the even field.

power consumption. Finally, the use of a staircase waveform
in the vertical axis guarantees that the spacing between the
scanned horizontal lines is constant and the lines are paral-
lel. This reduces geometrical distortion and leads to better
image quality.

The vertical scan is made of two sequential sawtooth
signals, which include interlaced odd and even fields. Each
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FIGURE 3 — Vertical scan sawtooth profile. Each ramp sequentially
represents even and odd fields. The ramp contains staircase steps where
each step corresponds to a straight horizontal row.
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TABLE 1 — Scanner performance: geometrical and physical parameters.

Parameter Description Value
Resolution Projection resolution WVGA/SVGA
Nu Horizontal resolution 854/800
N, Vertical resolution 480/600
D Mirror size (horizontal axis) 1100 pum
B Mirror size (vertical axis) 1000 pum
F, Frame scanning rate 30 Hz
K, Spot size to pixel size ratio 1
Ko Horizontal over scan constant 0.9
Kos v Vertical over scan constant 0.9
Ky Beam clipping constant 1.14
A Wavelength (color red) 0.632 um
Ky Secan directions (bidirectional) 2
A Beam-Mirror impinge angle (horizontal) 20°
a Shape factor of mirror (ellipse) 1.06

sawtooth ramp consists of a staircase-step profile as illus-
trated in Fig. 3. Each step represents a row in the field. The
straight row is achieved by a feedback control over the mir-
ror position sensor.

3 Scanner system architecture

The MEMS scanner is designed to project a WVGA/SVGA
image at a 30-Hz refresh rate (interlaced). Both 4:3 and 16:9
image ratios are possible via a proper design of the elec-
tronic circuit that controls the light sources. The scanner
performance is derived from resolution criteria. Table 1
comprises the geometrical and physical parameters of the
scanner according to Ref. 19.

By using the constants from Table 1 and describing the
desired resolution and optical beam profile, we calculate the
maximum mechanical scan angles (MMSA) as:

N; Krak
Onsa = hre =10°, (1)
4D KspKos_h coso
, N Krak R
MMSA = v 2T =6.88°. (2)

4D’KspK0s7h

Note that Oy is the horizontal required scan angle
whereas 0"\\sa is the vertical required scan angle.

Laser-architecture requirements include a continu-
ous-wave, circular, 0.6-mm-waist beam laser. The power
consumption for the laser is limited to several hundreds of
milliwatts. The specklesissue is currently not addressed because
it is handled by the laser manufacturer. However, future
work regarding this issue is planned as part of the scanner
design to assure a high-quality projected image.

4 Horizontal axis

The horizontal scanning direction, which refers to lines for
interlaced scan, is achieved by the oscillation of the MEMS
micromirror at its resonance frequency. The micromirror is
driven via an electrostatic resonating actuator based on a
vertical comb structure that is inherently fabricated using
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MEMS technology, along the rotational axis. The excitation
frequency is designed to be a function of both the required
resolution (e.g., 800 pixels) and the required frame rate (i.e.,
vertical scanning rate).

In order to evaluate the horizontal scan rate, the fol-
lowing formation is used!?:

f — FrNV
s

=10 kHz. (3)
K

os_v™ub

The fabrication process of the device creates vari-
ations over the geometrical and physical properties on each
die, and also between components that are located on the
same wafer. The working environment, such as tempera-
ture, pressure, and humidity also affect the silicon proper-
ties. Therefore, each MEMS component may have a slightly
different resonance frequency. Consequently, a dedicated
driver is used to track each device’s resonance frequency.
The frequency is deduced from a capacitance position sen-
sor implemented inherently in the horizontal electrostatic
comb. The sensor is connected to a control loop in parallel
to the driving circuit. A PLL feedback is used to lock the
system on the actual resonant frequency. Operation at reso-
nant frequency takes advantage of the high damping factor
(Q) and achieves high angular performance at low energy.
Furthermore, synchronizing the video signals with the
modulated image is made possible via a frequency-locking
procedure and overcomes the minor frequency changes.

