
High-bandwidth fine tracking system
for optical communication with
double closed-loop control method

Yukun Wang
Dayu Li
Rui Wang
Chengbin Jin
Shaoxin Wang
Quanquan Mu
Li Xuan
Zhaoliang Cao
Zhi Wang

Yukun Wang, Dayu Li, Rui Wang, Chengbin Jin, Shaoxin Wang, Quanquan Mu, Li Xuan,
Zhaoliang Cao, Zhi Wang, “High-bandwidth fine tracking system for optical communication
with double closed-loop control method,” Opt. Eng. 58(2), 026102 (2019),
doi: 10.1117/1.OE.58.2.026102.

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 23 Jun 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



High-bandwidth fine tracking system for optical
communication with double closed-loop control method

Yukun Wang,a,b,† Dayu Li,a,† Rui Wang,a,b Chengbin Jin,a,b Shaoxin Wang,a Quanquan Mu,a Li Xuan,a Zhaoliang Cao,a and
Zhi Wanga,*
aChinese Academy of Sciences, Changchun Institute of Optics, Fine Mechanics and Physics, State Key Laboratory of Applied Optics,
Changchun, China
bUniversity of Chinese Academy of Sciences, Beijing, China

Abstract. A fine tracking system is crucial for maintaining the accuracy of the optical communication terminals
that aim at each other. To ensure the reliability of the communication link, the fine tracking system requires high
bandwidth to mitigate the effect of arrival angle fluctuation caused by atmospheric turbulence. Traditionally, the
fine tracking system includes only a single feedback loop; a high bandwidth is obtained by increasing the high
gain of the fine tracking system, which usually suffers considerably from the time delay engendered by sampling
and data processing, the hysteresis nonlinearity of a fast steering mirror (FSM), and the limitations of dynamic
response of FSM. To track the beacon in real time and with high precision, a pioneering control method is pre-
sented in our paper, namely, double closed-loop control (DCC), which performs better in a tracking system com-
pared with a traditional single-feedback loop. In the inner feedback loop, the response of FSM is measured by
a strain gauge sensor (SGS) and used as the inner feedback signal. Thus, by co-operating with the outer CCD-
based feedback loop, a DCC scheme is proposed for the fine tracking system. With the SGS signal, the inner
loop controller is designed to obtain a rapid response without overshooting; meanwhile, the hysteresis nonli-
nearity is diminished. Experimental results indicate that the static hysteresis nonlinearity of FSM is reduced
from 15.6% to 1.4% by an inner feedback loop, and the dynamic response and stability of FSM is greatly
improved, thereby simplifying the outer loop controller design. Then, with the SGS signal, the time delay of
the outer loop can be compensated accurately with a predicted signal compensation method. The experimental
results show that the−3 dB error rejection bandwidth is increased from 76 to 85 Hz, and the coupling efficiency in
our optical communication system is improved by 16.87% after using the DCC fine tracking method. These
results indicate that the DCC method can effectively achieve the goal of fast and accurate tracking for optical
communications systems. © 2019 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.58.2.026102]
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1 Introduction
Free-space optical communication (FSOC) has many advan-
tages compared with the traditional radio frequency commu-
nication; these advantages include high data rate, free-license
spectrum, low-power consumption, and excellent security on
Ref. 1. Given that FSOC systems usually have a narrow
beam divergence angle, they are extremely sensitive to
atmospheric turbulence and mechanical vibration. High-
accuracy beacon-beam tracking is crucial in establishing
and maintaining the communication links, which are essen-
tial in the success of the entire communication. Generally,
the tracking bandwidth is directly determined by the perfor-
mance of the fine tracking loop of an acquisition, tracking,
and pointing system.2 Therefore, the design of a high-band-
width fine tracking control system is a very important
element for the FSOC links.

