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Abstract Dynamic tracking of laser spot is a key process
in the establishment of free space optical communication.
In this paper, a dynamic tracking system was presented. In
this system, a two-dimensional (2D) galvanometer was
used to change the angle of the optical axis of the incident
beam at a certain scanning frequency as optical signal jitter
simulator, and another galvanometer was used to track the
jitter with quadrant detector (QD) and data processing
module to acquire the position information of laser spot.
Results indicated that the tracking accuracy of this system
mainly composed of 2D galvanometer was as high as 27.8
μrad, and its linear deviation was less than 0.013. The
system could still keep the dynamic tracking of the spot
stable when the jitter frequency of the optical signal was
less than 1000 Hz. Those results suggested that this system
could be suitable for the short distance in free space
communication due to its simple structure, easy to control
and low cost compared with conventional system.

Keywords free space optical communication, dynamic
tracking, optical signal jitter, two-dimensional (2D) galvan-
ometer

1 Introduction

Acquisition, pointing and tracking (APT) technology,
which mainly completes large range, high probability,
fast spatial capture, dynamic tracking as well as optical
axis aligning between motion platforms, is one of the key
technologies in free space optical communication [1].
The dynamic tracking system of the APT in free space

optical communication had been usually composed of

three parts which include a detector, a microcontroller unit
(MCU) and an adjustment unit. It got the information of
spot position by using quadrant detector (QD), position
sensor detector (PSD) or charge coupled device (CCD) [2].
Then, the information obtained from the detector was
processed by the MCU part. Finally, the fast steering
mirror (FSM) drived by piezoelectric, which was con-
trolled by MCU, was adopted as the optical axis
adjustment unit to achieve the adjustment of the optical
axis. System composed of these structures had realized a
tracking accuracy with microradian level and with
response frequency higher than 1 kHz [3–7], while it had
several disadvantages, such as the complex MCU, the
expensive cost, the complicated structure.
In this paper, a dynamic tracking system, which is

mainly composed of the two-dimensional (2D) galvan-
ometers, the data processing unit, QD and complementary
metal-oxide-semiconductor transistor (CMOS) unit was
proposed. The galvanometer was used to generate optical
jitter as well as make adjustment of optical axis. The spot
information was obtained by QD to provide the feedback
signals for data processing unit to control the galvanometer
in turn. In addition, a CMOS camera was used to
investigate the spot changes through the splitter. The
tracking accuracy of the system can still reach 27.8 μrad
with a response frequency of 1000 Hz. Compared with the
conventional system, this system designed in the paper has
many advantages such as low cost, easy to control, simple
structure so that it is suitable for short distance free space
optical communication.

2 Set-up of spot dynamic tracking system

The spot dynamic tracking system including both
transmitting and receiving terminals is a closed-loop
control, as shown in Fig. 1. Thetransmitting terminal

Received March 15, 2016; accepted May 26, 2016

E-mail: zhaoming@hust.edu.cn

Front. Optoelectron. 2017, 10(2): 174–179
DOI 10.1007/s12200-016-0638-8



performs as an optical jitter simulator. The emitted laser
finally reaches the mirror-x1 of the 2D galvanometer via
shaping system and an attenuator. Then, the beam is
reflected twice by mirror-x1 and mirror-y1 which are under
the control of a signal generator [8]. A sinusoidal signal
with a certain frequency is generated by the signal
generator to drive the motor-x1 or motor-y1 directly.
At the receiving terminal, the jitter beam is reflected by

mirror-x2 and mirror-y2 then sent to the splitter. After the
splitter, the transmitted beam is received by the QD to
obtain the spot position information and the reflected beam
is acquired by the CMOS camera to observe the tracking
error directly. The spot position information will be
processed by MCU and correct voltages ΔUx, ΔUy will
be output to control the motor-x2 and motor-y2, respec-
tively.
The beam used in the experiment was a laser of 532 nm

wavelength. It is shaped into a spot with a radius of 2 mm
which was half of the radius of the active area of QD in
order to meet the best appropriate conditions with a wide
linear region [9]. The max resolution of the CMOS camera
was 4384 H�3288 V and the pixel size was 1.4 μm �
1.4 μm.The optical distance from mirror-y2 to CMOS
camera and QD was L = 275 mm.

3 Principle of spot dynamic tracking

The spot received by QD distributes in I, II, III, IV

quadrants with corresponding area A1, A2, A3, A4,
respectively, as shown in Fig. 2. o(x, y) coordinate is the
spot center, r is the radius of spot. Assuming that Dx and Dy
are the miss distances of the spot center in x and y
directions, respectively.
Under the condition of light intensity with uniform

distribution, the output voltage of each quadrant of the QD
is proportional to the area of the spot distribution in each
quadrant. Generally r >> x and r >> y, conclusions can be
drawn from Fig. 2 as follows [10,11].