In order to achieve a super-video-graphics-array
(SVGA) image, via a resolution of 600 x 800 pixels and a
frame rate of 30 Hz, it is required to obtain both a large
deflection angle as well as a high-resonating frequency.
Therefore, a closed-loop control for the horizontal direction
is used. Figure 4 depicts a schematic block diagram that
includes the main features of the system: the MEMS micro-
mirror, its driver, a digital-to-analog converter (DAC), and
the frequency analyzer (PLL). A capacitive rotational posi-
tion sensor is used in the feedback-control loop, generating
the change in its capacitance as the MEMS moves. Conse-
quently, a high-resolution capacitive readout circuit is required
to detect the position information of the MEMS. Realiza-
tion of the horizontal-position sensor is performed by a
comb structure, the same one that is used for the electro-
static actuation.

In order to obtain a large enough deflection angle, an
80-V driving voltage is required to generate the sufficient
electrostatic torque for the mirror. This voltage is generated
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FIGURE 4 — Control block diagram illustrating the horizontal scanning.



by dual-stage boost converter circuits that are located in the
ASIC.

Vibrating the mirror in the horizontal direction is
achieved by a sine-wave voltage signal that controls the mir-
ror. Due to the non-uniform characteristic of the sine pro-
file, the scanning speed across the row is uneven. This yields
pixel smearing and consequently a distorted image. To over-
come this problem, Maradin’s chipset design includes laser
modulation that varies according to the row position.?

5  Vertical axis

The vertical scanning direction, which refers to the pro-
jected columns, is modeled as a torsional spring-inertia sys-
tem. The system is excited by a time-varying torque T(t),
which is produced by the magnetic motor, composed of a set
of micro-coils and a permanent rotating magnet, located on
both sides of the micromirror. A magnetic core, located at
the basis of the chipset (see Fig. 1) and separated by an air
gap from the mirror, is magnetically actuated using a set of
field coils. Current flow in the field coils generates a mag-
netic field in the air gap, which interacts with the magnetic
moment of the permanent magnet. This produces a recipro-
cating torque in the axis of the permanent magnet, thus ena-
bling its rotation. There are a total of four coils, arranged in
pairs, each two located close to the boundaries of the verti-
cal axis. As each pair of coils enables the rotation at the end
of the axis, the other pair of the coils, working at the other
end, increases the torque in the system.

This unique electromagnetic design simplifies the fab-
rication process of the mechanical component by means of
its design. The mechanical system is designed such that its
inertia is minimal and its driving components are manufac-
tured separately, and are assembled externally (i.e., on the
mounting of the chipset rather than on the rotating ele-
ments). Consequently, a small inertia contributes to large
scan angles and enables scalability of the image. The exter-
nal driving components can be designed separately and con-
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trol the performance of the chipset, without the need to
alter the mechanical design.

The torque produced in the motor is proportional to
the current flowing in the coil. This torque is opposed by the
friction and the spring constant of the supporting torsional
springs. Thus, the equivalent mechanical model can be
described as

J0+DO+ K6 = Ky -i(t), (4)

where [, is the moment of inertia, D is the damping coeffi-
cient, K is the spring constant, and Ky is the torque constant
of the magnetic motor. Likewise, i(¢) is the input current to
the system and 0 is the angular rotation.

In order to achieve Maradins’ bi-directional advantage
of the straight horizontal scan and row-to-row uniform spac-
ing, a high-performance controlled magnetic actuator is
used. A current-loop feedback control, designed as an inner
loop as part of a comprehensive position loop, is used to
preserve the mirror position.

Current loop: The vertical position of the mirror is
determined according to the current that drives the device.
We define the resolution of the vertical scanning as 1/8
pixel. In order to define the current-loop bandwidth, we
multiply the number of rows by the scanning frequency,
which yields 144 kHz. The bandwidth is chosen such that it
is wider than the required frequency, and hence we set the
loop bandwidth to 1 MHz. This will guarantee a stable cur-
rent, which assures that the vertical position of the mirror is
kept at its desired position.

