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Abstract

This paper proposes a rotation-locking alignment scheme and system based on a Gaussian
beam addressing the relative displacement between the receiver and the spot center during
the fine tracking phase of spaceborne laser communication APT technology caused by
platform vibration, temperature variations and other factors. By rotational scanning fitting,
the offset angle and offset distance of the receiver relative to the spot center can be derived
and achieve high-precision adaptive tracking. The simulated result demonstrates that
the fitting distance error of this scheme is less than 1%, and the fitting angle error is less
than 71/32. At the same time, the system prototype is developed to conduct ground-
based validation experiments, including the static test and outdoor link establishment
test. The system prototype features simpler structure, lower computational complexity,
and easier integration, satisfying the miniaturization and lightweight design requirements
for spaceborne laser communication terminals. The test results verify the system can
successfully establish stable laser communication links rapidly.

Keywords: spaceborne laser communication; APT system; Gaussian beam; fine tracking;
miniaturization

1. Introduction

With the development of modern space-air-ground information networks, tradi-
tional microwave satellite communication technology is gradually struggling to meet the
demands of high-capacity, high-speed data transmission. Moreover, microwave communi-
cation terminals are characterized by significant mass and volume, which increase system
power consumption and the load on satellite platforms. In contrast, laser communica-
tion technology offers advantages such as strong confidentiality, high data transmission
rates, and compact terminal sizes [1-6]. Consequently, spaceborne laser communication
technology holds broad application prospects and significant development potential for
next-generation satellite communication networks. Internationally, extensive verification
research has been conducted on related theories and experimental apparatus [7-14].

In spaceborne laser communication technology, due to the extremely small diver-
gence angle of laser beams, communication terminals require exceptionally high pointing
alignment accuracy to achieve continuous and reliable communication. The acquisition,
pointing, and tracking (APT) technology is one of the key technologies for establishing
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stable and aligned laser communication links by rapidly acquiring the optical signal within
an initial uncertainty area with high precision and achieving tracking to ensure efficient cou-
pling of the optical signal into the receiving fiber [15-18]. To guarantee alignment efficiency
and accuracy, APT systems typically employ a composite control structure comprising
coarse tracking and fine tracking [19,20]. The coarse tracking system is used to acquire the
approximate position of the beam on the receiver, while the fine tracking system further
corrects the position offset caused by satellite platform vibration, temperature variations,
or other factors, to improve beam alignment accuracy.

This paper proposes a novel rotation-locking scheme and algorithm based on Gaussian
beams aimed at the miniaturization and lightweight requirements of spaceborne laser
communication APT systems, which can calculate the relative distance offset and angle
offset between the spot position and the receiver to achieve alignment and tracking through
a fitting algorithm. The simulation result indicates that the fitting algorithm achieves a
distance error of less than 1% and an angle error of less than 71/32. The specific computation
is implemented on Field Programmable Gate Array (FPGA), and the prototype testing
system is designed to verify the feasibility of the algorithm. Through ground tests, the
system successfully achieves adaptive alignment and link establishment. Compared with
traditional fine-tracking schemes, its core advantage is no need for complex systems and
beacon-assisted optical paths and lower computational complexity and resource occupation,
which is suitable for low-cost, miniaturized, lightweight spaceborne terminals with SWaP
(Size, Weight, and Power) constraints.

2. Materials and Methods

During the fine tracking process of laser communication, various factors cause relative
displacement between the optical receiver and the received spot, such as vibration-induced
deformation of the mechanical structure and temperature variations. This prevents pre-
cise alignment between the transmitting laser signal and the receiver, thereby degrading
communication quality. This paper proposes a rotation-locking fitting algorithm based on
a Gaussian beam model by transforming the Gaussian intensity distribution into linear
equation form and applying the least squares method to analyze the collected intensity and
obtain a regression line. In this way, the angle offset ¢ and distance offset d between the
receiver and the spot center can be calculated to achieve accurate tracking. The specific
algorithm principle and calculation process is described below.

2.1. Materials

Based on the Gaussian intensity distribution model, the system takes the coordinate of
the received cumulative spot center as the center of a scan circle and controls a laser signal
to perform equally spaced rotational scanning along the circular path. When the scanning
spot center positions at different locations, the receiver correspondingly collects the optical
signal intensity from each scan to fit the angle offset ¢ and distance offset d.

