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In this paper, 10 resonant modes were divided based on the structure of a specific two-dimensional electromagnetic micromirror
from Professor Shen’s team and Finite Element Method (FEM), and using as many as 10 resonant modes to do such analysis was
the first time according to the best of our knowledge. ,e results showed that the slow axis can participate in several resonant
motions under the signals of resonant frequencies. In particular, participating in Mode 1 for slow-scan axis was the key reason to
the instability of Vertical Refreshing Scanning (VRS) in raster scanning. In addition, a piecewise PID control based on filters
design for this electromagnetic micromirror was proposed to suppress the unexpected resonant oscillation and to improve the
angular positioning accuracy in slow-scan axis control. Finally, the proposed method was applied to electromagnetic micromirror
stages, and the experimental results showed that the proposed approach was reliable.

1. Introduction

Micromirror is a MEMS (Micro-Electro-Mechanical Sys-
tem) device, which is widely used in optical communication,
head-worn display, LIDAR (Lighting Detection and Rang-
ing), projector, and medical imaging detection [1–9]. ,ere
are four main types of micromirrors in driving manners,
including in electrostatic micromirror [3, 10], piezoelectric
micromirror [11], electro-thermal micromirror [12], and
electromagnetic micromirror [5, 6]. Among them, electro-
static micromirror is well developed for use by ,omas
Bifano and Texas Instrument Inc. ,omas Bifano reported
an array of electrostatic actuator shaping the mirror [4],
while Texas Instrument Inc. was dedicated to developing an
array of aluminum micrometer-sized mirrors, in an or-
thogonal layout for full HD projector and display [13].
Electromagnetic micromirrors are outstandingly of many
advantages, such as lower power consumption, smaller size,
and larger deflection angle [7, 14, 15]. So an electromagnetic
micromirror was chosen to discuss in this paper.

Ji et al. [16] proposed a two-dimensional electromagnetic
micromirror using single turn coil and radial magnetic field
from concentric magnet assembly in 2007, which was the
first paper reported on this topic. Design and fabrication of
this electromagnetic micromirror and 6 vibration modes
were focused on in their paper, and the control was located
in open loop control. Chen et al. [5] reported a two-di-
mensional scanning micromirror electromagnetically driven
for slow-scan axis and harmonically driven for the fast-scan
axis with larger mechanical angles up to ±7.5∘ and ±12.5∘,
respectively. Structure and fabrication of the electromag-
netic micromirror and the sensitivity of piezo-resistive
sensor were emphasized to study, but control is still in open
loop control. Steve et al. [17] focused on Newton’s method to
determine the harmonic coefficients of the two-dimensional
electromagnetic micromirror, but controlling the mirror
deflection to correctly produce the desired angular motion
presented a significant engineering challenge. Han et al. [18]
proposed a new electromagnetic micromirror of unique
current paths and gimbal geometry to provide independent
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2-DOF (degree-of-freedom) actuation capability and large
mechanical half scan angle up to ±6.43∘ and ±4.2∘, and PID
control and a low-pass filter (LPF) were used in their re-
search. However, the rings from driving coils of two axes
were difficult to be eliminated.

,erefore, based on the structure of an electromagnetic
micromirror supported by patents [19–22] from Prof.
Wenjiang Shen’s team, 10 resonant modes were divided to
estimate the resonant frequencies for the first time in this
paper. ,e results showed that the slow axis participated in
several resonant motions under the signals of resonant fre-
quencies, which were the key reasons for the instability in
slow-scan axis control of this two-dimensional electromag-
netic micromirror. Modal analysis of this electromagnetic
micromirror was presented, and resonant frequencies were
acquired. ,en, a piecewise PID controller with filters was
designed to improve the performances of this instability.
Finally, the proposed methods were applied to an electro-
magnetic micromirror platform to determine their reliability.

