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Abstract. A deflection angle detecting system (DADS) using a quadrant detector (QD) is developed to achieve
the large deflection angle and high linearity for the fast steering mirror (FSM). The mathematical model of the
DADS is established by analyzing the principle of position detecting and error characteristics of the QD. Based
on this mathematical model, the method of optimizing deflection angle and linearity of FSM is demonstrated,
which is proved feasible by simulation and experimental results. Finally, a QD-based FSM is designed and
tested. The results show that it achieves 0.72% nonlinearity, �2.0 deg deflection angle, and 1.11-μrad reso-
lution. Therefore, the application of this method will be beneficial to design the FSM. © 2018 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.57.2.024110]
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1 Introduction
On the free-space optical communication (FSO) links, the
light beam may deviate from the terminal due to the external
mechanical and atmospheric disturbances, causing bit error
rate to increase and even communication outage.1–3 Thus,
it is very necessary to accurately control the transmission
direction of light beam. As a device capable of steering
light beam fast and precisely, the fast steering mirror (FSM)
has been applied to the acquisition, pointing, and tracking
(APT) of an FSO system.4–6 In addition, it has also been
widely applied to some other fields, such as lidar, astronomi-
cal telescope, and image stabilization.7–9

With the tendency of extending the acquisition field and
improving tracking precision of the APT system, the FSM
with large deflection angle and high linearity has recently
become a research focus.10–12 The deflection angle of FSM
can be detected by the position sensor which also provides
angle feedback for actuators. Its performance directly affects
the deflection angle and linearity of the FSM. Generally,
there are several kinds of FSMs using different position
sensors such as a capacitance probe sensor, eddy current
proximity sensor as well as electro-optic sensors [such as
position-sensitive detectors (PSD) and quadrant detectors
(QD)].4 Researchers have done many studies about FSMs
driven by voice coil actuators (VCA) and also made some
noticeable results. A kind of FSM provided by OIM,
using eddy current proximity sensor, achieves �1.5 deg
deflection angle and 1% nonlinearity.13 Lu et al.14 reported
an FSM based on a capacitance probe sensor, which achieves
�5 deg along two axes. Wu et al.8 introduced a PSD-
based FSM, which has�1.125 deg and�2.5 deg deflection
angle in x-axis and y-axis, respectively, and 2.6%
nonlinearity.

The studies show that the capacitance probe sensor has
a relatively small measurement range. The eddy current

proximity sensor takes too much space, because the ideal
target size is three times the sensor radius (such as
MICRO-EPSILON NCTD3300).8,15,16 Both the PSD and
QD can be used to detect the deflection angle for the
large-angle FSM. In addition, the QD has better linearity
and faster response than the PSD,17–19 which is widely
applied to many equipments to detect the deflection angle.
Therefore, the QD is more suitable for the FSM to achieve
larger deflection angle and better linearity.

In this paper, a QD-based deflection angle detecting sys-
tem (DADS) is designed in detail for FSM, according to the
principle of specular reflectivity. Its mathematical model is
established by analyzing the principle of position detecting
and error characteristics of the QD. We can optimize the
deflection angle and the linearity of the FSM by changing
the parameters of the DADS according to the mathematical
model. This optimization method is verified by lots of simu-
lations and experiments. In addition, we design the QD-based
FSM and test its performances such as deflection angle,
linearity, and resolution. The results show that the method
of optimizing the deflection angle and linearity for DADS
will be beneficial for improving the performances of FSM.

This paper is organized as follows: in Sec. 2, the working
principle of the DADS is introduced. In Sec. 3, the math-
ematical model of the DADS is established, and the method
of optimizing deflection angle and linearity of FSM is
studied. Section 4 describes a series of experiments of the
DADS and the QD-based FSM.