Figure 1 shows the Gaussian intensity distribution of the laser signal [21,22], and
Figure 2a shows the rotational scanning principle at a specific moment, including the
positions of cumulative spot center and profile, circular path, the momentary scanning spot
center and profile, as well as the receiver. It can be observed that there is an angle offset ¢
and a distance offset d between the receiver and the cumulative spot center. The center of a
circular path is found using the coordinates of a cumulative spot center detected by coarse
tracking. The scanning laser signal is controlled to rotate along the circular path of radius
r at equal intervals. Figure 2b presents a simplified model, where x; represents the scan
angle for the i-th scan.
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Figure 1. Schematic diagram of ideal Gaussian intensity distribution: the dashed circle represents the
waist radius of the Gaussian spot.
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Figure 2. The position of spot and receiver in rotational scanning principle at a specific moment:
(a) specific spot model; (b) simplify mathematical model.

Assuming the power of a scanning laser is Py and its spot radius is w, the scan-
ning optical intensity collected by the receiver at its location shown in Figure 2b can be

2PyS 2R? 2R?
I%m-exp<—7> zIO-exp(—F , (1)

where S is the spot area, and R is the distance between the receiver and the single scanning

expressed as

spot center, which can be expressed as

R = \/rz +d? — 2rdcos(0), )

where 6 = x; — ¢.
The optical intensity can be also expressed as

2(r? + d? — 2rdcos (x; — @)
w2

®)

I=Iy-exp| —

According to this equation, the intensity scan curve at the receiver (variation in
scanning intensity with scan angle x;) when the receiver is positioned at different locations
relative to the cumulative spot center is shown in Figure 3. Point B in Figure 3 represents
the receiver located on the cumulative spot center, where ¢ = 0 and d = 0. And the points
A and C represent the receiver being located above and below the cumulative spot center.
As @ and d vary, the amplitude and phase of intensity scan curves are different. When the
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receiver is on point B, the collected signal almost remains constant at each scanning point,
and the intensity scan curve of optical intensity and scanning angle seems a straight line
(as in Figure 3b), which means the link is in the aligned state. Figure 4 further illustrates
the variation trend of the intensity scan curve with offset angle and offset distance. When ¢
keeps constant, the amplitude fluctuation of the intensity scan curve increases as d increases.
When d keeps constant, the phase of the intensity scan curve changes correspondingly with
¢. Therefore, ¢ and d can be fitted from the intensity scan curve.

Spot Profile on Circular
Path at a Moment \

(@)

Circular Path =

J/

Cumulative Spot Profile

(b)

N\ b
Position of the Receiver Relative

to the Spot Center Intensity Scan Curve Received by Receiver

Figure 3. Intensity scan curves when the receiver is at different positions relative to the cumulative

spot center: (a) the receiver located on point A; (b) the receiver located on point B; (c) the receiver
located on point C.
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Figure 4. Variation trend of the ideal optical intensity curve with d and ¢: (a) relative intensity curve
with different offset distance; (b) relative intensity curve with different offset angle.

In FPGA, solving complex exponential functions consumes significant resources, diffi-
cult to implement in engineering. To simplify the calculation of d and ¢ from Equation (3)
with complex functions, take the logarithm of both sides:

2(r* +d%)  4dr

Inl = Inly — 2 + ﬁcos(xi —@). (4)
24 92
Assuming A = Inly — 2(:07?1)’ B= %’l{, the above equation can be expressed as
Inl = A+ B-cos(x; — ¢). )

Thus, it transforms the complex function operation into a linear fitting process of Inl and
cos(x; — ¢), simplifying the computational process and reducing the computational load.
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2.2. Calculation Method of ¢

According to the expression of parameter B, B > 0, it can be learned that the closer
the value of x; — ¢ approaches zero, the greater the received optical intensity I becomes.
Therefore, by finding the maximum value and the second maximum value of the scanning
intensity and their corresponding scan angles, an approximate value ¢’ approaching ¢ can
be obtained. Then, the offset distance d can be calculated based on the scan points and its
linear fitting relationship with substituting ¢’. Subsequently, the value of ¢ can be iterated
through the estimation of 4.

The calculation of ¢’ is as follows: As the scanning spot moves at equal angular
intervals along the circular path, assuming the number of scan points is N, the scan step
size is 2t/ N. When the scan angle of a spot more closely approaches the true offset angle
of the receiver, the received optical intensity is greater. Based on the maximum value
(Imax, Xmax) and the second maximum value (I’ ax, X' max), it can be inferred that ¢ should
be closer to the maximum value Xyax. Let X, = (Xpax + X max) /2 be the angle bisector
between scan angles and @' = (Xmax + xa)/2 be the angle bisector of x,,x and x,. The
actual offset angle ¢ can fall into the following three cases, as shown in Figure 5:

The range of ¢

— I'snax
K\ /

The range of ¢

f

max max

Xmax

X

‘HH!\ 'r"l(l.\
(@) (b)

Figure 5. The estimated analysis of ¢ from the scanning angle of the maximum received optical
intensity value and the second maximum value: (@) Xmax > Xmax’; (0) Xmax < Xmax'-

(a) When Xpax > Xmay', the offset angle ¢ lies within the interval (x,, Xmax ). The ¢/
can be expressed as
X +x T
=T T ey @)
(b) When xy0x < Xmax', the offset angle ¢ lies within the interval (Xmax, Xa). The q)’

can be expressed as

X +x 7T
(P/: % :xmax‘f‘ﬁ- (7)

(c) In a special case, ¢ = Xpax.