2. Modal Analysis of
Electromagnetic Micromirror

Structure of this electromagnetic micromirror is shown in
Figure 1. ,e inner frame is connected to the outer frame
through slow beams (Beam 1 and Beam 2). Ellipse micromirror
and ellipse reinforce ring are connected to the inner frame
through quick beams (Beam 3 and Beam 4). Four-Terminal
Piezo-resistive Sensors (FTPSs) [23] are designed at the end of
Beam 2 and Beam 4, respectively. In the beginning, a magnetic
flux density B is applied externally with 45° to both the quick
beams and the slow beams. Meanwhile, the beams, outer frame,
inner frame, ellipse reinforce ring, ellipse micromirror, and
FTPSs are in the same plane. Quick beams are perpendicular to
slow beams. Beam 1 and Beam 2, Beam 3 and Beam 4 are
symmetrical, respectively, and they are not in torsion.m turns of
DACs (Driving Au Coils) are formed elliptically on the inner
frame to drive this electromagneticmicromirror by current flow.
Since current flow in a wire results from motion of charges in
this wire, a wire with current placed in a magnetic field where
directions of current and electromagnetic cannot parallel exerts
magnetic forces. For a differential length dl, of a wire of current
I
→

placed in a magnetic field B
→
, the force d F

→
[24] is given by

d F
→

� I
→

dl × d B
→

, (1)

where × is a cross product. Combining with (1), an elec-
tromagnetic torque Te that DACs generate under B
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shown as follows:
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where r
→

j1
is the distance between unit length of the coil and

the rotation axis on the j1 th coil (j1 � 1, . . . , m), the

innermost elliptical Au coil is the first coil, and the outer-
most elliptical Au coil is the m th coil. Lj1

is the closed path
where current is running through on the j1 th coil
(j1 � 1, . . . , m), and θ is the angle between I

→
and B

→
. El-

liptical ring 1 and elliptical ring 2 are under ellipse
micromirror and inner frame, respectively.

Based on this structure (Figure 1) together with the main
properties of this electromagnetic micromirror shown in Ta-
ble 1, 10 resonantmodes (Figure 2) are divided throughANSYS
Workbench [18] in FEM, and the characters of modal analysis
are shown in Table 2, which shows a detailed description of the
10 kinds of movements corresponding to Figure 2.

Among motions in Figure 2, Mode 1 and Mode 6 are
usually used in Lissajous scanning as main operations, but
they are hard to be controlled [13]. Different from Lissajous
scanning, in this paper, raster scanning [1] is applied
(Figure 3), which can avoid rings caused by driving coils for
the fast axis and the slow axis. Sine is a signal of single
frequency. Any signal, such as triangular waves, step signals,
and so on, can be thought of as a composite of many sine
signals of different amplitudes and frequencies [25]. If these
signals of different frequencies as the input signals inspired
the resonant motions shown in Figure 2, the triggered
ringing effects could also occur. To avoid this phenomenon,
sine signal is chosen as the input voltage. Sine signal of a high
frequency in the horizontal direction called Horizontal Fast
Scanning (HFS) is given; meanwhile, sine signal of a low
frequency in the vertical direction called Vertical Refreshing
Scanning (VRS) is supplied. Mode 6 is used as the quick-scan
axis and is called HFS in raster scanning; DACs mentioned
in structure description of the electromagnetic micromirror
is used as the slow-scan axis and is called VRS in raster
scanning. ,e analysis results show that the slow axis par-
ticipates in many resonant motions under the signals of
resonant frequencies (Figure 3 and Table 2). Combined with
the FEM (Figure 2), in VRS control, when the slow-scan axis
operates in a noisy environment with resonant frequencies
shown in Table 2, ten resonant motions are inspired to
destroy raster scanning, which means that the key to stable
control of electromagnetic micromirror is the stability of

Outer frame

Beam 2 Beam 4

Ellipse reinforce ring
Ellipse micromirror

Beam1

Beam 3Ellipse ring 2

Inner frame
Ellipse ring1

DACs (Driving Au Coins)

45°

21

1,2 four-terminal piezoresistive sensor

Figure 1: Structure of electromagnetic micromirror.
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Table 1: Main properties of electromagnetic micromirror.

