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Abstract: A simple yet precise optical characterization technique for beam scanning devices is
proposed. The method uses a single photodetector to measure various dynamic characteristics of
scanning devices, including frequency, scan angle, scan phase, and the mechanical quality factor,
given that the scan waveform is known. A quantitative performance analysis and a set of experimental
characterization results are presented. Experimentally 0.007 % scan angle measurement accuracy is
demonstrated and it is shown that it can be improved. Copyright © 2009 IFSA.

Keywords: MEMS, Scanner characterization

1. Introduction

Micro-electro-mechanical system (MEMS) scanning mirrors have proven to be a versatile and
effective solution for ultra-small yet high resolution display and imaging systems. This mirror is
connected to small flexures allowing it to oscillate vertically and/or horizontally to capture (imaging)
or reproduce (display) an image pixel-by-pixel allowing high resolution display and imaging systems.
The literature on microscanner technology is very rich with devices targeting head mounted displays
[1-2], hand-held projectors [3-4], endoscopic imaging/tomography [5-6], spectroscopy [7], and various
other applications. High precision, controllability, and low jitter are essential for high resolution
scanning applications; hence precise dynamic characterization and real-time monitoring of device
performance is crucial.
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Characterization and dynamic control of microscanners require a position feedback. This feedback can
be provided through various methods. Piezo-resistive sensors [8], capacitive readout [9], and
electromagnetic back-emf monitoring are some of the feedback mechanisms employed in conventional
microscanners. Characterizations of such devices only require a monitor device to observe/record the
output of the position feedback mechanism. However, most microscanners lack position feedback,
since integrating such mechanisms with the device significantly increases device complexity.
Experimental characterization of such devices requires complex external optical measurement
techniques, such as interferometry [10] or scanning and point-wise vibrometry [11].

In this paper we present a simple but high precision microscanner characterization technique that needs
a single photodetector only to simultaneously measure the frequency, scan angle and scan phase of an
oscillating microscanner, assuming that the scan waveform of the scanner is known. This principle can
be applied to characterization of microscanners with sinusoidal oscillation or polygon type scanners
with linear velocity, and can easily be integrated into miniaturized scanning engines for precise
position control. In addition, the same technique can also be used for damping characterization.
Section 2 describes the general layout of the measurement system, the measurement principle.
Experimental amplitude, phase and damping measurements are also included.

2. Measurement Setup

A simple schematic measurement system is given in Fig. 1a. Fig. 1b shows the layout of the required
electronics and the scanner drive. Main measurement device is a Hamamatsu S5049 bi-cell
photodetector placed on the scan line of an oscillating microscanner. This is a widely available photo-
IC used for print start timing detection for laser printers, and copiers. Each crossing of a laser beam
from the detector creates a digital pulse whose rise-time is independent of the size and the speed of the
laser beam. While the microscanner is oscillating, the output of the photodetector is a periodic train of
short pulses. Fall time of the detector output is independent of scanner frequency, scan-angle and spot
size, and is equal to 20 ns. The output of the detector is fed into the clock input of two toggle-mode
negative edge-triggered J-K flip-flops, one of which is always active (for scan amplitude
measurement), and the other is activated in sync with the scanner drive signal (for phase
measurement). Therefore, the amplitude flip-flop changes state at each detector pulse (Fig. 3c), while
the phase flip-flop changes state once every two detector pulses (Fig. 3e). Both flip-flops produce a
square wave with different duty cycles. Characteristics of device oscillations can be extracted by
performing different waveform measurements on the signals produced by the flip-flops. Next we
discuss how dynamic response and quality factor measurements for microscanners are performed. For
the test measurements, slow axis of a 2D electromagnetically actuated MEMS microscanner developed
for a head mounted display application is used (Fig. 2).

2.1. Scan Angle Measurement

In the scan angle measurement configuration, the photodetector is placed at an off-center point on the
scan line. Hence, the duty-cycle of the square waveform produced by the amplitude flip-flop is not
50 % and depends on the position of the detector on the scan line and the optical scan angle. Assuming
oscillations are purely sinusoidal —a very good approximation for MEMS microscanners due to their
high quality factors—, the optical scan angle can be computed using angle between the center of the
scan line and the photodetector and the flip-flop output waveform parameters.
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Fig. 1. (a) Microscanner Characterization Setup (PD: Bi-cell photodetector); (b) Microscanners are driven by
signal generator via the GPIB interface, and frequency, and drive voltage domain response of a microscanner
can be obtained automatically.

Vertical scan Herizental scan
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Drive P
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Fig. 2. Electromagnetically driven 2D torsional microscanner [2].

