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Abstract: The establishment of laser communication relies on high probability acquisition
and then stably track with a high precision. However, the limitation of laser divergence and
the interference may lead to unstable acquisition and tracking. In this paper, we proposed
a novel beaconless acquisition approach to achieve the coverage of a large uncertainty
cone with a narrow communication beam, using a composite spiral scanning method based
on fast steering mirror and servomechanism system. The modeling and an analytical
expression of sub-regions searching in conjunction with spiral skip overlap are described
to realize the effective coverage. A detailed analysis of optimal matching for acquisition
parameter is presented to quantify the design result. For the tracking procedure, an exper-
iment is presented to investigate the performance of servo system with the combination of
coarse-fine tracking consideration, and iteration learning control scheme in additional to the
traditional controller based on periodic external disturbance is introduced for dynamic target
tracking system. The iterative control law is taken into account to adjust deviation value and
further improve the tracking performance. The obtained tracking accuracy is within ±2µrad
which demonstrates the effectiveness the control characteristic in the presence of laser
fluctuation.

Index Terms: Optical communication, beaconless spatial acquisition, composite spiral
scanning, dynamic tracking assembly, multiple-axis control.

1. Introduction
The beaconless spatial acquisition algorithm and dynamic tracking have received increasing atten-
tion mainly due to the system miniaturization design and the platform vibration of communication
terminal [1]–[3]. In the process of establishing a laser link, the transmitted laser beam cannot be
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pointed precisely at the communication partner because of pointing uncertainties and inadequate
know of its exact location. Consequently, for the optical transmission system, before the communi-
cation begins, a communication beam has to scan over the whole uncertainty region, the terminal
corrects the optical axis according to the position offset of the detected spot [4]–[7]. Such as the
typical beacon acquisition process for laser communication system, which involves scanning a high
power and high divergence angle light over the uncertainty area until the target spot is detected on
the sensor and locked on, and then starting a tracking process for a low power and low divergence
communication light [8], [9]. However, as the increased data rate, along with the output laser power
requirement, which invites to research the feasibility of beaconless acquisition system, this study is
to investigate a new acquisition method where the beacon laser is eliminated entirely, and instead
of using the narrow communication beam for acquisition [10]–[13]. We concentrate on beaconless
acquisition with a spiral scanning method combining two actuators for improving the coverage of
a large uncertainty cone with a narrow communication beam, and the appropriate mathematical
models and the corresponding analysis are presented to describe this scan pattern.

To deal with the system disturbances, an iterative learning control is applied in conjunction with
the traditional PI controller, this control algorithm is presented to implement dynamic target tracking
and performance improvement [14]–[17]. The purpose is to generate a compensation reference to
achieve superior tracking for fluctuation laser target, meanwhile, this control method is capable of
reduction for the periodic disturbance. The proposed scheme is implemented and the correspond-
ing performance can be evaluated through experimental investigations. The experimental response
for periodic external disturbance demonstrate the ability of error rejection, and also validate the
effectiveness of the proposed target tracking controller.

The main objective of this paper is to describe the proposed composite acquisition and tracking
approach based on spiral patterns and the actuators. The discussion is given with beaconless
acquisition analysis of narrow beam-width and the dynamic tracking algorithm, including the
scanning method modeling and characteristic analysis, and also contains the suppression ability of
iterative learning control strategy in moving platform tracking, as well as the improvement of track
precision of laser communication link.

2. Experimental Setup Description
In order to examine the feasibility of this novel concept of composite spiral beaconless acquisition
and the effect of fluctuation target tracking. A photograph of the experimental setup is given in
Fig. 1, in which a uni-directional near horizontal laser link is established between the transmitting
collimator device and the receiving terminal. This configuration is a conventional design to imple-
ment the validation of the proposed acquisition method and dynamic track algorithms.