In these three cases, the error J¢ between ¢ and ¢’ is less than 77/2N. The number
of scan points N should be selected to minimize the influence of ¢ on the offset distance
estimation considering the computational load. Substituting ¢’ to calculate d, the actual
offset angle can be iteratively derived:

w?ln (I"I’%) + 2(1’2 + d2)
4dr )

®)

¢ = Xpax — arccos|

2.3. Calculation Method of d

The value of d can be calculated by fitting the optical intensity scanning curve with
the least squares method. Assuming z = cos(x — ¢’) and g = InI, Equation (5) can be
simplified into the linear expression

g(z) = A+ Bz. ©9)
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Then, the coordinate points (x;, I;) of the scanning circle can be transformed into the
corresponding coordinates (z;, g;) for the linear expression. The least squares method fits
these points to minimize the overall error for a fitted line. Through parameters A and B,
the offset distance d can be solved.

The error equation of each scanning point is established as follows:

Jo=YN lgi — gz = YN [gi — (A+ Bz)) (10)

Taking the partial derivatives with respect to A and B, the equations can be obtained
as follows:
{ N-A+BYN z —yN g =0 an

ALY zi+BY Y 2 — YN 8z =0

The expressions for A and B are solved as follows:

4 = (£27)(Eg)-(£2)(Tsrz)
B N(Zz2)—(Lz)
B — N-(Zg;-zf)f(zz,-)z-(Zgi) ' (12)
N(Zziz)f(zzi)z

Then, d can be calculated by fitting parameter B:

g— Bw?

= (13)

Based on the above theory analysis and calculation methods, the control mechanism
of the rotation-locking method will be summarized further in this section. When the
received optical intensity distribution conforms to the Gaussian model, the signal collected
by the receiver is related to the distance between the receiver and the beam center. In the
fine-tracking stage, the beam center position is obtained during the acquisition stage as
the center of circular scanning, and the radius of the scanning circle is set to scan spaced
evenly along the circumference. When the receiver is exactly located at the beam center, the
scanning curve is a straight line. When the receiver shifts away, unless the offset angle of
the receiver exactly equals the preset scanning angle, the received optical intensity varies at
different scanning points due to the properties of the Gaussian distribution. The nearest
scanning point to the receiver receives the strongest signal, and the signal becomes weaker
as the distance increases.

From the intensity data and corresponding scanning angles, the nearest scanning
angle and the distance between the receiver and the scanning spot can be fitted based on
the Gaussian function, which has a triangular relationship (as Figure 2b) with the actual
offset distance we need. In this way, the receiver can be localized.

3. Simulation

For simulation, the Gaussian beam waist radius is set to 3 mm, and the scanning circle
radius is 1 mm. The additive white noise is added to simulate system noise conditions. In
the calculation of ¢, the scan points N influence the approximate value ¢’, and the error
6¢ can be derived to be less than 71/2N. Figure 6a—c shows the sampled points, fitted
curves, and actual curves with N = 8, 16, and 32. When N = 8, the fitted curve has fewer
overlapping parts with the actual curve, appearing sharp and jagged. When N = 16 and
N = 32, the fitted curve becomes smoother and almost overlapped with the actual curve.
Considering the computational load, N = 16 is chosen as the scan points for the system.
Table 1 lists the fitting accuracy of different scanning points on the offset distance and the
offset angle. Considering the fitting accuracy and computational complexity, we select
N =16 for subsequent simulations and experiments.
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Figure 6. (a—c) Fitted curves under different numbers of scan points: (a) N =8, (b) N =16, (c) N =32
and offset angle error 5@ = 0. (d) The fitted curve and the actual curve when N = 16, §¢ = 7/32.

Table 1. The accuracy of N on fitting offset distance (d = 0.5) and offset angle error.

N 4 8 16 32
(d—dq)/d 5.68% 2.32% 0.24% 0.08%
o /8 /16 /32 /64

When scanning 16 points at equal intervals along the circular path, according to the
calculation method of ¢, the error d¢ is less than 71/32. Figure 6d shows the sampled points,
the actual curve, and the fitted curve with the maximum error value of ¢ = 71/32. These
curves are essentially consistent with each other, and the offset distance calculated from
the fitted curve is 0.5032 with 0.64% error, less than 1% relative to the set offset distance of
0.5, indicating that when é¢ < 71/32, the impact of the offset angle error on offset distance
calculation is small.