Most fine tracking systems include only a single feedback
control loop, and the most common control method is the
simple and effective proportional integration differential
(PID) control method.3,4 To improve the bandwidth of the
fine tracking system, some researchers increased the gain
of the PID controller for higher bandwidth. However, a

much higher gain easily leads to system instability.5 Some
researchers increase the correction frequency of the closed
loop by decreasing the CCD exposure time. However, the
signal-to-noise ratio is decreased, and the detection accuracy
cannot be guaranteed. Thus, the exposure time of the CCD
sensor must be sufficiently large to ensure the detection
precision. When considering the CCD exposure time and
data processing time, the time delay in the fine tracking
control loop is a major problem that will seriously affect
the tracking accuracy. To solve this problem, many control
methods have been investigated to decrease the effect of
the time delay. First, an atmospheric-turbulence-prediction-
based control method is presented to compensate for time
delay.6,7 However, when the atmosphere turbulence becomes
stronger, the prediction precision is low. Recently, a pre-
dicted signal compensation method (PSCM) has been pro-
posed to compensate for time delay.8 In this method, the
prediction validity is sensitive to the accuracy of the fine
tracking control system model. Furthermore, the inherent
hysteresis nonlinearity and the dynamic response of the
fast steering mirror (FSM) limit the bandwidth of the fine
tracking system. Thus, satisfying the accuracy requirements
of the fine tracking system for FSOC is difficult or even
impossible.
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In this paper, a double closed-loop control (DCC) scheme
is proposed for the fine tracking system. By co-operating
with the original CCD-based outer feedback loop, an
inner feedback loop is introduced to improve the inherent
hysteresis nonlinearity and dynamic response of the FSM,
in which a strain gauge sensor (SGS) is used to measure
the FSM response signal with a sample rate of 10 kHz.
The contribution of this SGS-based inner feedback loop is
the hysteresis compensation and the optimization of dynamic
response. Afterward, the overall inner loop can be considered
a linear time-invariant system, and the dynamic response is
fast and accurate, thereby contributing to the outer loop con-
troller design and optimization. Furthermore, given the SGS
signal, the identification of the fine tracking system model
can be avoided. Thus, the time delay of the outer loop can
be accurately compensated with the predicted signal com-
pensation control method (PSCM).8 Experimental results
indicate that the controller algorithm is simple, highly stable,
and accurate in solving the time delay and the inherent
hysteresis nonlinearity problem. The dynamic response is
improved considerably. Compared with the traditional PID
and previous PSCM, the method has many advantages, such
as better robustness, fewer demands on the system model,
and better control effect.

2 Fine Tracking System Scheme

2.1 Traditional CCD-Based Fine Tracking Scheme

The scheme of a traditional fine tracking system is shown in
Fig. 1. The fine tracking system is composed of CCD sensor,
control computer (CC), digital-to-analog converter (DAC),
high-voltage amplifier (HVA), and FSM. The fine tracking
system includes only a single feedback loop. The residual
aberration ϕres is detected by the CCD with detection
noise n. The driving voltages for FSM are computed and
sent to FSM by CC, DAC, and HVA. Then, the FSM correc-
tion ϕcor will compensate the tracking signal ϕr as feedback.

For the above control scheme, the most effective method
used in improving the performance of the fine tracking sys-
tem is to increase the gain of the controller for a high band-
width, which, however, usually suffers considerably from a
low CCD sampling rate and the mechanical limitations of
FSM. Therefore, a tentative approach to the optimization
of the control scheme with an inner feedback is proposed.

2.2 Double Closed-Loop TT Control Scheme

The diagram of the DCC fine tracing system is depicted in
Fig. 2. An inner feedback control loop is introduced to com-
pensate for hysteresis nonlinearity in the piezoelectric actua-
tors and to improve the dynamic performance of the FSM
response.