As shown in Fig. 1, a laser beam propagates through collimator to produce parallel rays and
simulate infinite distance, and a two-dimensional reflector is located at this optical path which is
used to induce the effect of laser fluctuation characteristic. The receiver contains a CMOS detection
sensor that generates the line-of-sight (LOS) error of the incoming light for performing beaconless
acquisition and tracking functions. The external aperture of the communication terminal is 300mm,
and this gimbal structure has a large operating range, the azimuth angular range is ±180°, and
the elevation angular range is 150°. All the optical elements and receive units are mounted to the
inner gimbal structure. The low frequency angular motions are mainly accomplished by the coarse
pointing assembly (CPA). Fine pointing assembly (FPA) is a single-mirror, wide bandwidth, and
two-axis fast steering mirror device with a deflection angle of 2 mrad (related to the acquisition sub-
region), which is capable of operating at a high servo bandwidth and can complete high frequency
angular movement. As the core executive actuator, FPA can be used to cope with the external
interference during dynamic tracking.

Owing to the design of the signal light’s angle of divergence and the limitation of terminal
acquisition’s field of view (FOV), so that during the establishment of the communication link, the
communication laser cannot be acquired directly without scanning the uncertainty cone. In fact,
a single CMOS sensor is employed for performing composite coarse-fine tracking, and we also
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Fig. 1. Experimental platform photograph of the communication terminal prototype.

design the system structure which eliminates the beacon light, such a combination enables a
unique communication system of miniaturization and lightweight. Therefore, during the acquisition
phase, the high speed FPA actuator can also be used to scan the sub-regions rapidly which is
equivalent to achieve the increasing of laser divergence angle. Moreover, due to the fact that the
acquisition uncertainty area is so large that this sub-region scanned by FPA also cannot completely
cover it. So it is necessary to combine the CPA mechanism that with a wider executive range.
Compared with the beacon acquisition, this combination approach also reduces the need for the
coarse pointing assembly, with this method, the total scan time can be further decreased. Thus, it
is important to analyze the impact of such a small divergence beam in the beaconless acquisition
process, and in order to establish a stable laser link, it is also necessary to provide an appropriate
dynamic tracking compensation algorithm, and using the experimental results to verify the ability of
disturbance rejection.

3. Beaconless Spatial Acquisition Algorithm and Scanning Characteristic
Analysis
3.1. Laser Spiral Acquisition Modeling and Composite Scanning for Terminal Actuators

The beaconless spatial acquisition algorithm studied in this paper allows the design of a laser
communication terminal without a dedicated beacon beam. During the procedure of acquisition,
different scanning patterns have different characteristics, especially when using small divergence
angle light to achieve beaconless acquisition, the selection of search pattern might be directly affect
both duration and reliability.

This paper presents a scanning method combining two actuators of CPA and FPA, sub-regions
scanning and stepping overlap. Thus, spiral scan pattern is chosen as it scans from the high
probability location to the least likely location. In order to define the scan trajectory during the
procedure of acquisition, we must present an appropriate mathematical model to describe the
spiral scan.

Target acquisition is related to the beam divergence and the size of uncertainty cone, and
acquisition probability depends on the effective coverage [19]. Consider now the radial and angular
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velocity expressions of spiral scan can be modeled approximately by the equations as

vr =
√

(1 − k ) θucθ
2
d iv

2π t (θuc − θd iv ) Tdwel l
(1)

vθ =
√

2π (θuc − θd iv )
(1 − k ) θuct Tdwel l

(2)

where k is the beam overlap factor, Tdwell is the laser dwell time, that is related to the received power
and exposure time of tracking camera, θuc and θdiv are the uncertainty cone and laser divergence
beamwidth, respectively.

The functions of vr in (1) and vθ in (2) can be combined to expressed to the two dimension
coordinate points of scanning pattern with time-varying, as described in (3) and (4), which forms
the basis of the proposed double-actuator spiral acquisition strategy

x = vr t cos (vθ t ) (3)

y = vr t sin (vθ t ) (4)

The horizontal and vertical dwell points that expressed above are independent with each other.
And this kind of linear velocity scan can develop an expression for the number of rings as a function
of uncertainty cone and laser divergence, as given in the following equation

Nscan = θuc − θd iv

2 (1 − k ) θd iv
(5)

The scan time from initial point to the searching end can be calculated by the following equation

Tspiral = πTdwel l

2 (1 − k )

[(
θuc

θd iv

)2

− θuc

θd iv

]
(6)

