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Abstract The optical scanner is one of the most
important components in free-space optical communica-
tions, airborne and space-based lidars, adaptive optics, and
so on. The performance of an optical scanner is frequently
limited by the presence of mechanical resonances. This
paper presents an analog notch filter with adjustable
function to reject the mechanical resonances of the optical
scanner. First of all, the structure and work principle of the
piezoelectric optical scanner are introduced. Furthermore,
the frequency sweep method based on virtual instruments
is used to gain the natural frequency of the piezoelectric
optical scanner. Then, the notch filters in series are used to
reduce the oscillation of the scanner at the resonance
frequencies. A variety of scanning experiments were
carried out. After the introduction of the notch filter, the
non-linearity was reduced to �1.1% from �2.1%. The
linearity performance was greatly improved.

Keywords piezoelectric optical scanner, mechanical
resonance, swept-sine waveform generator, notch filters,
scan non-linearity

1 Introduction

Laser scanning technology is a technology which makes
laser beams deflect, move, and scan. The device achieving
laser scanning is called a laser scanner. Many types of
scanners, such as galvanometer scanners, rotating mirror
scanners, fast steering mirrors (FSMs) driven by piezo-
electric actuators or voice coil actuators, are developed for
laser scanning. Rotating mirror scanners have high
resonance frequencies and large deflection angles, how-
ever, non-linearity errors caused by the radius difference
and pyramid errors caused by non-parallelism of each
plane limit their applications [1]. Galvanometer scanners
are used in many scanning systems, but they cannot work
at high frequency [2]. FSMs driven by voice coil actuators

usually have large deflection angles but they have low
resonance frequencies and high power consumption [3].
Traditional FSMs driven by piezoelectric actuators usually
have high resonance frequencies but they have small
deflection angles [4].
An optical tip-tilt actuator based on amplified piezo-

electric actuators (APAs) was developed by Claeyssen et al.
[5–8]. It has a resonance frequency of more than 1 kHz and
a mechanical scan angle with 12 mrad. The scan angle is
larger than that of traditional piezoelectric-actuated FSMs
due to the special structure of the tip-tilt actuator. In most
cases, the scanning system needs a laser scanner with
characteristics such as fast linear scanning, small size and a
small rotational inertia moment. A laser scanner driven by
APAs has also been designed.
Many factors impact the linearity of the piezoelectric

optical scanner. Hysteresis non-linearity is the major
limitation in open-loop operation of piezoceramic actua-
tors used in high-precision displacement applications.
Many techniques have been designed to compensate for
the hysteresis, such as the generalized preisach model [9].
This paper does not describe these methods in detail. After
compensating for the hysteresis, the high-order harmonics
near mechanical resonance frequencies which will excite
oscillations of the scanner become the major factors that
affect the scan linearity. The linearity performance of the
piezoelectric optical scanner is frequently limited by the
presence of mechanical resonance [10].
To summarize, the basic problem herein is to reduce the

oscillation of the scanner system at the resonance
frequencies. In this paper, an analog notch filter has been
designed to solve this problem.

2 System design of piezoelectric optical
scanner

The piezoelectric laser scanner consists of the components
shown in Fig. 1(a): base, elastic shell, piezoelectric ceramic
stack, resistance strain gauge, elastic hinge support and
mirror. The APA is made up of the elastic shell and
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piezoelectric ceramic stack. The mirror is bounded at the
top plane of the symmetrical elastic hinge support which is
bolted on one side of the two elastic shells using screws.
The other side of the two elastic shells is fixed to the base.
The elastic shell can be used to prestress piezoelectric
ceramic stacks and prevent ceramics from working in
tensile stress. Resistance strain gauges are bounded at the
outside of each piezoelectric ceramic stack.
The schematic structure of the piezoelectric laser

scanner is shown in Fig. 1(b). The two piezoelectric
ceramic stacks can extend to the same length by applying
the same voltage. The displacement on contraction is
several times larger than extension. The opposite voltage
can make the stacks do the opposite movement so that the
mirror on the top plane of the flexure support rotates
around the axis. The displacement amplification and the
parallel arrangements provide a larger tilt angle than the
traditional piezoelectric-actuated scanners. The resistance
strain gauge and external circuit resistance constitutes a
bridge circuit. Voltage difference is created when the
voltage applied to one APA increases and to another APA
decreases. The difference can indirectly reflect the angle
change of the piezoelectric laser scanner.