As shown in the dotted line of Fig. 2, the inner feedback
loop consists of SGS, an ADC, and an inner controller
(CCinner). The SGS is a linear sensor, which has a high

resolution of less than 1 μrad. The SGS transfers the
response of FSM linearly to the corresponding voltage
and it is fed back with a sample rate of 10 kHz. CCinner

is the inner SGS-based controller; it computes the driving
voltages for FSM. The overall inner loop can be considered
a whole. It is a linear system without hysteresis nonlinearity;
the performance of the linear system can be optimized by
the design of CCinner. In Sec. 3, the CCinner and CCouter are
designed to optimize the overall performance of the fine
tracking system in detail.

3 Double Closed-Loop Controller Design
Based on the control scheme proposed in the previous
section, the DCC is designed in two steps: the (1) inner
SGS-based controller design and the (2) outer CCD-based
controller design. To optimize the final performance of
fine tracking, a time-delay compensation control method is
designed with the SGS signal.

3.1 Inner SGS-Based Controller Design

The inner SGS-based position control loop diagram is shown
in Fig. 3. The inner controller is a second order controller that
aims at compensating the inherent hysteresis nonlinearity
and improving the dynamic performance of FSM.

We choose a traditional second order system to describe
the properties of the HVA and FSM that may be expressed as
in Eq. (1):

EQ-TARGET;temp:intralink-;e001;326;367GpðsÞ ¼
k

s2 þ csþ p
; (1)

where k, c, p are the parameters of the FSM system model;
the parameters can be obtained by system identification
methods. The transfer function of ADC and DAC can be
described as follows:

EQ-TARGET;temp:intralink-;e002;326;279GADCðsÞ ¼ GDACðsÞ ¼
1 − e−Ts

Ts
≈ e−Ts∕2; (2)

where T is the sampling time. Thus, we can easily obtain
the inner closed-loop transfer function Gclosed in:

EQ-TARGET;temp:intralink-;e003;326;215Gclosed_inðsÞ ¼
Gcc_inðsÞGpðsÞ

1þ Gcc_inðsÞGpðsÞe−Ts
e−Ts: (3)

FSMDAC HVACCCCD

rφ resφ
corφ

+

n

Fig. 1 Control scheme of the fine tracking system.

Fig. 2 Diagram of double closed-loop fine tracking control scheme.

Fig. 3 Inner SGS-based position loop controller diagram.
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A perfect inner controller can be designed as follows:

EQ-TARGET;temp:intralink-;e004;63;741Gcc_inðsÞ ¼
kc
s
G−1

p ðsÞ: (4)

To simplify the expression, we use a first-order filter to
approximate the time delay:

EQ-TARGET;temp:intralink-;e005;63;678e−Ts ¼ 1 − Ts∕2
1þ Ts∕2

¼ a − s
aþ s

; (5)

where a ¼ 2∕T, Gclosed in can be reduced to the following
form:

EQ-TARGET;temp:intralink-;e006;63;612Gclosed_inðsÞ ¼
kce−Ts

sþ kce−Ts
¼ kcða − sÞ

s2 þ ða − kcÞsþ akc

¼ kcða − sÞ
s2 þ 2ξnωnsþ ω2

n
;

(6)

where ωn is the natural frequency and ξn is the damping
coefficient. To obtain an optimal closed-loop system, the
damping coefficient should satisfy

EQ-TARGET;temp:intralink-;e007;63;505ξn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða − kcÞ2
4akc

s
¼

ffiffiffi
2

p

2
: (7)

Considering the stability of the system, the relationship
between a and kc should satisfy kc < a. Then, we can easily
obtain the following equation:

EQ-TARGET;temp:intralink-;e008;63;420kc ¼
a

2þ ffiffiffi
3

p : (8)

With the optimal inner loop controller, the inherent hys-
teresis nonlinearity and dynamic performance of FSM can be
improved as our design. Then, the outer loop controller can
be designed based on the inner closed-loop system response.