The time required for the beam to travel from the center of the scan line onto the detector (o) is given
by (the timing convention used for the derivation is shown in Fig. 3):

toj@“*j, (1)
2

where, o) is the measured duty cycle of the amplitude flip-flop output, and T is the measured
oscillation period. The ratio between the detector position () and the maximum zero-to-peak optical
scan angle (6) can then be computed using (1) and Fig. 3:

% = sin(%r—”toj = sin(% - 7[51] )

Equation (2) states that the scan angle depends only on the detector angular position and the duty cycle
of the amplitude flip flop output square-wave. Therefore, the accuracy of the measurements is
determined by the precision of the measurement of these two factors.
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Fig. 3. Timing convention (a) Scanner Position, (b) Bi-cell Photodetector Output, (c) Flip-flop Output for
Amplitude, (d) Scanner Drive Sync Signal (e¢) Phase Flip-flop output for Phase.

Calibration: The size of the scan line and scanner-detector separation (L and R in Fig. 1a) is initially
measured manually with a ruler or caliper to determined. Then, the detector is placed onto the scan
line, close to the center, so that minimum measurable scan angle is minimized. & is then computed by
the software from the measuredé, ty and o; using (2). Since a long scan line can be measured quite
accurately, the ambiguity introduced by the calibration error is rather small. For integrated
measurements, the detector position can initially be set for once with high precision.

Duty cycle measurement: Frequency, phase and duty-cycle of the flip-flop output may be measured by
an oscilloscope or by a PC with DAQ interface. Either way, an analog-to-digital conversion of the
waveform is to be performed. Discretization of the waveform introduces an error to the duty cycle
measurement. Average error in measuring o, T product for N measurements is equal to

ot 3)

*
N 1:sampling

Ambiguity that arises due to this error can be computed using (3):

sin(z_l_ﬂ (t, + g)j “)

Equation 4 indicates that A/D conversion error is related to the scanner frequency and the sampling
rate. For small /0 values, measurement error is relatively high; as &/&approaches unity measurement
error decreases significantly. Averaging is also very effective in reducing the measurement error,
especially for characterization purposes, where measurement time is of secondary importance
compared to accuracy. Even for real-time applications, averaging is acceptable if time constants of
changes (temperature, humidity, pressure) are large in comparison to the averaging time, as it is for
displays, spectrometers, and barcode readers.
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Discretization is the fundamental source of ambiguity for small scan angle or low sampling rate
measurements. The effect of discretization can be eliminated by analog measurement of the duty cycle
of the flip flop outputs. A true RMS-to-DC converter IC (Analog Devices AD536A) was employed for
analog measurement of the duty cycle. The output of the flip flop was fed to the converter. Then, the
duty cycle of the flip flop output was calculated from the measured rms value. In this technique the
error limits are determined by the characteristics of the converter, and strongly depend on the
peripheral circuitry and the duty cycle of the signal to be measured. Table I is a list of theoretical and
experimental measurement errors for different detector positions and sampling frequencies without
averaging. For digital sampling method, the measurement error is reduced by increasing the sampling
rate and the offset ratio. Accuracy of the analog method, however, does not depend on these factors
and is limited only by the measurement error of the RMS-to-DC converter. The measurement accuracy
can be improved by using a faster photodetector and by placing the detector near the edge of the scan
line. Further improvements are possible by averaging multiple cycles and the signal generated can be
used for closed-loop control of the scanner. The accuracy of the scan angle and phase measurement
can be increased to be in the order of 1/10,000 as demonstrated in high-resolution printing
applications.

Table 1 presents digital and analog noise levels for two different offset ratios and three different
sampling rates. The theoretical digital noise levels are calculated using (4). The digital noise is found
by measuring the standard deviation of the pulse width in a number of periods and dividing it by the
mean pulse width. The analog noise is found by measuring the standard deviation of the mean dc level
over a number of periods and dividing it by the mean of the mean dc level. As can be interpreted from
the Table 1, the higher the sampling ratio the better the precision is; and as aimed the analog digital
level is not affected by the sampling ratio.

Table 1. Theoretical and experimental measurement error for different detector positions
and sampling frequencies.

ADC Rate Offset Ratio Fre((i_}lze)ncy ( th:?);%]l}aNl= 5) Digital (exp) | Analog (exp)
1 Ms/sec 0.1 406 0.5 % 0.55% 0.043 %
2 Ms/sec 0.1 406 0.2 % 0.18 % 0.037 %
5 Ms/sec 0.1 406 0.1 % 0.13 % 0.046 %
1 Ms/sec 0.9 406 0.024 % 0.036 % 0.031 %
2 Ms/sec 0.9 406 0.008 % 0.015 % 0.035 %
5 Ms/sec 0.9 406 0.004 % 0.007 % 0.026 %

Proposed measurement technique can be adapted to different device response characterization
experiments. Frequency response of a microscanner device can be obtained by sweeping the scanner
excitation frequency quasi-statically with constant or adaptive steps, and recording the scan angle of
the device at each step. For excitation-amplitude response experiments, same procedure can also be
applied. For both measurements, the user should pay attention to wait long enough before taking data
at each step, so that the device reaches steady state after the frequency or voltage is updated.