Mirror material Effective mirror size (mm2) Coil material Coil number
Si 1.2×1.1 Au 10

33469 max
29751
26032
22313
18594
14875
11156
7437.6
3718.8
0 min 0.000 3.500 7.000 (mm)

5.2501.750

X
Y

Z

(a)

72793 max
64705
56617
48529
40441
32353
24264
16176
8088.1
0 min 0.000 3.500 7.000 (mm)

5.2501.750

X
Y

Z

(b)

17356 max
15427
13499
11571
9642.1
7713.7
5785.3
3856.8
1928.4
0 min

0.000 3.500 7.000 (mm)
5.2501.750

X
Y

Z

(c)

32525 max
28911
25297
21683
18069
14455
10842
7227.7
3613.8
0 min 0.000 3.500 7.000 (mm)

5.2501.750

X
Y

Z

(d)

17626 max
15668
13709
11751
9792.2
7833.8
5875.3
3916.9
1958.4
0 min 0.000 3.500 7.000 (mm)

X
Y

Z

5.2501.750

(e)

32593 max
28794
25195
21596
17996
14397
10798
7198.5
3599.3
0 min 0.000 3.500 7.000 (mm)

5.2501.750

X
Y

Z

(f )

35335 max
31409
27483
23557
19631
15705
11778
7852.3
3926.1
0 min

5.2501.750

0.000 3.500 7.000 (mm)
5.2501.750

X
Y

Z

(g)

58473 max
51976
45479
38982
32485
25988
19491
12994
6497
0 min 0.000 3.500 7.000 (mm)

5.2501.750

X
Y

Z

(h)

Figure 2: Continued.
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Table 2: Characters of modal analysis.

Modes Resonant frequencies
(Hz) Motions

Mode 1 770.97 Inner frame, slow beams, ellipse micromirror, ellipse reinforce ring, quick beams, elliptical ring 1, and
elliptical ring 2 were taken as a whole (W1) and rotate around slow beams

Mode 2 1523.9 Motion of W1 is perpendicular to the outer frame plane
Mode 3 2786.6 Motion of W1 is horizontal in the outer frame plane and is perpendicular to original slow beams
Mode 4 5150.2 W1 is rocking around the quick beams
Mode 5 5487.9 W1 revolves around its center in outer frame plane

Mode 6 16309 Ellipse micromirror, ellipse reinforce ring, quick beams, and elliptical ring 1 taken as a whole (W2)
rotate around the quick beams

Mode 7 21711 W2 and inner frame with slow beams are vertical motions which are perpendicular to the outer frame,
while their directions are opposite

Mode 8 50074 Motion of inner frame is horizontal along the original slow beams, while W2 rotates around quick
beams and ellipse reinforce ring may cause some distortions which are not recovered

Mode 9 52054 W2 rotates around the slow beams

Mode
10 62000

Edges along the slow beams and edges along the quick beams both in the inner frame are folding and
unfolding at the same time, while in the opposite direction they may cause some distortions which are

not expected

Horizontal Fast Scanning

Vertical Refreshing Scanning
8

6

4

2

0

–2

–4

–6

–8
–0.1 –0.08 –0.06 –0.04 –0.02 0 0.02 0.04 0.06 0.08 0.1

×10–3

Figure 3: Principle of raster scanning.

27972 max
24864
21756
18648
15540
12432
9324.1
6216.1
3108
0 min 0.000 3.500 7.000 (mm)

5.2501.750

X
Y

Z

(i)

1.1381e5 max
1.0117e5
88521
75875
63230
50584
37938
25292
12646
0 min

0.000 3.500 7.000 (mm)
5.2501.750

X
Y

Z

(j)

Figure 2: Ten resonant modes of electromagnetic micromirror. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f ) Mode 6. (g)
Mode 7. (h) Mode 8. (i) Mode 9. (j) Mode 10.
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controlling slow-scan axis. In this research, slow-scan axis
control is focused on, and filters of the slow-scan axis are
designed to give a solution to this issue.

