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Abstract: Compared with liquid crystal clad waveguide, MEMS mirror has some merits, such as
higher-transmissivity, lager-angle of scanning, faster scanning speed and so on. Furthermore,
MEMS mirror arrays perform more superior than MEMS mirror when they steer laser beam, which
make MEMS arrays much more suitable to be used in devising compact Lidar. Before assembling a
Lidar with MEMS arrays, the optical intensity and distributions of the laser diffracted by MEMS
arrays should be analyzed, but few published papers about this issue are available so far, this paper
will focus on this issue about MEMS arrays. Firstly, the complex amplitudes of laser which is dif-
fracted by 1-D and 2-D arrays are presented, respectively. Then the optical intensity and distribu-
tions on the observation plane are presented. Finally, the simulation diagrams of these distribu-
tions are shown, and the correctness of the results is indirectly verified by Young’s double-slit ex-
periment. The results gotten in this letter are essential to design a compacted Lidar based on MEMS
arrays.
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1. Introduction

In 1954, Charles Smith published an article which focused on silicon and germani-
um’s stress-sensitive effects[1], Smith’s research opened the prelude of semi-conductor
industry. Sensor is a branch of research achievements of semi-conductor. Piezoresistive
silicon pressure sensor and strain gauge were typical applications of quasi-MEMS (viz.
Micro-electromechanical systems), which were born in 1960s[2]-[9]. Honeywell Research
Center[2] and Bell Lab[2],[6] made great incipient contributions to this field. In the 1970s,
the pressure sensor production signifies the birth of MEMS sensors[10]-[13]. In subse-
quent, with the micromachining improved and developed rapidly, inexpensive MEMS
were massive production, which made MEMS widely used in automobile indus-
try[14]-[17] and daily consumer electronics possible[18],[19].

MEMS micro-mirror and MEMS micro-mirror arrays were extensively applied in
optics to date[20],[21], and they are indispensable in laser communication and imag-
ing[22], especially in laser detection. MEMS micro-mirror has unique endowment when
using it to design compact laser Lidar, but compared with MEMS micro-mirror, MEMS
micro-mirror arrays perform much more excellent in the application field of large optical
aperture, e.g. MEMS micro-mirror arrays can achieve a larger scanning angle in space
laser communication system[23]. The majority of researches on MEMS micro-mirror ar-
rays were majoring in adaptive light detection[24], and the mainstream of MEMS mi-
cro-mirror arrays is a chip composed of several mirrors[25], while Luo and his coworkers
designed a circumferential-scan endoscopic by combining couples of MEMS mi-
cro-mirrors with C lenses[26].
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The laser blueprints on the observation plane, which manipulated by MEMS mirror
arrays, are much more meticulous than ones by single MEMS mirror. The difference
between MEMS mirror with MEMS mirror arrays to manipulate laser is the former steers
laser to scan a target through the mechanical vibration of mirror and the latter do it
through a combination of light interference and mirrors vibration. So comparing with a
Lidar based on single MEMS, the resolution and the imaging speed of a Lidar would be
significantly increased which is based on MEMS arrays. But the prerequisites of devising
a Lidar based on MEMS arrays are the analysis of optical intensity and distribution on the
observation plane when the laser is diffracted by the arrays, they are seldom-reported so
far. In this paper, we would solve this issue. On the basis of Kirchhoff and Fraunhofer
diffraction theory, we calculate the optical intensity distribution in far-field from the ar-
rays when the laser is diffracted by 1-D and 2-D MEMS micro-mirror arrays, and show
some simulation diagrams to certify the results in the end.

2. Intensity Distribution Diffracted by 1-D MEMS Arrays

With Fraunhofer diffraction condition, as shown in Eq. (1), the Fraunhofer diffrac-
tion theory is an approximation of Kirchhoff diffraction theory in far-field, in other
words, the Kirchhoff diffraction formula and the Fraunhofer diffraction equation become
the same. Setting the reference as Fig.1, the Fraunhofer diffraction condition is
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where K =@®/C is the number of waves per second, @ and C are the angle
frequency and the speed of laser, respectively, Z, is the distance between the aperture of
M with the plane of XP,Y . Supposing the electric component of incident laser beam is

