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In this paper, in order to design a fast steering mirror (FSM) with large deflection angle and high linearity, a deflection

angle detecting system (DADS) using quadrant detector (QD) is developed. And the mathematical model describing

DADS is established by analyzing the principle of position detecting and error characteristics of QD. Based on this

mathematical model, the variation tendencies of deflection angle and linearity of FSM are simulated. Then, by chang-

ing the parameters of the DADS, the optimization of deflection angle and linearity of FSM is demonstrated. Finally, a
QD-based FSM is designed based on this method, which achieves £2° deflection angle and 0.72% and 0.68% linearity
along x and y axis, respectively. Moreover, this method will be beneficial to the design of large deflection angle and

high linearity FSM.
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On the free-space optical (FSO) communication links, the
light beam may deviate from the terminal owing to the
external mechanical and atmospheric disturbances, caus-
ing communication outage''. Thus, it is very necessary to
accurately control the transmission direction of light beam.
As it is capable of steering light beam fast and precisely,
the fast steering mirror (FSM) has been widely applied to
the acquisition, pointing and tracking (APT) of FSO sys-
tem”. Besides, it is also applied to some other fields, such
as lidar, astronomical telescope and image stabilization"’.
With the tendency of improving acquisition field and
tracking precision of APT system, the FSM with large
deflection angle and high linearity has recently become a
research focus'. The deflection angle detecting system
(DADS) is used to detect the deflection angle of FSM and
provide angle feedback for actuators. Its performance di-
rectly affects the deflection angle and linearity of the FSM.
Generally, there are a few kinds of deflection angle de-
tecting systems applied to FSM. D. J. Kluk et al” de-
signed a high-bandwidth and high-precision FSM using
capacitance probe sensor, and HEI Mo et al'® designed an
FSM which used eddy current proximity sensor. However,
these two kinds of sensors have relatively small measure-
ment range. In addition, the resistance strain gauge was
used to detect deflection angle for FSM, while the serious

temperature drift made it difficult to obtain high linearity!”.

Recently, a new FSM has achieved large deflection angle

and high linearity simultaneously, which employs the
DADS based on lateral effect position sensitive detector
(PSD)™. However, the performance parameters of PSDs,
such as resolution and response, are limited by the fabrica-
tion of these devices. Compared with PSD, the QD has the
advantages of lower inherent noise and higher resolution,
and it has a faster response. Therefore, the QD has been
widely applied to the noncontact dimensional measure-
ment at the micrometer scale'®. Consequently, it is valua-
ble to design the DADS for FSM using relatively simple
optical structure based on QD.

In this paper, a QD-based DADS with a simple optical
structure is designed for the FSM. We focus on the large
deflection angle and high linearity of FSM by optimizing
the DADS.

The designed FSM is mainly composed of a major mir-
ror, a flexible hinge support, four voice coil actuators
(VCAS), a main casing and the DADS, as shown in Fig.1.
The major mirror is stuck to mirror base supported by
flexible hinge, which is fixed in the front of the main cas-
ing with screws. The magnets of VCAs are mounted on
the back of the mirror base and the coils are fixed on the
main casing. Two pairs of VCAs mounted perpendicularly
drive the FSM to deflect via elastic deformation of the
flexible hinge. The deflection angle is detected by DADS,
and the angle information of minor mirror is fed back to
VCAs simultaneously. Besides, the flexible hinge support

*  This work has been supported by the National Natural Science Foundation of China (No.51605465).

**  E-mail: ccniyinguxe@163.com



NI et al.

can keep the major mirror in the balanced position, while
no voltage is applied to the VCAs.

The DADS is one of the important components of the
FSM, which contains a light source (LS), a minor mirror
and a QD. As shown in Fig.1, the beam emitted from the
light source is reflected by the minor mirror, and then
arrives at the QD which is used to detect angle infor-
mation of minor mirror. LS and QD are mounted sym-
metrically about the normal of minor mirror. The minor
mirror is stuck on the back of the mirror base, and it is in
parallel with major mirror so that the deflection angle of
the minor mirror is the same as that of the major mirror,
so the DADS can be used to detect the deflection angle
of the major mirror.

Flexible hinge suppon

Vodoe coil actuator

Minor marmor Minor

mirror

Fig.1 Exploded view of the QD-based FSM

The QD comprises four identical p-n junction photo-
diodes separated by very small gaps, as shown in Fig.2.
With the spot moving on the QD, the position of spot is
estimated according to the voltage generated on each
photodiode. The spot position estimation is given as

_— Uu,+U.-U,-U, ’
U,+U,+U_+U,
p_— Uu,+U,-U.-U, ’
U,+U,+U_ +U,
where o, and o, are output signal offsets. yy is the pro-
portional coefficient, whose value is related to the spot
diameter and energy distribution of the spotm. Uy, Us,
Uc and Up are the voltages generated on each photodi-
ode, respectively. Generally, there is high linearity of
output position only when the spot is near the QD center,
and the linearity increases gradually with the spot being
far away from the QD center'”’. The spot position meas-
urement error is defined as AE;=xj—o,, AE,=y)—0,,
where (x, Vo) is the theoretical position of the spot center
and (oy, 0,) is the estimated position. There is a maximal
positional error in a certain measurement range. The lin-
earity of detecting the spot position using QD in
x-direction is defined as