3. Filters Design

Although there are many noise removal methods such as
m-derived filtering, Butterworth filters, and elliptical filters
[26], two issues of filtering for electromagnetic micromirror
in this paper should be briefly discussed. One is that the
designed filtering must effectively eliminate noise with
frequencies close to that in ten modes to avoid vibrations of
the electromagnetic micromirror. In particular, environ-
ment noise of frequencies near mode 1 should be filtered to
ensure the reliability of slow axis control in laser scanning.
Another is that the effectiveness of the signal must be en-
sured under no phase distortion to realize closed-loop
control in slow-scan axis control for electromagnetic
micromirror better. So, secondary filtering is developed.
First filtering, equal-ripple low-pass filtering, would filter
these noises with resonating frequencies effectively. Second
filtering, zero-phase filtering, would preserve the features of
the feedback signal at the exact location where they occur
and would avoid a phase distortion.

In slow-scan axis control, noise with frequencies close to
the resonant frequencies in ten resonant modes can inspire
unexpected vibrations of the electromagnetic micromirror
(Table 2). ,e actual resonant frequency fac1 of electro-
magnetic micromirror in Mode 1 is derived from the ideal
resonant frequency fid1 � 770.97Hz (see also Figure 2) as

fac1 � Q1fid1, (3)

where the scaling factor (the ratio between the actual res-
onant frequency and the ideal resonant frequency) Q1 �

0.8432 in Mode 1 in this paper. It can be derived from (3) as
follows:

fac1 � Q1fid1 � 0.8432 × 770.97 ≈ 650Hz. (4)

3.1. Equal-Ripple Low-Pass Filtering. Difference equation of
Finite Impulse Response (FIR) filtering was described by
Charles and Shenoi [27, 28]:

y(i) � 

n

i�0
(h(i)x(n − i)), (i � 0, 1, . . . , n), (5)

where y(i) is the output, x(n − i) are the inputs, h(i) are the
coefficients, and n is the filtering order.

For slow-scan axis control in electromagnetic micro-
mirror system, noise with frequencies close to resonant
frequencies in ten modes can result in unexpected vibrations
of the electromagnetic micromirror. Equal-ripple low-pass
filtering, which has the advantage of controlling the
boundary frequency strictly in the aiming frequency

compared with other filters [29], is developed here.yf is the
output of this equal-ripple low-pass filtering.

Hd(ω) is defined as the ideal magnitude of equal-ripple
low-pass filtering, Hg(ω) is the actual magnitude, N is the
length of filtering, which is usually chosen as an odd number,
and n is the order of filtering; the weighted error function
W(ω) is constant. ,en, the error E(ω) between Hd(ω) and
Hg(ω) can be expressed as follows:

E(ω) � W(ω) Hd(ω) − Hg(ω)


, (6)

with

Hg(ω) � 

M− 1

i�0
(2h(i)cos(ωi) + h(M)cos(ωM)), (7)

N � n + 1, (8)

M �
(N − 1)

2
. (9)

Combined with (A.14), the unit impulse response of the
designed filtering satisfies

h(i) � h(N − i − 1), (i � 0, 1, . . . , n). (10)

When electromagnetic micromirror operates in slow-
scan axis control with equal-ripple low-pass filtering, the
constrained inequality about passband cut-off frequency fp

and stopband cut-off frequency fs should be satisfied:

fp <fs <fac1. (11)

From (4) and (11), it becomes

fp <fs < 650Hz. (12)

Urey [9] reported that the slow-scan axis with the signal
of the frequency 60Hz and the quick-scan axis with the
signal of the frequency 20 kHz, respectively, could support
SVGA (800× 600 pixels) for display. In this paper,

60Hz< 650Hz. (13)

So, sine signal with a frequency of 60Hz is used to drive
the slow-scan axis and noise with resonant frequencies in ten
resonant modes should be filtered by equal-ripple low-pass
filter. We set fp � 60Hz, fs � 61Hz. From (7), (10), and
(A.15), we get the following:

E(ω) � W(ω) Hd(ω) − Hg(ω)




� W(ω) Hd(ω) − 
1

i�0
(2h(i)cos(ωi) − h(2)cos(2ω))




.