3 Performance testing of laser scanner

A block diagram of the performance test bench is shown in
Fig. 2(a). The static and dynamic performances of the laser
scanner are measured on the test bench (Fig. 3). In the
performance testing, the system’s input is the voltage wave
generated by the wave generator, and the system’s output
is the deflection angle of the scanner. The control circuit is
not used in the static and dynamic performance tests, but it
is used to improve the scanning linearity of the laser
scanner. The scanning linearity is different from that in
static performances, and it is the linearity of the scanned
path at linear scanning. It reveals the extent of deviation of
the scanned path to the estimated triangle waveform path.
The scanning linearity changes according to the scanning

frequency. The relation of optical deflection angle and the
driving voltage is shown in Fig. 3(a). As can be seen in
Fig. 3(a), the hysteresis behavior of the piezoelectric
ceramic is obvious and it will affect the scanning linearity
of the laser scanner.
The scanning non-linearity of a point in the scanning

waveform is defined in Fig. 3(a). The definition of the
scanning non-linearity is

Nnonl A ¼ Δ�
�max

, (1)

where �max is the maximum optical deflection angle.
The frequency sweep method based on virtual instru-

ments is used to gain the natural frequency of the
piezoelectric optical scanner (Fig. 2(b)). Swept sine
waves are useful when we want to test a product over a
wide frequency range [11]. We create a swept sine function
in the National Instruments’ LabView with one VI (virtual
instrument). The LabView frequency sweep program
gradually increases the clock frequency of the system,
and the output frequency of the data acquisition card will
gradually increase. The LabView software calculates an
array of numbers that represent the swept-sine-wave time
series at each sample point as the frequency increases. The
frequency change of the output must be handled on a point-
by-point basis. Swept sine waves are used to test the
piezoelectric optical scanner over a wide frequency range.
The magnitude-frequency response of the piezoelectric
optical scanner is obtained through another LabView
acquisition program. The magnitude-frequency response
reveals that the primary resonance frequencies are the first
two resonance frequencies, which are 2000 and 2445 Hz,
respectively (Fig. 3(b)).

4 Notch filter design for piezoelectric
optical scanner

The triangle wave is composed of many high order
harmonics. The Fourier series of a triangle wave is given as

Fig. 1 Piezoelectric scanner. (a) Structure; (b) work principle
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f tð Þ ¼ E

2
þ 4E

ðnπÞ2
X1
n¼1

sin2
nπ
2

� �
cos nωtð Þ, (2)

where E is the amplitude of the triangle wave.
The odd harmonics near mechanical resonance frequen-

cies will excite oscillations of the laser scanner. If the
frequency of the triangle wave frequency is above 50 Hz,
the laser scanner starts to oscillate evidently due to its
mechanical resonance. As shown in Fig. 3(b), the first two
resonance frequencies are major influential factors on the
oscillation. Two notch filters in series are used to reduce
the oscillation amplitude of the scanner system at the first
two resonance frequencies, thus reducing the oscillation.
Because the resonance at the frequency of 2000 Hz
degrades the linearity seriously, the stronger attenuation
is needed here. Figure 4 is the schematic of the single notch
filter used to reduce the oscillation [12]. This paper will
describe its principles in detail.
From Fig. 4, functions of the circuit can be obtained

from the ideal operational amplifier’s two important

characteristics, Kirchhoff’s current law (KCL) and
Kirchhoff’s voltage law (KVL). Equations (3)–(7) are the
Laplace transform of these functions:

Vin

R1
þ V3

R4
þ V1

R2
¼ 0, (3)

V1

R3
þ V4

R6
þ sV2C1 ¼ 0, (4)

V2

R5
þ V3

R7
¼ 0, (5)

V3

R8
þ sV4C2 ¼ 0, (6)

Vout –
VinR9

R9 þ R10
þ V3R10

R9 þ R10

� �
1þ R12

R11

� �
¼ 0, (7)

Fig. 2 Block diagram. (a) Performance test bench; (b) swept-sine waveform generator

Fig. 3 Piezoelectric optical scanner. (a) Static performance; (b) dynamic performance
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where R2 = 13 kΩ, R3 = 65 kΩ, R5 = R7 = 50 kΩ, R9 = R10 =
R11 = R12 = 10 kΩ, and C1 =C2 = 79.575 pF. Substituting
Eqs. (3)–(6) into Eq. (7) yields the transfer function of the
circuit:

G sð Þ ¼ Vout

Vin
¼

s2 þ s 1 –
R4

R1

� �
ω0

Q
þ ω2

0

s2 þ s
ω0

Q
þ ω2

0

, (8)

where ω0 and Q are the characteristic angular frequency
and equivalent quality factor of the circuit, respectively.
The characteristic corner frequency, whose dimension unit
is rad/s, and the equivalent quality factor are found as
follows:

ω0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

R6R8C
2

s
, (9)

Q ¼
ffiffiffiffiffiffiffiffiffiffiffi
1

R6R8

s
R3

R2
R4, (10)

where C ¼ C1 ¼ C2. From Eq. (9), we can get the filter’s
center frequency, which is given by

f0 ¼
ω0

2π
¼

ffiffiffiffiffiffiffiffiffiffiffi
1

R6R8

s
2� 109
� �

: (11)

The unit of f0 is Hz. For a different frequency, the
parameter settings of R6 and R8 are different. Therefore, for
2000 Hz, the resistivity of R6 and R8 is 1000 kΩ, while for
2445 Hz, the resistivity of R6 and R8 is 818 kΩ. In the
circuit, we use a variable resistor (R6 and R8) to fit the
needs of different frequencies.
Substituting s ¼ jω into Eq. (8) gives