2 Principle of the Deflection Angle Detecting
System

2.1 Fast Steering Mirror Structure

The exploded view of the FSM is shown in Fig. 1. It is
mainly composed of the major mirror, flexible hinge support,
four voice coil actuators (VCAs), main casing, and the
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DADS. The major mirror is stuck to the mirror base sup-
ported by flexible hinge, which is fixed in the front of the
main casing 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 flex-
ible hinge. The deflection angle is detected by the DADS,
which is composed of the QD, LED, and minor mirror.
The beam emitted from the light source is reflected by
the minor mirror, then arrives at the QD, which is used to
detect angle information of the minor mirror. LED and QD
are mounted symmetrically about the normal of the minor
mirror. The minor mirror is stuck on the back of the mirror
base, and it is in parallel with the major mirror, so the deflec-
tion angle of the minor mirror is the same as that of the major
mirror; for this reason, the QD can be used to detect the
deflection angle of the major mirror.

2.2 Working Principle of the Quadrant Detector

Figure 2(a) shows a QD illuminated by an incident Gaussian
beam. The QD comprises four identical p − n junction pho-
todiodes separated by the small gaps. With the spot moving
on the QD, the position of the spot is estimated according to
the voltages generated on each photodiode. The spot position
estimation formulas are given as

EQ-TARGET;temp:intralink-;e001;63;109

8<
:

σX ¼ ψK
UAþUC−UB−UD
UAþUBþUCþUD

σY ¼ ψK
UAþUB−UC−UD
UAþUBþUCþUD

; (1)

where UA, UB, UC, and UD are the voltages generated on
each photodiode, respectively. σx and σy are the output signal
offsets. ψk is the proportional coefficient, its value is related
to the spot diameter and energy distribution of the spot.20,21

Generally, there is high linearity of output position only
when the spot is near the QD center, and linearity becomes
worse gradually with the spot being far from QD center.22

The spot position measurement error is defined as
ΔELx ¼ x0 − σx, ΔELy ¼ y0 − σy, where ðx0; y0Þ is the
theoretical position of the spot center and ðσx; σyÞ is the esti-
mated position. From Fig. 2(b), it can be seen that there is
a maximal positional error in a certain measurement range.
The nonlinearity of detecting the spot position using QD in
x-axis is defined as

EQ-TARGET;temp:intralink-;e002;326;235δx ¼ jΔEL maxj∕S; (2)

where jΔEL maxj denotes the maximum position measure-
ment error, which is obtained within the measurement
range (S).

When the spot is moving on the QD, the performances of
the QD in the two axes are symmetrical, all the following
discussions are concentrated on the x-axis for simplification.

In addition, the measurement range varies with the spot
radius if the value of nonlinearity is fixed, the equation of
the relationship between the measurement range and the
spot radius is given as23,24

EQ-TARGET;temp:intralink-;e003;326;94S ¼ aω − b; (3)

Fig. 1 Exploded the view of the QD-based FSM.
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where a and b are the fitting coefficients, ω is the spot radius.
Different nonlinearities correspond to different groups of
ða; bÞ. We have also acquired conclusion that the nonlinear-
ity is smaller, the values of a and b are smaller, and the
smaller measurement range satisfies the corresponding
nonlinearity.

3 Optimization for the Deflection Angle Detecting
System

3.1 Theoretical Research

Figure 3 shows the working principle of the DADS, and
the parameters and symbols are shown in Table 1. When
a Gaussian beam impinges on the QD, with the minor mirror
deflecting an angle (α), we can obtain the deflection angle of
the beam (β ¼ 2α) based on the geometrical optics theory.

At the same time, the range of spot moving on the QD is
given as

EQ-TARGET;temp:intralink-;e004;326;515dQD ¼ LQD � tan 2α; (4)

where dQD is the range of the spot center moving on the QD,
LQD is the distance between the minor mirror and the QD.