Δx ¼ πr
2

Ux

U sum

� �
, (1)

Fig. 1 Block diagram of spot dynamic tracking system

Fig. 2 Distribution of spot in I, II, III, IV quadrants received by
QD
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Δy ¼ πr
2

Uy

Usum

� �
, (2)

where Ux = U2 + U3 –U1 –U4, Uy = U4 + U3 –U1 –U2,
Usum = U1 + U2 + U3 + U4, U1, U2, U3 and U4 are the
corresponding output voltage of the QD from I、II、III
and IV quadrant, respectively. Assuming that the optical
distance between the QD and the mirror is L, the tracking
accuracy α can be expressed by the following formula [12]:

α ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δx2 þ Δy2

p
L

: (3)

In Fig. 3, for example, in the x direction, when the
correct voltage input is , the deflection angle of mirror is � ,
and the axis of the beam is deflected 2 which causes that
the offset of spot center reaches x after the transmission
distance L. It realizes the dynamic spot tracking by
ensuring that the offset caused by 2D galvanometer is
equal to the x coordinate of spot got from QD all the time.
In this system, � is usually very small, so that

tan2� � 2� ¼ x

L
. The deflection angle of the 2D galvan-

ometer is satisfied that � ¼ 2°=V� ΔU . Therefore,

ΔUx ¼ 22:5
r

L

� �
� Ux

U sum

� �
, (4)

ΔUy ¼ 22:5
r

L

� �
� Uy

U sum

� �
, (5)

where ΔUx and ΔUy are the correct voltages of the motor-
x2 and motor-y2, respectively. Under the condition of
constant optical power and radius, the Usum will be
constant too, a linearity relationship can be found between
ΔUx and Ux as well as ΔUx and Uy which could be unified
as ΔU ¼ kU .

4 Experimental results and discussion

4.1 Linearity of this system

System with good linearity is of great benefit to process the
output voltages of QD and can be directly controlled
through the simplest algorithms. When the optical power
was equal to 0.2 and 0.3 mW respectively, considering that
there is a linearity relationship between ΔU and U , we can
get that k � 0:1387 and k � 0:1023, respectively. The
relationship between the measured voltages-ΔUx,Ux,
ΔUy,Uy and the theoretical curve was shown in Fig. 4.
From Fig. 4, it is found that measured data are consistent

with the theoretical curve very well and suggesting the
system has a good linearity between the feedback correct
voltage and the spot position information. The data
standard deviation σ of Figs. 4(a) and 4(b) are only
0.013 and 0.011, respectively.
Several reasons can be explained for the deviations.

First, the light distribution of spot in the experiment is not
completely uniform which will cause that the output
voltage of each quadrant of the QD is not proportional to
the area of the light spot distribution. Secondly, the shapeFig. 3 Adjustment of the beam

Fig. 4 (a) Optical power is 0.2 mW; (b) optical power is 0.3 mW
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of the spot will take changes due to the lens and splitter,
which has influence on the accuracy of Dx and Dy. Thirdly,
the noise is inevitable in the hardware circuit, which causes
the error between the measured voltages and the actual
voltages, and so on.

4.2 Tracking accuracy of this system

The tracking accuracy can be got via the spot image
captured by the CMOS camera. The spot images were sent
into personal computer (PC) for processing by VS2008
with barycenter method to obtain the coordinate para-
meters of the spot center [13] and the resolution of the
images was 1024 H � 768 V. Several groups of the spot
center coordinates (x, y) were randomly recorded before
and after tracking for comparison.
As seen from Table 1, the average error of spot center is

less than one pixel before and after tracking. Therefore, we
can calculate that the miss distances Dx and Dy are 5.52 and
5.28 μm, respectively. According to Eq. (3), we can
calculate that α was 27.8 μrad. The results showed that the
system has good tracking stability.
A group of images captured by the CMOS camera are

given by Fig. 5 during the process of the dynamic tracking.
From Figs. 5(a) and 5(c), it can be obviously found that

the spot’s position has slightly changes before and after
tracking.

4.3 Jitter suppression of this system

Under the condition of different jitter frequency, the
experiments were carried out to test the ability of the

system to suppress the jitter. The system operates without
automatic tracking in the former 50 sampling and with
automatic tracking in the latter 50 sampling periods,
respectively. The results shown in Figs. 6(a) and 6(b)
demonstrated that the system could suppress the jitter
when the frequency is less than 1000 Hz, while it could not
suppress the jitter effectively when the frequency increase
to 1100 Hz shown as Fig. 6(c). In Figs. 6(a) and 6(b), we
claim that the jitter is obviously suppressed which was
consistent with the results of tracking accuracy described
as above.

5 Conclusions

In this paper, a dynamic system based on 2D galvanometer
was designed. The system has many advantages such as
the simple adjusting structure, the low cost while the
tracking accuracy of the system still can reach 27.8 μrad
with a response frequency of 1000 Hz which could be
considered as an appropriate choice in free space
communication especially in a short distance.
In this study, we found that the tracking accuracy of the

proposed system was mainly determined by the hardware
parameters. Many efforts can be made to improve it, such
as by using chips with higher resolution, 2D galvanometer
with higher sensitivity. In addition, operating in a
darkroom, using the beam of uniform intensity or
designing a circuit with lower noise, can make the system
have higher linearity. The system proposed in this paper
can totally meet the requirements of optical communica-
tion in short distance and it is easy to realize.