3.2. Analysis and Optimization Matching for Spiral Scanning Parameters of CPA and FPA

To explain this optimal matching approach, we divide beaconless acquisition process into two
procedures: the signal light searching in sub-regions, and CPA actuator spiral skip scanning. The
block diagram for beaconless spatial acquisition with the combination spiral of CPA and FPA
is illustrated in Fig. 2. We can see each component of function is designed according to the
above formulas. Here, the labview software is used to complete the simulation work of beaconless
acquisition process based on the proposed scanning algorithm. Compared with the spiral and raster
scanning pattern in reference [18], a more innovation composite spiral method is adopted here, the
unnecessary scanning area is removed from this proposed method, as shown in Fig. 2, each spiral
spot of CPA represents a location of sub-region, considering the suitable overlap between the
sub-region areas in order to ensure the effective coverage. Under normal conditions with sufficient
optical power (without considering coupled with vibration, the details about beaconless acquisition
with vibration can be found in reference [18]), the signal light spot will be recognized during the
scanning coverage process of uncertainty cone. Consequently, it can be seen that spiral scan is
more efficient than others. The corresponding spiral scanning patterns are illustrated in Fig. 3 and
Fig. 4 below, respectively, in which the lines appear to be simple which decrease the complexity of
the terminal for searching.

Table 1 present the parameters matching results with the combination spiral scanning, from
which it can be seen that the proposed beam searching approach can meet the desired perfor-
mance criteria of scan coverage. Sub-region scan pattern (see Fig. 3) based on the FPA actuator
(S-330 piezo tip/tilt platform) is for a diameter of 1.2 mrad, a beam divergence of 0.1 mrad, and
a 40% overlap to prevent small divergence angle from causing leakage which can guarantee the
acquisition probability. The spot dwell time of each sample location is set to 1.8ms, taking into
account the integration time (500 µs) of the CMOS imaging camera (MV1-D1024E CameraLink).
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Fig. 2. The diagram of beaconless acquisition based on the composite spiral of CPA and FPA.

Fig. 3. FPA sub-regions spiral scanning.

TABLE 1

Parameters of Beaconless Acquisition With the Composite Spiral Scanning
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Fig. 4 . CPA combination spiral scanning.

Fig. 5. Control structure block diagram of dynamic target tracking.

The scan time of a sub-region is then 0.62 second. This high acceleration actuator also can provide
a high-bandwidth (hundreds of hertz) and assure the precision of optimal angular motion. CPA
combination spiral scanning (see Fig. 4) is for a diameter of 4.3 mrad, a beam divergence of
1.2 mrad, and a 35% overlap factor. Here, the only way to obtain overlap areas between two spirals
is by numerical evaluation or by simulation. The CPA dwell time of each sample location is set to
650ms, taking into account the sub-regions scan time (620ms) of the FPA. The main beaconless
acquisition parameters are summarized in Table 1. Correlation statistics are derived to help quantify
the result. In addition, the terminal corrects the optical axis according to the position offset of the
detected spot. After several corrections, this beaconless procedure enables the terminal to lock on
to the signal light, and ending successfully with tracking state. This will be discussed next.

4. Target Laser Tracking Performance in the Presence of External
Interference
4.1 Track the Signal Light by the Iterative Learning Control Method

The application of iterative learning control is a relatively new strategy to improve the tracking
performance for modeling uncertainty system, especially in response to periodic external interfer-
ence of communication servomechanism system. Such an external disturbance rejection and target
tracking controller takes the form as shown in Fig. 5, a memory is used to store the control input for
the next operating cycle, in which the reduction of tracking error between the desired output and
the real-time feedback can be guaranteed iteration by iteration.
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A block diagram description as shown in Fig. 5, to achieve superior tracking for fluctuation laser
target, an iterative learning control is required in addition to the traditional PI controller. The outmost
track loops are used per axis to compensate and correct the azimuth and elevation LOS axes by
obtaining the feedback error signals from the camera sensor. The angular displacement which
passes through the iterative learning controller will generate the reference command for the inner
rate loop, and then after speed closed loop control a motor driving torque is produced in order to
null the position error and achieve a stable track.