AEL max
5, =IAEll @

where | AE},,.. | denotes the maximum position mea-
surement error, and S is the measurement range.
When the spot is moving on the QD, the spot position
can be estimated via Eq.(1). Since the performances of
the QD in the two directions are symmetrical, all the fol-
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lowing discussions are concentrated on the x-direction
for simplification. For the convenience of research, an
available 7-mm-diameter QD is used for the analysis and
simulation, and the similar conclusion can be also ob-
tained for other sizes of QD.
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Fig.2 The incident spot on the QD

Assuming that the spot moves on QD from —0.3 mm
to +0.3 mm, the spot radii (w) are supposed to be 3 mm,
4 mm and 5 mm, respectively, and the three curves of
position error can be simulated with MATLAB accord-
ing to Eq.(2), as shown in Fig.3(a). When the spot radii
are 3 mm and 5 mm, the corresponding linearities of QD
are 0.29% and 0.08% respectively, and the linearity is
improved by 72.4%. Therefore, it can be easily seen that
the position error decreases gradually with the spot radi-
us increasing at the same position, namely, the linearity
will be greatly improved by increasing the spot radius.

Then, supposing that the spot also moves on QD, a se-
ries of measurement ranges that satisfy linearity of 1%
can be found by constantly changing the size of spot ra-
dius. By researching the obtained data, it is discovered
that measurement range and spot radii are linearly corre-
lated, and the fitting line is shown in Fig.3(b). The ex-
pression of fitting line is given as

S, =aw-b, 3)
where S is the fitting measurement range, and a and b
are the fitting coefficients. Other fitting lines and corre-
sponding groups of (a, b) also can be obtained in this
method when the linearity is changed. We have also ac-
quired a conclusion that the greater the linearity is, the
smaller @ and b are, and the smaller the measurement
range that satisfies the corresponding linearity becomes.

Fig.4 illustrates the working principle of the DADS,
and the parameters and symbols are shown in Tab.1.
When a Gaussian beam is incident on the QD,
with minor mirror deflecting a certain angle (o), we
can obtain the deflection angle of the beam (f=2a)
based on the geometrical optics theory. At the same
time, the range of spot moving on the QD is given
as

dy, = L,, *tan 2a. 4)
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Fig.3 (a) Simulation results of the beam spot position
measurement errors; (b) Relationship between
measurement range of QD and the spot radius when
the linearity is supposed to be 1%
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Fig.4 Working principle of the DADS

Tab.1 Parameters of the DADS

Symbol Parameter
Dy Diameter of the minor mirror
Divergence angle of the LS
o Absolute value of deflection angle of the minor mirror
0 Angle between the beam emitted from the LS and
normal of the minor mirror
Deflection angle of the beam reflected from minor
“ mirror
Lis Distance between LS and minor mirror
Lap Distance between minor mirror and the QD

dop Range of the spot center moving on the QD
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For a certain size of QD, the relationship between lin-
earity and corresponding measurement range has been
analyzed. If the movement linearity of VCAs and the
errors of fabrication are ignored, the linearity of FSM is
regarded as that of the QD. Therefore, in order to achieve
relatively high linearity of FSM system, the space of spot
center moving on the QD should be no larger than the
measurement range of QD, namely

dop < Sy, &)

where Sw is the measurement range of the QD, and its
approximate value can be obtained with a certain linear-
ity by Eq.(3). Besides, the incident spot radius on minor
mirror is Lygxtany. To ensure the integrity of the spot
illuminating on the minor mirror, the diameter of the
minor mirror (Dy) should be bigger than that of the spot
(Dy= Lisxtany). And the spot radius on QD is given by

@y, = @, +(LLS + Ly, )* tang. (6)

Generally, in order to ensure the normal working
of QD, the spot is not allowed to be beyond the edge
of QD, otherwise, it introduces a relatively large pos-
ition measurement error'''l. The spot radius arriving
on QD should satisfy the inequality below

dop + @g < Ry, (7

QD —
where Rqp is the radius of QD. For the convenience
of analysis for DADS, the L5 and Lop will be conf-
ormed to follow the approximate relationship of L;¢=
Lop=L. Then, substituting Eqs.(3)—(5) into Eq.(6) and
Eq.(7) respectively, we can obtain

RQD—a)O—ZL*tanZ
tan (2a) < 7 2
p ®)
a(w0+2L*tanE)—b
tan(2a) < >
(20) .

where L is half of the total optical path length. And they
are the mathematical models about the deflection angle
and linearity (a, b) of FSM, divergence angle of LS, op-
tical path length and the radius of QD. It is demonstrated
that the deflection angle and linearity are constrained
with each other.

Utilizing the mathematical model above, we will discuss
the effects of the optical path length and divergence angle of
LS on the deflection angle and linearity of FSM. A
7-mm-diameter QD is also used for the simulation and
analysis below.