E(X)e™™, if the coordinates of P, satisfy Fraunhofer diffraction condition, and the
beam is diffracted by the aperture M , with Fraunhofer diffraction theory, the complex
amplitude of point P,(X,,Y;) is known as
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Taking the parameter of aperture M , whose sizes is 2ax 2D, into Eq. (2), there is
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We take the beam as coherent light, so E(Xl, Y,) equals a constant, and let it equal A,
then integrating formula (3), it becomes the equation of
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For Eq. (3), when Xx=0,y =0, we get the complex amplitude at point P, (0, 0) , which
is
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by combining Eq. (5) with Eq. (4), we obtain
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If the mirror is a square with side length 2a, just substituting & for b of Egs. (5-7)
would be the accordingly results.
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Figure 1. Fraunhofer diffraction schematic.

MEMS arrays can be divided into 2 categories, namely 1-D and 2-D as shown in Fig.
2. For generality of calculation, supposing 1-D arrays is composed of N pieces of
2ax2b mirrors, and the pitch between two consecutive mirrors is 0 . Fig. 3 is diffrac-
tion diagram by 1-D MEMS micro-mirror arrays. We set the coordinate system as Fig. 3,
then the complex amplitude of laser on XP,y plane is
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By virtue of Eq. (11), the optical intensity at point P (X, y) is gotten,

(y)=[E(x y)‘2=|4Cab|z(si2ﬂj [sinajz[sin(NAx/Z)j W

a sin(A, /2)

E(x,y)= ACabe " 11)

Then we can analyze the distribution characteristics of optical intensity in the plane
of XP)y based on Egs. (11) and (12). On XP,y plane, when the coordinates of one

point equal the roots of Eq. (12), the brightness of the point would be the minimum.
While getting the stripes of maximum brightness by analysis methods, we should take
advantage of the derivative of Eq. (12), but this is rather challenging. In order to illus-
trate the contrast and resolution of the maximum stripes on the observation plane, we
would show the simulation diagram of Eq. (12) in section 4.
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Figure 2. The picture of MEMS arrays: a. 1D MEMS arrays. b. 2D MEMS arrays.

Figure 3. The schematize of Fraunhofer diffraction for 1D MEMS arrays.

3. Intensity Distribution Diffracted by 2-D MEMS Arrays
Supposing that a 2-D MEMS micro-mirror arrays are consist of N XN pieces of
mirror, and Cartesian coordinate system is established as Fig. 4. On the basis of Kirchhoff

diffraction theory, the complex amplitude of P, pointin XPF,y plane is gotten as
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Similar to the principle of Egs. (9) and (10), we get the following equation by integrating
Eq. (13),
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where A, = ky(2b+d) / Z, . The optical intensity at P, point is obtained as
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Eq. (12) and Eq. (15) contain the common factor of |4Cab 2, which is the optical

intensity of the brightest spot in the observation plane when the laser is diffracted by a
single mirror, for the convenience of calculating, it will be taken as a unit of optical in-
tensity in the following paragraph. When the laser is diffracted by 1-D MEMS mi-

cro-mirror arrays, the optical intensity of the points in XP,)y plane is the minimum if

their coordinates meet the equations of
sina=0,a#0 or sin(NA,/2)=0,sin(A,/2) =0, (16)
namely,
An

sina=0,a=0 or l:—,and1¢m,(m,n=i1,i2~-~) 17)
z, N(2a+d) N

For 2-D arrays, except for Eq. (17), other points in XP,y plane are also located in dark

spots if their coordinates meet the following equations,

sinB=0,8+0, or sin(NA,/2)=0,sin(A, /2) #0, (18)
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Figure 4. The schematize of Fraunhofer diffraction for 2D MEMS arrays.
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Compared with dark spots, the maximum optical intensity location is rather diffi-
cult to locate. Although the location of the maximum optical intensity diffracted by 1-D
and 2-D arrays can be derived from the derivative of Eqs. (12) and (15) in theoretical,
their derivatives are so complicated that it is very difficult to get all roots of them in an-
alytic expression. Furthermore, the exact coordinates of maximum optical intensity loca-
tion is not as important as the detailed contrast of optical intensity in the observation
plane, in other words, the specifics of intensity contrast is more important than the loca-
tion of maximum intensity in the observation plane to design a Lidar based on MEMS
arrays. Meanwhile the simulation of the intensity contrast is easier than calculating the
derivatives of Egs. (12) and (15).
4. Simulation of the Intensity