In this study, the objective is to design a controller for disturbance to improve tracking perfor-
mance. For a qualitative description of iteration learning control, the dynamic system is described
parametrically as the following state-space equation{

ẋ (t ) = ax (t ) + bu (t ) + η (t )
y (t ) = cx (t )

(7)

where x(t) and y(t) correspond to the system state variable and the system output, u(t) and η(t)
represent the control input and the external uncertainties due to periodic perturbations.

For the iterative learning control, when G is given as the learning gain, the convergence condition
should be satisfied to ensure the control law, and the communication system will asymptotically
stable if ∥∥I − cbG

∥∥ < 1 (8)

According to the configuration for iterative learning tracking approach, using this principle, the
control law can be designed to adjust deviation value and achieve compensation, which can be
updated as the following equation

uk+1 (t ) = (1 − α) uk (t ) + ζek (t ) + ξek+1 (t ) (9)

where ζ and ξ represent the gain coefficients for position deviation at kth and (k+1)th iteration,
respectively, and α is a forgetting factor to increase the robustness of the algorithm against
interference.

The terminal rotation equation can be obtained as

J
dω

dt
+ TL + Bmω = Te (10)

where ω is the rotation speed, J and Bm are the inertia and friction coefficient, TL and Te are load
torque and motor torque, and Te = ktiq, kt is the torque constant.

Using equation (10) yields the motor of dynamics, and can be expressed as

ω̇= −Bm

J
ω + kt

J
iq − 1

J
TL (11)

Substituting (11) into (7), and together with (8), the convergence condition for this dynamic target
tracking system can be written as ∥∥∥∥1 − kt

J
ζ

∥∥∥∥ < 1 (12)

Although a detailed mathematical model is not required, knowing of the plant is particularly
helpful for the stability characteristic analysis. Here, in this system kt = 0.7Nm/A, J = 0.03kgm2,
according to the criterion condition in (12), the parameter ζ of the correction algorithm should be
designed reasonably, which can ensure the stability of the system.

4.2 Multiple-axis Tracking Performance and Dynamic Target Tracking Results

The experiment has been carried out using the proposed iteration learning control scheme based
on the servomechanism system that described in previous section 2. The main objective is to
describe the interference suppression ability of the dynamic tracking algorithm and the improve-
ment of tracking precision for the laser beam. In this section, several experimental results have
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Fig. 6. Dynamic coarse and fine tracking performance with external disturbance (vibration amplitude:
−0.87∼+0.87 mrad, maximum acceleration: 3.82 mrad/s2).

been obtained under different interference amplitudes and frequencies, as shown in Fig. 6-9, these
graphs are presented to verify the effectiveness of iteration learning control strategy. In order to
suppress external interference effectively, the classical PI control method is used in the internal
rate and current loop due to stability considerations, the sampling times for speed and current
controllers are 800µs and 66µs, respectively. And the corresponding gains are designed as: speed
controller: kvp = 1.7, kvi = 0.3, current controller: kcp = 2.8, kci = 0.6, the control parameters for
the tracking loop are: the gains of PI are: kp = 1.6, ki = 0.3, the learning gains are: ζ = 0.05, ξ =
0.03, the forgetting factor α = 0.12.

The configuration of this experimental system consists of a dynamic tracking mode using
the combination of coarse and fine tracking, in which the tracking camera feedback the image
miss-distance according to the received light spot, then the control value is computed based on
the controller gains and output to the driving system. The incident laser with disturbance is the
independent contribution to vibration bias for each axis. When the laser fluctuation condition and
experimental setting are determined, during the operation, the tracking interference and residual er-
ror variables are recorded including the monitoring of laser disturbance waveform, coarse following
error, and the fine tracking error.
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Fig. 7. Dynamic coarse and fine tracking performance with external disturbance (vibration amplitude:
−1.74∼+1.74 mrad, maximum acceleration: 7.64 mrad/s2).