For a certain size of the QD, the relationship between
nonlinearity and corresponding measurement range has
been analyzed in Sec. 2.2. To achieve small nonlinearity of
FSM system, the displacement of spot center on the QD
should be no larger than the measurement range of the QD

EQ-TARGET;temp:intralink-;e005;326;405dQD ≤ S: (5)

In addition, the incident spot radius on minor the mirror is
LLED × tan γ. To ensure the integrity of the spot illuminating
on the minor mirror, the diameter of the minor mirror (DM)
should be bigger than that of the spot (DM ≥ LLED × tan γ).
The spot radius on the QD is given by

EQ-TARGET;temp:intralink-;e006;326;319ω ¼ ω0 þ ðLLED þ LQDÞ � tan
γ

2
; (6)

where ω0 is the beam waist radius.
Generally, to ensure the normal working of the QD, the

spot is not allowed beyond the edge of the QD, as shown in
Fig. 4. If the spot locates outside the QD, part of the beam
will illuminate on the whole wall used to mount the QD and
the scattering will generate. On the other hand, it introduces a
relatively large position measurement error.19 Thus, the spot
radius arriving on the QD should satisfy the inequality below

EQ-TARGET;temp:intralink-;e007;326;192dQD þ ω ≤ RQD; (7)

where RQD is the radius of the QD. For the convenience of
analysis, the LLED and LQD are conformed to the approxi-
mate relationship of LLED ¼ LQD ¼ L. Then, substituting
Eqs. (3)–(5) into Eqs. (6) and (7), respectively, we can obtain

EQ-TARGET;temp:intralink-;e008;326;116

(
2L � tan γ

2
≥ L tanð2αÞþb

a − ω0

2L � tan γ
2
≤ RQD − ω0 − L tanð2αÞ ; (8)
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Fig. 2 (a). The incident spot on the QD. (b) The simulation curves of
spot position in the measurement range from −1 to 1 mm, the red
line represents the theoretical spot position, the black curve is the esti-
mated spot position by simulation.

Fig. 3 Work principle diagram of the DADS.

Table 1 Parameters of the DADS.

Symbol Parameter

DM The diameter of the minor mirror

γ Divergence angle of the LED

α Absolute value of deflection angle of the minor mirror

θ The angle between the beam emitted from the LED and
normal of the minor mirror

β Deflection angle of the beam reflected from minor mirror

LLED The distance between LED and minor mirror

LQD The distance between minor mirror and the QD

dQD Range of the spot center moving on the QD
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where L is the half of the total optical path length. It is the
mathematical model about the deflection angle, nonlinearity
ða; bÞ, divergence angle of LED, optical path length, and the
radius of the QD. It is demonstrated that the large deflection
angle and small nonlinearity are constrained with each other.

3.2 Simulation and Analysis

Utilizing the mathematical model above, we will discuss the
effects of the optical path length and divergence angle on the
deflection angle and linearity of FSM. A 7.8-mm-diameter
QD is also used for the simulation and analysis below.

On the one hand, if the nonlinearity was 1%, the values of
optical path length are 8 and 10 mm, respectively, the relation
curves between the deflection angle and divergence angle are
shown in Figs. 5(a) and 5(b). The black line is drawn accord-
ing to the first inequation of Eq. (8), the red one is drawn
based on the second inequation. The blue region is bounded
by those two, which stands for the deflection angle and diver-
gence angle, which are able to satisfy the 1% nonlinearity,
and there are a largest deflection angle and the corresponding
divergence angle in this area. Comparing Fig. 5(a) with
Fig. 5(b), the obtained largest deflection angle is 2.5 deg cor-
responding to 22.5 deg divergence where the optical path
length is 8 mm, whereas the largest deflection angle corre-
sponding to the 18.1 deg divergence angle is 2.0 deg where
the optical path length is 10 mm. Thus, the deflection angle
decreases by about 0.5 deg and the corresponding divergence
angle decreases by about 4.4 deg with the optical path length
increasing by 2 mm.