(14)

Combined with Chebyshev Best Consistent Approxi-
mation (CBCA) [29, 30], E(ω) on equal-ripple low-pass
filtering in domain F � [0, π] could be represented as
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min max
ω∈F

|E(ω)| . (15)

In the domain F, coefficients are chosen to make the
maximum of E(ω) minimum.

Forward coefficient heq of equal-ripple low-pass filtering
on slow-scan axis control of electromagnetic micromirror,
which is computed at Filter Design and Analysis (FDA) tool
in Matlab (R2012a), is as follows:
h

T
eq � 1.13 × 10− 1 6.65 × 10− 4 6.64 × 10− 4 6.65 × 10− 4 1.13 × 10− 1 .

(16)

,is is the first filtering.

3.2. Zero-Phase Filtering. For slow-scan axis of the elec-
tromagnetic micromirror, in order to preserve the features
of feedback signal avoiding a phase distortion, the second
filtering, zero-phase filtering, is developed, which would
help preserve features appearing at the exact location to
avoid the phase distortion [31]. Two traditional basic al-
gorithms can express zero-phase filtering. One is FRR
(Forward filter, Reverse filter, Reverse output), and the
other is RRF (Reverse filter, Reverse filter, Forward output)
[32]. ,eir principles are similar and the principle of FRR is
given here:

y1(i) � yf(i)∗ h(i), (i � 0, 1, . . . , n), (17)

y2(i) � y1(N − 1 − i), (i � 0, 1, . . . , n), (18)

y3(i) � y2(i)∗ h(i), (i � 0, 1, . . . , n), (19)

ys(i) � y3(N − 1 − i), (i � 0, 1, . . . , n). (20)

In (17)–(20), yf(i) is the signal sequence from first
filtering, ∗ is the convolution algorithm, yi1

(i), (i1 � 1, 2, 3)

are the output sequences after every transformation, h(i) is
the digital impulse response sequence, and ys(i) is the final
output sequence after the FRR. In the frequency domain,
(21)–(24) are deduced:

Y1 e
jω

  � Yf e
jω

 H e
jω

 , (21)

Y2 e
jω

  � e
− jω(N− 1)

Y1 e
− jω

 , (22)

Y3 e
jω

  � Y2 e
jω

 H e
jω

 , (23)

Ys e
jω

  � e
− jω(N− 1)

Y3 e
− jω

 . (24)

Referencing (B.1) and (B.2),

Ys e
jω

  � Yf e
jω

  H e
jω

 



2
. (25)

In (25), there is zero phase between Ys(ejω) and Yf(ejω).
,is is the second filtering.

3.3. Experiments on Filters. Experiments and validations
completed on platform (see Section 4) on these filters are
shown in Figures 4 and 5.

Figure 4 shows the slow-scan axis response from col-
lecting circuit after equal-ripple low-pass filtering filtered by
zero-phase filtering under external disturbance, especially
under electromagnetic interference similar to cell phone
calls. Equal-ripple low-pass filtering effectively eliminates
the vibration caused by environmental noise with the fre-
quency close to the resonant frequency 650Hz in Mode 1
(see the third rows in Figure 4). After the equal-ripple low-
pass filtering, only the signal with the frequency of 60Hz is
left, which is the same frequency of the input sine signal (see
the first three rows in Figure 5), but this signal appears hairy
(see the third row in Figure 4). Zero-phase filtering decreases
this hairy appearance, especially in peaks and troughs (see
the fourth row in Figure 4). Meanwhile, it preserves the
frequency (see the fourth row in Figure 5). ,e forward
coefficient hze of zero-phase filtering is
hT
ze � 0.4 0.4 0.4 0.4 0.4 .
In a word, the first filtering, equal-ripple low-pass fil-

tering, succeeds in filtering the signal with resonating
frequency for slow-scan axis control of electromagnetic
micromirror effectively, and the second filtering, zero-
phase filtering, succeeds in preserving the features of
feedback signal after equal-ripple low-pass filtering at the
original location where they occurred as soon as possible.