Partial experimental data has been illustrated as shown in the following Fig. 6, 7, 8, and 9, each
graph consists of three subplots, the relevant data is shown in it, including the laser fluctuation
curve that propagates through collimator (in the top row of each graph), coarse following error
curve for the gimbal structure terminal (in the middle row of each graph), and the combination of
coarse-fine tracking precision waveform (on the bottom row of each graph). In order to explain
the tracking performance in presence of disturbance, it is necessary to analyze and examine
the interference suppression controller by using disturbance tracking conditions with different
amplitudes and frequencies, and the tracking errors can be applied to evaluate the robustness for
communication servo system. Fig. 6 and 7 present the experimental research results which were
performed at the disturbance with the maximum acceleration of 3.82 mrad/s2 and 7.64 mrad/s2,
respectively, Fig. 6(a) and 7(a) show the position oscillation trajectory of laser source caused by a
two dimensional tip/tilt platform in the collimator, Fig. 6(a) shows an external laser vibration ranging
from −0.87∼+0.87 mrad, and Fig. 7(a) shows the vibration waveform in which the vibration is set
from −1.74∼+1.74 mrad. As shown in Fig. 6(b) and 7(b), it appears that the coarse following error
changes from −80 µrad∼80 µrad (see Fig. 6(b)) and −120 µrad∼120 µrad (see Fig. 7(b)). Both
Fig. 6(c) and 7(c) show that the composite tracking is utilized to suppress the external disturbance
and can improve the tracking accuracy within ±2µrad.
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Fig. 8. Dynamic coarse and fine tracking performance with external disturbance (vibration amplitude:
−2.61∼+2.61 mrad, maximum acceleration: 2.86 mrad/s2).

The aforementioned tracking results demonstrate the disturbance rejection and the uncer-
tainties compensation ability of iteration learning control. Furthermore, Fig. 8 and 9 which is
conducted for verifying the robustness characteristic are arranged in the same sequence, they
are presented to illustrate that the proposed method can ensure smooth and high accuracy
experimental results based on different operation conditions, which are also derived from the
dynamic target tracking method mentioned above. Fig. 8(a) and 9(a) summarize the tracking
data based on another two kinds of different oscillation waves, with the maximum acceleration
of 2.86 mrad/s2 and 0.81 mrad/s2, respectively. Fig. 8(a) shows an external laser vibration ranging
from -2.61∼+2.61 mrad, and Fig. 9(a) shows the vibration waveform in which the vibration is set
from -5.22∼+5.22 mrad. As shown in Fig. 8(b) and 9(b), it appears that the coarse following error
changes from −125 µrad∼125 µrad (see Fig. 8(b)) and −100 µrad∼100 µrad (see Fig. 9(b)). Sub-
sequently, comparing the test results in Fig. 8(c) and 9(c), when steady-state track is reached, it can
be observed that the fine tracking errors also can be suppressed to 2 µrad in these higher vibration
ranges. Moreover, significant improvement of tracking performance is achieved. Therefore, system
tracking error analysis was performed on the tracking residuals of the fine tracking subsystem.
Then track on the incident beam, thereby forming a communication link.

Vol. 12, No. 6, December 2020 7906212



IEEE Photonics Journal NEW COMPOSITE SPIRAL SCANNING

Fig. 9. Dynamic coarse and fine tracking performance with external disturbance (vibration amplitude:
−5.22∼+5.22 mrad, maximum acceleration: 0.81 mrad/s2).

5. Conclusion
A uni-directional near horizontal laser link was conducted to investigate the proposed beaconless
composite spiral scanning and dynamic tracking algorithms. The beaconless acquisition process is
introduced based on the communication light spiral searching in sub-regions with FPA and referring
to the CPA actuator implement spiral skip scanning in the whole uncertainty cone. The parameters
matching results and its application analysis have been summarized for this novel combination
of spiral scanning approach. A periodic disturbance rejection scheme using iteration learning
control which is presented in this paper to achieve superior tracking for fluctuation laser target
of communication servomechanism system. The proposed control structure has been applied
to the composite track process for improving the tracking accuracy. The experimental results
have been illustrated which consist of four cases collected including laser fluctuation trajectory
with different amplitudes and peak acceleration settings. Comparing the test results, significant
tracking and disturbance suppression performance are achieved, and also can improve the tracking
accuracy within ±2 µrad, which can verify the robustness characteristic of the system. Additional
complicated optic axis correction approach and different disturbance range can be derived in the
future works. The analysis results of beaconless acquisition have been presented to demonstrate
the effectiveness of the composite spiral of CPA and FPA, and the experimental results have been
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given with high tracking accuracy in order to verify the effectiveness of iteration learning control in
suppressing laser disturbance.
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