In this section, the distributions of optical intensity expressed by Egs. (12) and (15)
would be shown by simulation diagram, the rationality of Eqs. (12) and (15) is indirectly
verified by comparing the simulation diagram with Young’s double-slit experiment re-
sults. The mirror of either 1-D or 2-D arrays is 100 pmx=100 pm, the pitch between two
consecutive mirrors is 50 um, ( The parameters of MEMS are provided by Wio Tech Co. )

the wavelength of laser is 1064 nm, and the distance from the plane of X0y, to the

plane of XPjy is 20 m, in the other words, z,=20 m. 1-D arrays and 2-D arrays are

made up of 1x10 and 10x10 pieces of mirrors, respectively. Then the simulation figure of
Eq. (13) as Fig. 5, while Fig. 6 is simulation of Eq. (15).
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Figure 5. Diagram of optical intensity distribution diffracted by 1x10 arrays:
(a). Streak distribution; (b). Intensity distribution.
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(b)

Figure 6. Diagram of optical internsity distribution diffracted by 10x10 arrays:

(a). Spot distribution;(b). Intensity distribution.

In Fig. 6, it is obvious that the optical intensity of the brightest stripe is much greater
than others, and the angular resolution of the maximum optical intensity spot is about 0.8
mrad. And this is fatal important for designing a scanning Lidar which is based on
MEMS micro-mirror arrays.

We have customized some MEMS arrays, but as the limitation of engineering tech-
nology, the parameter and technology standard can’t satisfy the theoretical requirements,
so we can’t directly prove the correctness of Egs. (12) and (15). In order to prove the re-
sults are valid indirectly, we compare the results with Young’'s double-slit interference
experiment. Although formulas (12) and (15) are obtained with the Fraunhofer diffracted
condition (1), to some extent, we can get some valuable information of Egs. (12) and (15)
by comparing the simulation results of these equations with Young’'s double-slit inter-
ference experiment in the plane of 800 mm. Where the size of double slits is 0.02 mmx0.02
mm, the pitch between slits is 0.1 mm, and the wavelength A is 1064 nm. Fig. 7 and 8
are double-slit interference simulating diagrams, and Fig. 9 is the diagram diffracted by
2x2 arrays.
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Figure 7. Streak distribution of Young’s double-slit interference experiment.
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Figure 8. Spot distribution of Young’s double-slit inference experiment.
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Figure 9. Spot and intensity distribution diffracted by 2x2 MEMS mirror arrays:

(a). Plane figure of spot distribution;(b). Sterogram of intensity distribution.
From these figures, it is obvious that the contrast of optical intensity is low, and this cor-
responds to Young's double-slit experiment, in which the intensity of stripes is almost the
same, while Egs. (12) and (15) also show the number N of mirrors is determinant to
optical intensity in observation plane. Besides, according to Young’s theory, the pitch of
stripes is

800x1064x10°x10"°/(0.1x10°*) =0.0085 m 22)

The results of Fig. 7 is almost in accordance with Eq. (22), and this proves the results
of Egs. (12) and (15) are rationable.
5. conclusion

This paper is based on the Kirchhoff diffraction and Fraunhofer diffraction theory,
the distribution functions of optical intensity are derivated when the laser is diffracted by
1-D and 2-D MEMS arrays, and we also provide the simulation results of the distribution.
Also, we have indirectly proven the obtained results correctness by Young's double-split
experiment. The conclusion, which the optical intensity of the greatest maximum stripe is
much stronger than others, is very conspicuous, and the optical intensity in the observa-
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tion plane would increase rapidly when the number of mirrors rises, so as the angle res-
olution of arrays. And the results in this paper reveal that using MEMS micro-mirror ar-
rays to manipulate the laser beam can improve the resolution of Lidar comparing with
using MEMS micro-mirror to realize it. Resolution is one of critical properties of Lidar, so
the result we provided will give some references to assemble a laser scanning Lidar, es-
pecially for choosing laser radiation source and receiver sensor.
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