3.2 Outer CCD-Based Controller Design with PSCM

The control scheme of an outer CCD-based controller with
PSCM is shown in Fig. 4. eðkÞ is the residual tracking aber-
ration detected by the CCD sensor, with the detection noise
n. Owing to the effect of the delay time τ, the FSM moves
during the delay time. Then, the measured residual aberra-
tion eðkÞ is not accurate. To overcome this problem, the
PSCM is presented;8 the principle of PSCM is to compensate
the measuring aberration with the identified model GmðsÞ
during the delay time. The driving voltage is calculated
by taking the compensated aberration into the PID controller.
e 0ðkÞ is the residual with compensation, and yðkÞ is the out-
put of the identified model GmðsÞ. It is used to calculate

e 0ðkÞ. With e 0ðkÞ, the driving voltages vðkÞ can be computed
accurately. Thus, the performance of PSCM is dependent on
the accuracy of the identified model GmðsÞ.

The mathematical expression of the PSCM controller can
be described as in Eq. (9):

EQ-TARGET;temp:intralink-;e009;326;697

�
vðkÞ ¼ vðk − 1Þ þ k1e 0ðkÞ þ k2e 0ðk − 1Þ þ k3e 0ðk − 2Þ
e 0ðkÞ ¼ eðkÞ þ yðkÞ − yðk − nTÞ ;

(9)

where, k1, k2, k3 are the parameters of PID, and yðk − nTÞ is
the GmðsÞ with n steps delay. To avoid the identification of
the system model, we use the SGS sensor to measure the
FSM positions; the positions are recorded at the start and
the end of CCD exposure. Thus, the yðkÞ and yðk − nTÞ
in Eq. (9) is accurate. The mathematical expression of the
PSCM controller can be changed to

EQ-TARGET;temp:intralink-;e010;326;562

�
vðkÞ ¼ vðk − 1Þ þ k1e 0ðkÞ þ k2e 0ðk − 1Þ þ k3e 0ðk − 2Þ
e 0ðkÞ ¼ eðkÞ þ ksgsToccdðysgsðkÞ − ysgsðk − nTÞÞ ;

(10)

where ysgsðkÞ nd ysgsðk − nTÞ are the SGS signal at the start
and the end of CCD exposure. ksgsToccd is a parameter for
converting SGS signal value in accordance with the CCD
signal value. This parameter can be measured in advance.

In this control scheme, we optimize the inner loop first.
The inherent hysteresis nonlinearity and dynamic response
are optimal; this situation is helpful for the design of the
outer PID controller. Meanwhile, the SGS sensor is used
to compensate the time delay with PSCM; the compensation
accuracy can be improved considerably compared with the
traditional single-loop PSCM.

4 Experiment and Results
In our system, a PI S330.2SL high-dynamics piezo FSM
platform is used. A CCD camera with the fastest sampling
frequency of 1.67 kHz is used as the fine tracking detector.
Our experiment is conducted based on these factors to test
the DCC method. The SGS-based FSM model is identified,
and the optimal inner controller is first obtained with the pre-
vious design. The performance of the inner SGS-based con-
troller is tested by a laboratory experiment. Then, the outer
CCD-based controller with PSCM is designed for this exper-
imental system. The bandwidth of our fine tracking system is
measured and compared with our previous methods. Finally,
this system is installed in our optical communication system,
and the performance of optical communication is analyzed
after using the DCC method.

4.1 Experiment Setup for the Design of Inner SGS-
Based Controller

The components in the inner control loop are a PI S330 FSM
with SGS, NI PCIe6251 card for SGS data acquisition and
sending of driving voltages, and a computer for data process-
ing and controller realization. The experimental platform for
the inner loop design is shown in Fig. 5. The PI S330 FSM is
the gray box in Fig. 5, which consists of an SGS sensor mod-
ule and a high-voltage driving module. The NI PCIe6251
card is the white interface box in Fig. 5, which consists
of 2 channels of analog voltage output and 16 channels ofFig. 4 Control scheme of the TT correction system.
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analog data acquisition, it satisfies the experimental require-
ments. The SGS-based FSM model is identified with the
method mentioned in Ref. 9. The sampling time of the NI
PCIe6251 card is ∼0.1 ms; thus, T ¼ 0.1 ms in our system.
Considering the limitation of the dynamic range of FSM and
the driving voltage range of NI PCIe6251 card, the control
parameter kc is limited. The inner loop controller is a sub-
optimal control.