On one hand, if the linearity and optical path length are
supposed to be 1%, 8 mm and 10 mm, respectively, the
curves of deflection angle of FSM and divergence angle of
LS are obtained in Fig.5(a). The solid lines are drawn ac-
cording to the first inequality of Eq.(8), and the dotted
line is drawn based on the second inequality of Eq.(8).
The grey area is bounded by them, which stands for the
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values of deflection angle and divergence angle which
are able to satisfy the linearity above, and there is a larg-
est deflection angle and the corresponding divergence
angle in this area. It can be seen from Fig.5(a) that the
relatively large deflection angle can be obtained by in-
creasing the divergence angle and optical path.

On the other hand, if the deflection angle is kept as 2°
and the values of linearity are 1%, 0.7% and 0.5%, re-
spectively, the ranges of divergence angle and optical
path length can be acquired according to Eq.(8), as
shown in Fig.5(b). It can be easily seen that the first ine-
quality is independent of the linearity, and the inequality
is described as the dashed curve in Fig.5(b). However,
the second inequality is related to the linearity, and other
three solid curves can be achieved which correspond to
the three values of linearity above. It is illustrated that
the range area bounded by divergence angle and optical
path length is S| +S,+S; when the linearity of QD is 0.5%,
while its area is only S; when the linearity of QD is 1%.
For each value of linearity, a maximum optical path
length can be designed and an LS with minimum diver-
gence angle can be chosen. Therefore, with the increase
of linearity, the minimum divergence angle becomes
smaller and the maximum optical path length becomes
longer, simultaneously.
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Fig.5 (a) The relationship between a and y with 8 mm
optical path length and 10 mm optical path length; (b)
The relationship between y and L when the linearity is

different and deflection angle is kept constant

According to the analysis of two aspects above, the
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method of seeking optimal deflection angle and linearity
of FSM has been demonstrated. By changing optical path
length and divergence angle, the largest deflection angle
can be obtained with a certain linearity, and a higher lin-
earity can also be achieved with a certain deflection an-
gle. Above all, the optimal deflection angle and linearity
of FSM can be achieved.

In order to prove that this method is feasible in ex-
periments, the following reasonable parameters are cho-
sen: an available QD is employed (QP50-6 TOSS,
7.8 mm detector diameter and 0.042 mm gap), the optical
path length is 5 mm to acquire the largest deflection an-
gle, and the corresponding divergence angle of LS is
about 35°. Then, we can design the FSM as shown in
Fig.6(a) and set up the platform as shown in Fig.6(b).

The optical collimator is Leica-TPS600, of which the
accuracy is 0.1". The beam emitted by the optical colli-
mator arrives at it again after being reflected by the mir-
ror of the FSM. The mirror of the FSM is driven by the
VCAs to deflect a corresponding mirror when a certain
drive voltage is input. The spot moving on the surface of
the optical collimator will not coincide with the initial
spot. So, the deflection angle range of the FSM can be
measured according to the spot displacement on the sur-
face of the optical collimator. The deflection angle of our
FSM is about +2° along two axes by the optical collima-
tor, as shown in Tab.2.

Optical collimator

IADC |—-|4na]uguc u:ntrullell
(b)
Fig.6 (a) The photograph of the QD-based FSM; (b)
The diagram of the test platform for evaluating the
deflection angle and linearity of the QD-based FSM
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Tab.2 Comparison on parameters of several FSMs

FSMs Deflection angle Linearity
+1.125° (x axis)
Ref.[3] . 2.6% (two axes)
+2.5° (y axis)

Ref.[12] +1.5° (two axes) 1% (two axes)
Ref.[13] +17.48' (two axes) 4.89% (two axes)
This 0.72% (x axis)

+2.0° (two axes) .
paper 0.68% (y axis)

Driving the mirror of the FSM along the x and y axes
in 0.02° step within the whole deflection angle, we can
record the angle data in every position of the mirror by
the optical collimator. And then the linearity can be cal-
culated based on the obtained data, the deflection angle
of FSM is about £2° and the linearity are 0.72% (x axis)
and 0.68% (y axis), as shown in Tab.2. Moreover, Tab.2
shows the parameters of several FSMs. It can be seen
that the linearity of our QD-based FSM is better than that
of others. Although the deflection angle of our QD-based
FSM is slightly less than that of Ref.[3] along y axis, it is
much larger than that of other FSMs. Above all, the FSM
using the QD to detect angle can achieve good perfor-
mance. Therefore, this method provides the theoretical
guidance for design of large deflection angle and high
linearity FSMs.

In conclusion, the DADS based on QD has been stud-
ied in detail. And the mathematical model describing the
DADS has been established by analyzing the principle of
position detecting and error characteristics of QD. On the
basis of this model, we have simulated the relationships
between deflection angle, linearity of FSM and parame-
ters of the DADS. And the results show that the large
deflection angle and high linearity can be achieved by

Optoelectron. Lett. Vol.14 No.1

decreasing the optical path length and increasing the di-
vergence angle. Thus, the QD-based FSM can be opti-
mized in this method. And it can be seen that our FSM
achieves better performance than some other FSMs. In
addition, this method can also be applied in other engi-
neering practices.
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