By repeating the above process, changing the optical path
length from 4 to 13 mm in the condition that the nonlinearity
is also 1%, 10 couples of the largest deflection angle and
corresponding divergence angle have been obtained and
shown in Fig. 5(c). The largest deflection angle of the FSM
reaches about 5 deg with 4-mm optical path length and diver-
gence angle of 43 deg. It is illustrated that a larger deflection
angle of FSM can be obtained as long as the DADS has
a shorter optical path length and an LED has a larger
divergence angle, when the nonlinearity of the QD is kept
constant.

On the other hand, if the deflection angle is kept as 2 deg
and the nonlinearities are 1%, 0.7%, and 0.5%, respectively,

the corresponding regions bounded by the divergence angle
and optical path length can be acquired according to Eq. (8),
as shown in Fig. 6. It can be easily seen that the first inequa-
tion depends on the nonlinearity parameters ða; bÞ and the
three red curves correspond to the three values of nonlinear-
ity above. However, the second inequation is independent
on the nonlinearity, and it is described as the blue curve.
It is illustrated that the region bounded by divergence
angle and optical path length is S1 þ S2 þ S3 when the non-
linearity of the QD is 1%, whereas its area is only S1 when
the nonlinearity of the QD is 0.5%. For the different nonli-
nearities, a maximum optical path length can be designed
and an LED with minimum divergence angle length can be
chosen. Therefore, it is illustrated that the nonlinearity is
decreased with an increase in the optical path length when
the divergence angle and the deflection angle are fixed.

According to the analysis of two aspects above, the
method of seeking optimal deflection angle and linearity
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Fig. 4 The relationship between QD size and the range of spot
moving.
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ship between the largest deflection angle, optical path length and
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of FSM has been expounded. By changing optical path
length and divergence angle, the largest deflection angle
can be obtained with one certain nonlinearity, and smaller
nonlinearity can also be achieved with a certain deflection
angle. Therefore, deflection angle and linearity of FSM can
be optimized perfectly in this method. The method also can
be extensively applied to the angle detecting system for
active optical system and optical tweezers.25,26

4 Experiments and Results

4.1 Experiment Setup of the Deflection Angle
Detecting System

As shown in Fig. 7, two 850-nm LEDs (OPTEK Technology
OP296a and OP265a with the divergence angle of 25 deg and
20 deg, respectively) and a near-infrared QD (First Sensor
Co., Ltd. QP50-6, 7.8-mm diameter and 0.042-mm gap)
are used in this experiment. The QD and LED are mounted
symmetrically about the mirror. The mirror is placed on the
angle motion stage, which is used to adjust the deflection
angle with the minimum moving step of 1 μrad; the LED
is mounted on the five-dimensional position stage with

the precision of 1 μm, and the QD is placed on the two-
dimensional position stage with precision of 1 μm, those
two position stage are used to adjust the optical path length.
All the devices are mounted on an air-floating platform.

When the mirror is deflected, the output voltage generated
on each quadrant can be collected by an analog-digital con-
verter, then the deflection angle of the mirror can be calcu-
lated according to Eq. (1). In this experiment, the deflection
angles of the angle motion stage are regarded as the theoreti-
cal values, and the measured angle by QD is regarded as
experimental value. By comparing the theoretical deflection
angle and the measured angle, we can calculate the nonli-
nearity based on the Eq. (2).

4.2 Results and Analysis of the Deflection Angle
Detecting System

First, the 25 deg divergence angle LED is mounted on the
five-dimensional position stage, the mirror is deflected
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optical path length when the nonlinearity is different and deflection
angle are kept constant.

Fig. 7 The diagram of setup for the DADS.
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Fig. 8 The nonlinearity results of the DADS when the deflection
angles are �2 deg and �2.5 deg, respectively. The red line
describes the simulation nonlinearities. The green line describes
the experimental nonlinearities.
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from −2 deg toþ2 deg in steps of 20 μrad, and optical path
length is gradually changed from 4 to 7 mm in steps of
0.5 mm. The corresponding deflection angles can be mea-
sured by the QD. The mirror is rotated from −2.5 deg to
þ2.5 deg in steps of 20 μrad, and other conditions remain
the same. Then, the simulation and experimental nonlinear-
ities are shown in Fig. 8.