4. Piecewise PID Control and Experiments

Feedback control of MEMS is complicated due to the
limited availability of sensor and disturbing character-
istics on MEMS device. In this paper, FTPS is used to
acquire the output signal to indirectly detect the angle of
slow-scan axis [1], and the resolution of FTPS on the end
of slow axis in VRS control is 1V@3deg. Slow axis operates
in open loop control with input sine signal voltage of a
frequency 60Hz and an amplitude 2V, respectively. ,e
maximum absolute angle error 0.67∘ appears in sines
peaks and troughs (shown in Figure 6). Discrete PID
control with filters design is firstly considered to be
utilized for angle error reduction in slow-scan axis
control. Its algorithm is presented by

u(k) � Kpe(k) + Ki 

k

j2�0
e j2(  + Kd[e(k) − e(k − 1)],

(26)

with an integral gain Ki:

Ki �
KpT 

TI

, (27)

and a derivative gain Kd:

Kd �
KpTD 

T
, (28)

where T is a sampling time, e(k) is a current error at k point,
e(k − 1) is a previous error at k − 1 point, Kp is a pro-
portional gain, and e(0) is set as 0.
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Figure 5: Validation of filters in aspect of spectrogram.
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Figure 4: Validation of filters in aspect of signal.
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Figure 7 shows its control results. Indirectly measured
real angle from feedback voltage can track the desired angle
to some extent (in the 2nd and 3rd row of Figure 7). ,e
maximum absolute angle error in sines peaks and troughs is
reduced, compared with that in open loop control (Fig-
ure 6). But this maximum absolute angle error is still big.
Here, Kp � 3.685, Ki � 0.002144, and Kd � 35.175,
respectively.

Due to the accumulation in an integral part
Ki 

k
j2�0 e(j2), the angle error may be bigger for slow-scan

axis control of electromagnetic micromirror in discrete PID
control. ,erefore, a discrete piecewise PID control with
filters design is developed and its algorithm can be denoted
as follows:

u(k) � Kpe(k) + βKi 

k

j2�0
e j2(  + Kd[e(k) − e(k − 1)],

(29)

with a switching coefficient β:

β �

1, |e(k)|≤ e0,

0, |e(k)|> e0.

⎧⎪⎨

⎪⎩
(30)

Figure 8 shows its structure diagram in slow-scan axis
control. When |e(k)|> e0, discrete Proportional Derivative
(PD) control is adopted to avoid the accumulation of in-
tegral part to reduce the angle error; when |e(k)|≤ e0,
discrete PID control is used to achieve the desired angle of
slow-scan axis for the electromagnetic micromirror. Fig-
ure 9 shows that its control advantage is that the maximum
absolute error is limited in 0.30∘.

Notably, β �
1 |e(k)|≤ e0
0 |e(k)|> e0

 , e0 � 0.009, and sampling

frequency FS in experiments is 5 kHz. Screens were cap-
tured, when the slow-scan axis was in open control, in
discrete PID control, and in discrete piecewise PID control,
respectively.,e ringing effect occurred in open control seen
as in Figure 10(a). A tiny fraction of this ringing effect was
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
t (s)

–8
–6
–4
–2

0
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D
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Figure 6: Slow-scan axis control of electromagnetic micromirror in open-loop control.
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removed in PID control as shown in Figure 10(b). Sub-
stantial amount of ringing effect was removed in discrete
piecewise PID control (Figure 10(c)).

Figure 11 shows the raster scanning realized by the
single red laser beam projected perpendicularly to this
electromagnetic micromirror of two dimensions and
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reflected to the screen. In Figure 11, the slow axis operates in
piecewise PID control; meanwhile, the quick axis is har-
monically driven by sine signal with the resonant frequency

22.113 kHz and the amplitude 1.8V supplied by the function
waveform generator (Agilent 33250A). ,is raster scanning
pixel resolution is SVGA (800× 600 pixels).