To verify the inner control loop performance, the fre-
quency response is measured from 5 to 495 Hz. Then, we
can design the inner controller with the response and mea-
sure the frequency response of the inner closed loop. The
results are shown in Fig. 6.

As shown in Fig. 6, the red line is the frequency response
of the inner closed loop, whereas the blue line is of the origi-
nal nonlinear response. The amplitude of the open loop FSM
is −2 dB at low frequency and begins to decrease at a middle
frequency of ∼90 Hz. The open loop cut-off frequency is
considered as 300 Hz, and the phase lag is ∼60 deg.
After inner closed-loop correction, the amplitude of the
closed loop frequency response is 0 dB at low frequency
and begins to decrease at ∼180 Hz. The phase lag is

46 deg. The results show that after the inner closed loop,
the response is stable and accurate. The bandwidth is
increased by ∼90 Hz and the phase lag is decreased by
14 Hz; the dynamic response linearity of the FSM is
improved greatly. Then, the inherent hysteresis curves of
FSM are measured, and the result is shown in Fig. 7.

To quantify the hysteresis nonlinearity, we define hs as
the ratio of the maximum possible output difference for
any input (Δy) divided by the output range (Ymax),
hs ¼ Δy∕Ymax (Fig. 7). As shown in Fig. 7, the hysteresis
parameter hs has been reduced from 15.6% to 1.4% by an
inner closed loop, and the linearity of the input–output
curve has been improved greatly.

4.2 Performance of Double Closed-Loop Control

After the design of the inner closed loop, the inner loop can
be considered an integrity. The response of the inner closed
loop is a linear system with good dynamic characteristics.
The outer loop controller can be effectively designed with
SGS time delay compensation. The purpose of the control
system is to improve the bandwidth of a fine tracking system.
Thus, we compare the −3 dB error rejection bandwidth
between the traditional single-loop PSCM and the control
SGS time delay compensation method proposed in this
paper.

In traditional single loop PSCM controller design, owing
to the system hysteresis nonlinearity, the accurate dynamic
model of the FSM platform is not available and the controller
parameters cannot be directly optimized. Thus, the trial and
error method is used in determining the parameters. When an
inner SGS-based inner closed loop is introduced, the FSM
platform is almost linearized with a good dynamic response.
To verify the fine tracking performance, we established
an experimental platform for measuring the bandwidth of
the fine tracking system. The optical layout is shown in
Fig. 8. FSM1 and FSM2 are conjugated with each other. The
light outputted with a fiber bundle (diameter ¼ 200 μm,
wavelength is 400 to 700 nm) was collimated by lens L1
(f ¼ 80 mm); the light diameter is limited at 7.8 mm
with an iris aperture and then reflected by the FSM1. The
reflected light is zoomed out by the combination of L2
(f ¼ 100 mm) and L3 (f ¼ 73 mm) and then reflected by
FSM2 and detected by the CCD after L4(f ¼ 100 mm).
In this experimental system, the FSM1 (PI S334) is added

Fig. 5 Experimental platform for inner loop design.
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for generating the incoming disturbances, and the FSM2
(PI S330) is used as the corrector.

The frequency response curves of error rejection function
are shown in Fig. 9. As shown in the figure, the precision of
FSM is increased considerably and the time delay error is
compensated accurately with SGS. The −3 dB error rejec-
tion bandwidth of the fine tracking control system increases
from 76 to 85 Hz with our method.