Table 1 Comparison of spot-center before and after tracking

groups
x/pixel y/pixel error /pixel

before tracking after tracking before tracking after tracking x y

1 455.11 456.05 375.24 376.13 0.94 0.89

2 468.38 467.45 413.54 414.41 0.93 0.87

3 523.84 524.74 399.85 400.73 0.90 0.88

4 500.07 499.16 401.48 402.36 0.91 0.88

Fig. 5 (a) Before tracking (normal); (b) missing target; (c) after tracking (back to normal)

Qingshan JIANG et al. Dynamic spot tracking system based on 2D galvanometer 177



Acknowledgements This work wassupported by the National Natural
Science Foundation of China (Grant Nos. 61475058 and 11104094), Wuhan
Science And Technology Project (No. 2015010101010001), Shenzhen Basic
Research Project (No. JCYJ20140419131733980), and the Open Fund of The

State Key Laboratory of High Performance Complex Manufacturing (No.
Kfkt2013-07).

References

1. Zhao X, Tong S, Liu Y, Song Y, Jiang H. Technology on spot

detection and tracking based on four-quadrant detector. Chinese

Journal of Lasers, 2010, 37(7): 1756–1761

2. Zhang Z. Spot position detection technology based on QD.

Changchun: Changchun University of Science and Technology,

2014, 21–22

3. Yue B, Yang W, Fu C. Experiments on precision tracking system

with a fast steering mirror in space laser communication. Opto-

Electronic Engineering, 2002, 29(3): 35–37

4. Li M, Ai Y, Cao Y. Research of fine tracking servo system for FSO

terminal. Laser Technology, 2009, 33(3): 262–265

5. Shao B, Sun L, Qu D, Wang J, Qin C. Research on the key

technology of ATP system for free space optical communication.

Piezoelectrics & Acoustooptics, 2005, 27(4): 431–433

6. Dong R, Ai Y, Xiao Y, Shan X. Design and communication

experiment of fine tracking system for free space optic. Hongwai Yu

Jiguang Gongcheng, 2012, 41(10): 2718–2722

7. Zhou H, Ai Y, Shan X, Dai Y. Identification of fine tracking system

for free space optical communications. Hongwai Yu Jiguang

Gongcheng, 2015, 44(2): 736–740

8. Xu L. The design of scanning control system based on 2D laser

galvanometer. Changchun: Changchun University of Science and

Technology, 2012, 13–15

9. Lu J. Research of on the determination of the spot position of the

four quadrant detector. Technology Trend, 2009, 10(1): 222–224 (in

Chinese)

10. Wei L. The reaserch and realization of APT system for laser space

communication system. Wuhan: Huazhong University of Science

and Technology, 2010, 39–44

11. Han C, Bai B, Yang H, Tong S, Jiang H, Fan J. Study four-quadrant

detector in the free space laser communication. Chinese Journal of

Lasers, 2009, 36(8): 2030–2034

12. Wang L. Technology research on fine tracking in space laser

communication system. Optical Communication Technology, 2014,

3: doi:10.13921/j.cnki.issn1002-5561.2014.03.017

13. Ke Y. Measurement system design and experimental research with

high accuracy for laser beam quality. Wuhan: Huazhong University

of Science and Technology, 2015, 16–18

Qingshan Jiang received his B.S. degree in
2013 from the Wuhan University of Science
and Technology, Wuhan, China. He is
currently studying for master's degree in
Huazhong University of Science and Tech-
nology, Wuhan, China. His main research
interests include photoelectric detection and
tracking system in optical wireless commu-
nication.

Fig. 6 Jitter suppression of this proposed system when (a) f =
100 Hz, (b) f = 1000 Hz and (c) f = 1100 Hz

178 Front. Optoelectron. 2017, 10(2): 174–179



Ciling Zeng received her B.S. and Ph.D.
degrees of Electric Engineering from Huaz-
hong University of Science & Technology in
1999 and 2005, respectively. Since 2005, she
joined State Grid Hunan Electric Power
Corporation, her responsibilities include
electric grid analysis and relay protection.
Her research interests include power system
analysis, electricity market, application of

optical communication in electric power system.

Fengqiang Gu received his B.S. degree in
2005 from Beijing Institute of Technology.
His master degree is obtained from China
Electric Power Research Institute (CEPRI)
in 2009. His research interests mainly
include the power of information security,
transmission network communication-data
and access network communication. He is
currently working in Beijing Kedong Power

Control System Co Ltd and his main works include designing the
power information system security, transmission network and access
network communication program.

Ming Zhao received her B.S. degree in
1999 from Huazhong University of Science
and Technology (HUST), Wuhan, China.
When she was studying the PhD, she spent
6 months as an exchange student in Berlin
Institute of Technology. After completing
her PhD in physical electronics in 2005 at
HUST, she spent one year as a postdoc at
University of Nebraska-Lincoln (USA).

Since 2008 she is an associate professor at HUST. She published
more than 20 journal papers, and had 6 patents. Her main research
interests include optical communication, photoelectric detection,
laser technology.

Qingshan JIANG et al. Dynamic spot tracking system based on 2D galvanometer 179


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