(a) (b) (c)

Figure 10: Screens captured in open control, in discrete PID control, and in discrete piecewise PID control. (a) Screen captured in open
control; (b) screen captured in discrete PID control; (c) screen captured in discrete piecewise PID control.
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Figure 9: Slow-scan axis control of electromagnetic micromirror in discrete piecewise PID control.
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5. Conclusions

In this paper, motions of electromagnetic micromirror
succeed in being analyzed through FEM. Mode 1 is em-
phasized to be eliminated to improve the stability in the
slow-scan axis control of raster scanning. ,e discrete
piecewise PID control with secondary filters put forward
here was efficiently verified by experiment to remove the
ringing effect caused by the instability of slow-scan control.

Appendix

A. Values of n, M, and N

Kaiser proposed a formula of approximating n as follows:

n �
− 20lg ξ1ξ2(  − 13

14.6Δf
, (A.1)

with

Δf �
ωs − ωp

2π
, (A.2)

ωp �
2πfp

FS

, (A.3)

ωs �
2πfs

FS

, (A.4)

ξ1 �
10 ap/20( 

− 1

10 ap/20( 
+ 1

, (A.5)

ξ2 � 10− as/20( ), (A.6)

where fp is the passband cut-off frequency, fs is the
stopband cut-off frequency, ap is the maximum passband
attenuation, as is the minimum stopband attenuation, ξ1 is

the ripple of the passband, ξ2 is the ripple of the stopband,
and FS is the sampling frequency. We set fp � 60Hz,
fs � 61Hz, ap � 3.5, and as � 12 and combining with
equations (A.3)–(A.6) and FS � 5 kHz mentioned in ex-
periments, we have

ωp �
2πfp

FS

�
2π × 60
5000

� 7.54 × 10− 2
, (A.7)

ωs �
2πfs

FS

�
2π × 61
5000

� 7.67 × 10− 2
, (A.8)

ωc �
ωp + ωs

2
�
7.54 × 10− 2

+ 7.67 × 10− 2

2
� 7.605 × 10− 2

,

(A.9)

Δf �
ωs − ωp

2π
�
7.67 × 10− 2

− 7.54 × 10− 2

2π
≈ 2 × 10− 4

,

(A.10)

ξ1 �
10 ap/20( 

− 1

10 ap/20( 
+ 1

�
10(3.5/20)

− 1
10(3.5/20)

+ 1
≈ 0.2, (A.11)

ξ2 � 10− as/20( ) � 10− (12/20)
� 0.25, (A.12)

n �
− 20lg ξ1ξ2(  − 13

14.6Δf
�

− 20lg(0.2 × 0.25) − 13
14.6 × 2 × 10− 4 ≈ 4.

(A.13)

Substituting (A.13) into equation (8) in Section 3.1 yields

N � n + 1 � 4 + 1 � 5, (A.14)

M �
(N − 1)

2
�

(5 − 1)

2
� 2. (A.15)
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Figure 11: Raster scanning realized by the electromagnetic micromirror of two dimensions: 1. function waveform generator (Agilent
33250A); 2. electromagnetic micromirror with FTPS, driving circuits, and data acquisition circuits; 3. red laser; 4. screen; 5. dSPACE and PC;
6. Vin1; 7. Vout1; 8. power.
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B. Derivation on Principle of Zero-
phase Filtering

Combined with equations (10), (17)–(20), (B.1) is deduced:

ys(i) � y3(N − 1 − i) � y2(N − 1 − i)∗ h(N − 1 − i)

� y2(N − 1 − i)∗ h(i) � y1(N − 1 − (N − 1 − i))∗ h(i)

� y1(i)∗ h(i) � yf(i)∗ h(i)∗ h(i), (i � 0, 1, . . . , n).

(B.1)

So in the frequency domain, it yields

Ys e
jω

  � Yf e
jω

  H e
jω

 


 H e
jω

 


 � Yf e
jω

  H e
jω

 



2
.

(B.2)

Data Availability

Partial properties of electromagnetic micromirror on
structure used in analysis are protected by patient privacy
and cannot be opened, while requests for further infor-
mation if necessary will be considered by authors upon
request (tany@shnu.edu.cn or wjshen2011@sinano.ac.cn).
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