2.2. Phase Measurement

A phase measurement method is developed by using a square wave with 50 % duty cycle, which has
the same frequency and the same phase with the driving signal. Such a signal is often available from
signal generator trigger outputs. The square wave is fed to the Clear  input pin of the flip flop. Thus,
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the output became dependent on both the crossing time of the bi-cell and the fall time of the input
signal. The phase difference between the driving input and the microscanner scan angle can be derived
from the duty cycle of the flip-flop output.

27z T
@:?(E—QT—tO), (5)

where @ stands for the phase difference between the drive signal and the microscanner scan angle, o, T
is the new duty-cycle and period product, and ty is as defined in Eq. (1). The presence of the offset t,
brings some limitations to the possible measurable phases which can be found as:

27 2z T
?to < (Dmeasurable < ? (3 - t0) (6)

If the amplitude measurement is not required, then the photodetector can be placed in the middle of the
scan line, i.e., t,=0 and the phase computation can be simplified as:

d=r(1-20,) (7)
For this case, full span, from 0 to © phase difference, can be measured.

This phase measurement technique can be employed for closed-loop control of the scanner using the
phase feedback, which allows the control via phase-lock-loop (PLL).

Fig. 4 illustrates the amplitude and phase of the frequency response of a torsional scanner shown in
Fig. 2 measured with the proposed technique. The frequency response for nonlinear/hysteretic systems
can also be measured with this technique [12].
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Fig. 4. Amplitude and phase of the frequency response of a MEMS scanner measured with the proposed
technique. (a) Broad range measurement with offset ratio = 0.1 (b) Measurement around the resonance peak
with offset ratio = 0.9. The measured device is the slow axis of a 2D electromagnetically actuated MEMS
microscanner developed for a head mounted display application [2].
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2.3. Damping Measurement

For linear underdamped systems, the easiest method to determine the quality factor of the system is
using the 3 dB bandwidth ‘Af’ of the frequency response, illustrated in Fig. 4a. The 3 dB bandwidth
and the quality factor are related through the following expression.

24, f, f
Q=—b °=ﬁ, (8)

where b is the damping factor and I, is the effective mass moment of inertia of the scanner [13].

For an unforced microscanner with sufficient mechanical mode separation and pure velocity dependent
damping, the scan angle can be expressed as

O(t)=e %6, cos(2x f t + ), 9)

where, £ is the decay rate of the oscillations, & is the initial maximum scan angle, fy is the damped
natural frequency, and ¢ is an arbitrary phase factor.

Fig. 5 shows the damped oscillations together with the flip-flop output signal when the detector is
placed at &. Damping of a scanner can be determined with this setup in two different ways. As 8
decreases due to damping, duty-cycle of the flip-flop output shrinks. By evaluating the scan angle
using (2) for every period in Fig. 5, a sequence of exponentially decaying angle values are obtained.
Decay rate of the oscillations can be computed by fitting a negative exponential to this sequence. Thus,
the damped oscillation can be expressed in the form of (9). This method requires the storage and non-
real-time processing of flip-flop output. This method is particularly useful in damping characterization
of low-Q (e.g., Q<100) devices. Damping measurement result for the same microscanner is given in
Fig. 6. The quality factor was measured to be 61.57, while the reference measurement result performed
with a Laser Doppler Vibrometer (LDV) is 61.60.
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Fig. 5. Damped oscillations of an unexcited microscanner, and corresponding amplitude flip-flop output.
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Fig. 6. Experimental damping measurement results. Scanner drive signal is stopped and simultaneously the
amplitude flip-flop output is recorded with a data acquisition card. Then, for each period, the scan angle is
computed from its duty cycle. This procedure can also be performed in real time using a timer circuit.

For high-Q scanners, a simpler technique can be used. It takes many cycles for this type of devices to
settle. Therefore the time required for € to scale down to & can be approximated by the number of
periods of the square-wave times the damped oscillation period. This method introduces a fractional
time measurement error in the order of 1/Q. For high-frequency scanners, Q is often large and the error
is negligible.

3. Conclusions

A simple yet precise characterization technique is demonstrated for microscanners to measure scan
amplitude and phase, damping, and frequency response assuming the deflection waveform is a
sinusoid. The setup utilizes a single photodetector and a data analysis interface. For laboratory
experiments, this interface may be GPIB or DAQ. Proposed measurement method can also be
integrated with a miniaturized scanning engine, in which data analysis can be simply performed by a
microcontroller. Main advantages of the technique are simplicity, spot-size independent detection, and
flexibility. In addition to scanner characterization, the technique can be used to provide amplitude or
phase feedback for closed-loop control of scanning systems. The accuracy of the scan angle and phase
measurement can be increased to be in the order of 1/10000.
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