G ωð Þ ¼
1 –

R4

R1

� �
þ jQ

ω
ω0

–
ω0

ω

� �

1þ jQ
ω
ω0

–
ω0

ω

� � : (12)

The formula above shows that the circuit is a notch filter.
Notice that Gð0Þ ¼ 1, Gð1Þ ¼ 1. The transfer function of
the notch filters in series is given as follows:

G sð Þ ¼ G1 sð Þ � G2 sð Þ ¼ s4 þ 1256 s3 þ 3:95� 108 s2 þ 1:984� 1011 sþ 3:745� 1016

s4 þ 5575 s3 þ 4:027� 108 s2 þ 1:123� 1012 sþ 3:745� 1016
: (13)

We can obtain the magnitude-frequency characteristic of
the circuit by plotting the magnitude of the transfer
function as the frequency varies. The magnitude of GðsÞ is

20log10
GðωÞ
G0

				
				

¼ 20log10

1 –
R4

R1

� �
þ jQ

ω
ω0

–
ω0

ω

� �

1þ jQ
ω
ω0

–
ω0

ω

� �
								

								
: (14)

Figure 5(a) shows the magnitude plot of the transfer

function. From Fig. 5(a), we can find that the results of the
center frequency and the attenuation are originally envisaged.
Figure 5(a) is an ideal situation in which all resistors

have no error. Substituting ω ¼ ω0 into Eq. (14), we can
find the gain at the center frequency by finding the
magnitude of the transfer function at ω0, as

20log10
Gðω0Þ
G0

				
				 ¼ 20log10 1 –

R4

R1

				
				: (15)

The larger attenuation is needed for 2000 Hz, so resistor
R1 and R4 should both be 1000 kΩ. For 2450 Hz, resistor
R1 and R4 should be 2000 and 1000 kΩ, respectively.

Fig. 4 Schematic of single notch filter
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If R1 needs to be equal to R4, corresponding to 2000 Hz,
we find that the gain at the center frequency ω0 is impacted
by the resistance nuances between R1 and R4. Resistor
tolerance is assumed as P. If the resistance tolerance P is 1‰,
then 1 –R4=R1j j will be 0.001. We can get that the gain at
the center frequency will be – 60 dB. If the resistance
tolerance P is 0.005, then 1 –R4=R1j j will be 0.005. The
gain at the center frequency will be – 46 dB. As shown in
Fig. 3, the absolute value of the gain decreases when the
resistance difference increases. In order to get a large
attenuation at the center frequency, we should strictly filter
the resistance.

5 Experimental results

PSpice is a useful tool for obtaining the frequency response
of circuits. The frequency response is obtained using the
AC Sweep. We let the input voltage Vin be a sinusoid of
amplitude 1 V. After simulating the circuit, we set the
probe window to display the plots of 20log10ðVout=VinÞ, as

shown in Fig. 6(a). Notice that the plots in Fig. 6(a) are
similar to those in Fig. 5(a). The simulation results comply
with the principles analyzed above.
Notch filters described in Fig. 4 are implemented in

hardware circuits. The magnitude-frequency response of
the notch filter is also obtained through the same method as
mentioned above. The magnitude-frequency characteris-
tics of the notch filter tested is shown in Fig. 6(b). We find
that the center frequencies of the two notches are slightly
offset because of the resistance tolerance of R6 and R8.
Besides the offset, the first two resonance frequencies are
obviously restrained by the filter.
We carried out a variety of frequency scanning

experiments. Scanning waveforms and non-linearities
with and without notch filters at 100 Hz is shown as
Fig. 7. Because of the existence of the resonance
frequencies, non-linearity was still around �2.2% after
hysteresis compensation. It remained as the shortcoming
for the situation which required high linearity. After the
introduction of notch filters, the amplitude of the scanner
system at the resonance frequencies was restrained and the

Fig. 5 Ideal transfer function. (a) Magnitude-frequency characteristic; (b) resistance difference impact on the gain at center frequency

Fig. 6 Notch filter in series. (a) Pspice simulation result; (b) magnitude-frequency characteristics measured
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non-linearity was reduced to �1.1%. The linearity
performance was greatly improved.

6 Conclusion

In this paper, a compact optical scanner which is based on a
pair of amplified piezoelectric actuators is designed. The
test results show that the laser scanner has high mechanical
resonance frequencies. The factors influencing the scan-
ning linearity are analyzed.
A notch filter has been designed to restrain the

oscillations that are caused by the mechanical resonances
of the scanner after compensating for the hysteresis by a
feed-forward controller. The piezoelectric scanner
described in this paper has been greatly improved
compared to a traditional piezoelectric scanner. There is
a wide range of applications of the method in suppressing
mechanical resonances not only in the field of piezoelectric
optical scanners.
The scanner also has other advantages, such as low

moment of inertia, small size, simple structure, and low
power consumption.
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