Vertical position sensor: The MEMS is designed
such that it comprises of position sensors along the vertical
rotation axis, based on a comb structure that is inherently
fabricated using MEMS technology. The sensors are based
on the capacitance changes when the MEMS is rotated
around its longitudinal axis. In order to facilitate the capaci-
tance sensing, a high-frequency term is added to the excita-
tion Voltage.21

The vertical angular sensor is designed to have a linear
sensitivity in the range of £15° mechanical angle. The sensor
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FIGURE 5 — Vertical-axis feedback-control-drive block diagram for a sawtooth profile.
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FIGURE 6 — Gimbaled angular position: the vertical axis of the gimbal
(red line) compared to the sawtooth profile input (blue line). Each step
corresponds to a straight horizontal row.

range is more than twice the required 6"\vsa [Eq. (2)]. To
satisfy the 1/8-pixel vertical resolution we calculate the
required angular sensitivity:

Sens_v = ZeMigA =28%107 (deg). (5)
v

Based on a horizontal scanning frequency of 10 kHz,
scanning of a single line takes 1/(10 x 2) kHz = 50 usec (as
of bi-directional scanning). We excite the system using a
sine wave and assume an efficiency of 0.9. Therefore, the
practical time for one line is 45 psec. We allow a settling
time of 5 usec for the system to converge to 95% of the
steady-state value of each step. We use the settling time as
an estimate for the minimum required sampling rate, and
set it as 500 kHz. The angular position, measured by this
sensor, is used in the feedback loop for the vertical torsional
dynamics. Figure 5 depicts the block diagram of the Gim-
bal’s vertical axis. The block diagram is composed of three
parts: the dynamical system, a current-loop control, and the
position loop.

Simulation results: For an image resolution of 600 x
800 pixels and a frame rate of 30 Hz, the frame is decom-
posed into two fields. Each field is comprised of 300 rows
and has a field rate of 60 Hz. Thus, each field projection will

take 16.6 msec. The transition of one row to the next one is
designed such that it takes less than 5 psec.

Figure 6 represents a simulation result of the system.
The input of the system in the vertical scanning direction is
a sawtooth signal that is composed of a repeating sequence
of 300 steps. The detailed view in the bottom right of Fig. 6
depicts two lines; the system response (red curve) is drawn
next to the reference signal (blue line). Twwo important sys-
tem characteristics can be identified. The system’s rise time
can be approximated as 6.4 usec and its settling time is
approximately 13.4 usec, which is the time needed for stabi-
lizing the row such that it is maintained at its position with-
out oscillations.

Experimental results: The control system was also
tested for a working chipset. A 10-mV step was given to the
position reference and the sensed position is observed, as
shown in Fig. 7 (left). The voltage reference and the actual
voltage across the MEMS is also shown in the figure. It is
seen that the position reaches the desired position in about
12 usec and results in a voltage overshoot of 4 V due to the
slew rate of the current in the inductor.

The chipset was also tested on a position reference
pattern emulating a complete field (Fig. 7, right). The field
is comprised of 300 rows with a dynamic range of 0.15-1.65
V and spanning of 16.6 msec.

Figure 8 demonstrates a 2-D picture of the chipset
(currently, a single red laser is used).

6 Conclusion

A novel microscanner, based on a micromirror supported by
two uncoupled rotational axes, has been developed. The design
meets the needs of a high-resolution display and manages to
significantly reduce the size and power consumption of the
device. A novel feedback-control system enables a high-
quality image, which compensates variations of physical and
geometric properties due to fabrication and environmental
effects.

The Maradin novel design of the two-dimensional
MEMS scanning micromirror implements several innova-
tive solutions in the field of actuation and control of scan-
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FIGURE 8 — Demonstration of a working projecting system at Maradin’s
lab.

ning micromirrors. These novelties enable a SVGA resolu-
tion with both interlaced and progressive scanning regimes
to eliminate inherent scanning distortions and to utilize a
high-optical-efficiency solution of laser projection for over-
all system power efficiency.
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