Figure 8 shows that the variations of experimental non-
linearity agree well with the simulation results when the
deflection angles are �2 deg and �2.5 deg, respectively.
It is also illustrated that the nonlinearity is decreased with
the optical path length being enlarged, when the deflection
angle and the LED are fixed. In addition, we can also obtain
the smaller nonlinearity with �2 deg deflection angle LED
than �2.5 deg under the same conditions. Meanwhile,
the experimental results are affected by the mounting error
caused by all the devices and the noise error caused by
the LED and QD, respectively.
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Fig. 9 The diagram of the nonlinearities of DADS using two LEDs
(20 deg and 25 deg divergence angle). The red line represents
the simulation results, the green line represents the experimental
result.

(a)

(b)

Fig. 10 (a) The experimental principle diagram of testing the deflection angle and linearity of the QD-
based FSM. (b) The photograph of the testing platform for evaluating the linearity and deflection angle of
the designed QD-based FSM.
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Second, another 20 deg divergence angle LED is applied,
and the mirror is also deflected from −2.5 deg to þ2.5 deg.
Figure 9 shows the experimental and simulation nonlinear-
ities, which are obtained using two LEDs, respectively.
It is also shown that the variations of the experimental non-
linearity agree well with the simulation results. In addition,
the smaller nonlinearity is obtained using the 25 deg diver-
gence angle LED than 20 deg. For example, when the optical
path length is 4 mm, the obtained experimental 0.71% and
1.05% nonlinearities, respectively, correspond to the 25 deg
and 20 deg divergence angle LED.

Finally, based on the simulation results, we design the
DADS with 7-mm optical path length, 25 deg divergence
angle LED 10-mm-diameter minor mirror for FSM to
improve the deflection angle and linearity. Based on the
experimental results, it achieves 0.62% nonlinearity.

In summary, the mathematical model [Eq. (8)] is proved
correct and feasible in QD-based FSM using simulation and
experimental results since the experimental results agree
well with the simulation results. Therefore, this optimization
method provides an efficient project to design the DADS for
QD-based FSM.

4.3 Experimental Setup of the Designed Quadrant
Detector-Based Fast Steering Mirror

On the basis of analyzing the experimental results of the
DADS, the 25 deg divergence angle LED and the QD are
chosen to design it for achieving higher linearity. Its optical
path length is fixed to 7 mm. The 10-mm-diameter minor
mirror, the 25-mm-diameter major mirror, and the 4 VCAs
(Akribis AVM 14-10-C56) are assembled on the QD-based
FSM. To evaluate the linearity of the FSM within the deflec-
tion angle range, we set up the test platform, as shown in
Fig. 10. The experimental principle of testing the deflection
angle and linearity of the QD-based FSM and the test plat-
form are shown in Figs. 10(a) and 10(b), respectively.

The mirror of the FSM can be driven by the VCAs to
deflect a corresponding mirror when a certain drive voltage
is input. The spot is moving on the surface of the camera if
the FSM is deflected a certain angle, so the deflection angle
range of the FSM can be measured according to the spot
displacement on the surface of the camera.

4.4 Results and Analysis of the Designed Quadrant
Detector-Based Fast Steering Mirror

We obtain a group of corresponding deflection angles when
the FSM is driven to deflect a series of angles. Based on these
data, the relations curve between the deflection angle and
the drive voltage are shown in Figs. 11(a) and 11(b). The
nonlinearity is 0.72% within the deflection angle range of
�2.0 deg in the x-axis, the nonlinearity is 0.68% within
the deflection angle range of �2.0 deg in the y-axis, respec-
tively. However, the experimental nonlinearity of the
independent DADS is about 0.66% within the �2.0 deg
deflection angle in x-axis, as shown in Fig. 9. Those main
reasons for increasing the nonlinearity of the FSM are in
the following aspects: mounting errors of the DADS, rotation
errors of the flexible hinge support, and moving errors of
the VCA, etc. So, we will continue to focus on decreasing
the nonlinearity of the FSM by optimizing the DADS and
changing the energy distribution of the LED.