Fig. 8 Optical layout for bandwidth measuring of fine tracking system.
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Fig. 10 Optical layout of FSOC with disturbance FSM.
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Fig. 11 Fine tracking results of FSOC: (a) uncorrected center of
the light spot, (b) corrected center of the light spot with PSCM, and
(c) corrected center of the light spot with DCC method.
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To verify the control performance in fine tracking, we
examined this method in our FSOC. The detailed optical lay-
out description of our FSOC is provided in Ref. 10. We add
an FSM to generate disturbances in the FSOC; the label is
FSM1 in FSOC. FSM1 and FSM2 are conjugated with each
other. The data for FSM1 are collected from an 8.9-km
terrestrial optical communication link by a CCD camera on
November 27, 2017, at Dalian. In a laboratory, FSM1 is
used to simulate the same CCD light spot as the outfield
experiment. The Tylor frequency is 18 Hz. Then, we con-
ducted a fine tracking experiment to verify our method.
Figure 10 shows the optical layout of our FSOC with disturb-
ance FSM.

The disturbance is generated by FSM1 and the data on
disturbance were collected on CCD. First, the correction
FSM is not accurate, and then the disturbance is corrected
with the traditional single loop PSCM and DCC method,
respectively. The residual disturbance data are collected
on CCD. The results are shown in Fig. 11.

The results show that the RMS error of residual disturb-
ance on CCD had been reduced by 23.89% on average com-
pared with a traditional single loop PSCM. Then, we use
coupling efficiency (CE) to evaluate the communication
performance; the CE can be calculated by Eq. (11) as
follows:11,12

EQ-TARGET;temp:intralink-;e011;63;279η ¼ 8

π2D2w2
α
jaj2; (11)

where

EQ-TARGET;temp:intralink-;sec4.2;63;224a ¼
ZZ

S
expð− x2 þ y2

w2
α

Þ cos½φðx; yÞ�ds

− j
ZZ

S
expð− x2 þ y2

w2
α

Þ½φðx; yÞ�ds;

wα is the radius of the optical fiber mode field, and φ is the
wavefront residual aberration measured by WFS. Figure 12
shows the results of CE. The CE after correction with the
DCC method is increased by 16.87% compared with the tra-
ditional single loop PSCM.

As bit error rate is the final standard for FSOC system, the
bit error rate is calculated in this paper. As is shown in
Fig. 12, the power entering the coupling fiber is increased

with DCC method, the CE is increased from 48.73% to
56.95%. If the power in the whole pupil surface is 10 μW,
the power entering the fiber is from 4.8 to 5.7 μW, with the
formula in Ref. 11, the bit error rate is decreased from 2.7 ×
10−7 to 3.6 × 10−9, it is reduced by 2 orders of magnitude,
hence, the improvement for FSOC is very significant.
Meanwhile, the cost of DCC method is very small, only
a SGS senor is added compared with traditional method.
Therefore, the DCC method is very effective and easy to
popularize, and has good application value.

5 Conclusion
In this paper, we presented a DCC scheme for the fine
tracking control system in our FSOC. The inner SGS-
based position control loop aimed at improving the inherent
hysteresis nonlinearity and dynamic response of the FSM,
whereas the outer CCD-based tracking loop used the SGS
data to compensate for the time delay. The experiment results
are highly encouraging, thereby indicating that after the inner
closed loop, the hysteresis nonlinearity of FSM platform
decreased from 15.6% to 1.4%, and the system −3 dB
error rejection bandwidth of our DCC method has improved
from 76 to 85 Hz compared with the traditional single-loop
PSCM. Finally, the performance of our method in FSOC is
experimentally verified. The RMS error of residual disturb-
ance on CCD was reduced by 23.89% on average compared
with the traditional single-loop PSCM and the CE is
improved from 48.53% to 56.95%. These results are very
important for communication link stability. Furthermore,
the linearization of the nonlinear FSM platform is useful
for the system simulation; controller optimization and that
for other sophisticated controllers is possible. All of these
effects will lead to the performance improvement of the
fine tracking system.
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