Moreover, we also test the resolution of the QD-based
FSM. We employ the 16-bit AD converter and 16-bit DA
converter. The resolution of the FSM is 1.047 μrad if the
noise is not considered. The FSM is, respectively, deflected
at (0, 0), ð210 μrad; 210 μradÞ, and ð2100 μrad; 2100 μradÞ,
we collect 2500 position changing data, which detected by
the QD, respectively. Then, we calculate the root-mean-
square value of the position changing data (RMS), which
is the resolution of the FSM. The results are shown in
Fig. 12;, it shows that the resolutions (RMS) are 1.11,
1.3, and 1.6 μrad when the FSM is deflected at (0, 0),
ð210 μrad; 210 μradÞ, and ð2100 μrad; 2100 μradÞ, respec-
tively. So, the minimum resolution appears when the FSM
mirror is in the position of (0, 0). The resolution becomes
worse with enlarging the deflection angle of the FSM.

Researchers have done a lot of studies about the FSMs.
There are several kinds of FSMs that are shown in Table 2.
Our designed FSM achieves 2.5 deg deflection angle, 0.72%
nonlinearity, and 1.11-μrad resolution. Compared with FSM
in Ref. 8 (which has �1.125 deg and �2.5 deg deflection
angle in the x-axis and y-axis, respectively, 2.67% nonlinear-
ity and 50-μrad resolution), the nonlinearity, deflection

(a)

(b)

Fig. 11 (a) Experimental and simulation results of deflection angle
and nonlinearity of the designed QD-based FSM in the x -axis;
(b) Experimental and simulation results of deflection angle and non-
linearity of the designed QD-based FSM in the y -axis. The insert
shows the biggest position error within the whole deflection angle
range, the black spots represent the experimental results, the red
line represents simulation results, δ is the nonlinearity of the designed
QD-based FSM.
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angle, and resolution in the x-axis of our QD-based are much
better than that of Ref. 8. In comparison with the FSM in
Ref. 13 (which achieves�1.5 deg deflection angle, 1% non-
linearity, and 1-μrad resolution), the deflection angle and
nonlinearity of our FSM are both better than that of
Ref. 13, respectively, the resolution is decreased by 10%.
The deflection angle of our FSM is 24 times as large as
that in Ref. 14 (which obtains �5 deg deflection angle
and 9.7-μrad resolution), and the resolution of our FSM is
1.11 μrad. In addition, the measurement range of the DADS
can be further increased by changing the design scheme
(including changing the divergence angle of the LED, optical
path length or adding the lens), which will be our focus in
the future work. Therefore, this QD-based FSM is very

helpful for improving the precision and extend the acquisi-
tion field of the APT in FSO system.

5 Conclusion
The DADS using the QD for FSM has been studied in detail
in this paper. Its mathematical model has been established by
analyzing the principle of position detecting and error char-
acteristics of the QD. On the basis of this mathematical
model, the method of optimizing the deflection angle and
the linearity has been expounded. The simulation and the
experimental results have proved the mathematical model
correct and valuable for designing QD-based FSM. Finally,
we assemble the QD-based FSM and establish test platform
to evaluate its performances. The results show that the
designed QD-based FSM achieves 0.72% nonlinearity,
�2.0 deg deflection angle, 1.11-μrad resolution, and
700 Hz. Comparing the performances with other FSMs
shows that the QD-based FSM achieves larger deflection
angle and better linearity simultaneously. Therefore, this
method of optimizing the DADS will be beneficial to design
the large deflection angle and high linearity FSM.
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