When the offset distance d exceeds the spot radius, the scanning spot will move outside
the receiver totally at certain rotation angles during simulation. In this case, the receiver
barely detects any scanning optical signal, resulting in near-zero optical power data points.
And in outdoor tests, random atmospheric turbulence may cause spot wander, leading to
the spot being outside the receiver. The near-zero noise detected by the receiver mainly
includes background light noise and the photodetector noise. The background light noise
can be largely suppressed by an optical filter. The shot noise and thermal noise power of
the photodetector are of 10724~10722 A%2/Hz normally, and dark current is about several
tens of nA. The noise is approximately additive white Gaussian noise.

Due to the logarithmic operation used in linear equation conversion, the noise near
zero in the received optical intensity is amplified when mapped to Inl, leading to unsatis-
factory fitting results. A threshold substitution method is adopted in the fitting algorithm.
Specifically, during the measurement process, all points below a certain threshold are
replaced with the minimum measured value. Through multiple fitting simulations, it
acheives the best fitting performance, setting the threshold to 2.5% of the maximum value.
Figure 7 illustrates the fitted curves and actual curves before and after threshold substitu-
tion when the scanned data contains values near zero. In the figure, the red dashed line
represents the fitted curve, and the black dashed line represents the actual curve. It can be
observed that before threshold substitution, the noise near zero significantly impacts the
fitting, causing the curves to be largely misaligned. Through threshold substitution, the
curve achieves better fit.
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In spaceborne laser communication, there is no atmospheric turbulence, so the proba-
bility of near-zero data points caused by spot wander is greatly reduced. The offset distance
d is a slowly varying quantity caused by environmental factors such as temperature changes,
which induce a slow relative drift between the transceivers. Assuming that the acquisition
and tracking module is activated once the offset distance reaches a certain level, the data
points with near-zero intensity can be avoided.

Since FPGA can only use the exhaustive approach to implement division in the least
squares method by using piecewise functions to represent the optical intensity values in
different intervals, the exhaustive step size influences the fitting effect.

To balance fitting performance and resource utilization, we simulated the specific
impact of the optical intensity value step size m on fitting performance. Figure 8a—-d
presents the comparison plots between the fitted curves and actual curves when m =2, 4,
8, and 16, respectively. In these figures, the red points and curves represent the sampled
values and fitted curves, while the black points and curves represent the actual intensity
values and corresponding curves. As m increases, the fitted curve gradually approaches
the actual curve. When m = 16, the fitted curve essentially coincides with the actual curve.
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Figure 8. The influence of optical intensity value step size on curve fitting: (a) m = 2; (b) m = 4;
(c) m=8;(d) m=16.

To further evaluate the error of m on the fitting accuracy, Table 2 shows the fitted offset
distance values d; and their fitting errors relative to the set actual value d for different m. As
m increases, the error gradually decreases. When m > 128, the fitted curve closely matches
the actual curve, and the fitting error for the offset distance is less than 1%.
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Table 2. The influence of optical intensity value step size on fitting distance when d = 3.

m 2 4 8 16 32 64 128 256
d; 0.8460 2.0191 2.5436 2.8195 2.8758 2.9336 2.9705 3.0185
(d—dj)/d 71.8% 32.70% 15.21% 6.02% 4.14% 2.21% 0.98% 0.62%

When the setting distance d is small, it is found that increasing m results in little
to no change in the fitting error in Table 3. When d = 0.5 and m increases from 4 to 8,
the fitting error changes very little. By fitting the regression line and the scanning curve
(Figure 9), it can be observed that the regression lines for m = 4 and m = 8 are almost parallel.
When using d = Bz—“r’z, the fitting errors are very close. The specific reason is that when
d is small, the value of optical intensity is significantly greater than zero, and when the
intensity value interval is divided into 2" and 2"*! equal parts for smaller 1, the upper
bound of the interval containing the minimum value is the same as the maximum value.
After reassigning values, the maximum and minimum values used in the calculation are
essentially identical.

Table 3. The influence of optical intensity value step size on fitting distance when d = 0.5.

m 2 4 8 16 32 64 128 256
d; 0 0.3836 0.3897 0.4606 0.4871 0.4937 0.4960 0.4996
(d—dq)/d 100% 23.28% 22.06% 7.88% 2.58% 1.26% 0.8% 0.08%
(@) 44

A 08 06 04 -02 0 0.2 0.4

06
cos(x;—¢) m=: m=:2
m= m=
m=8 m=32
() 120, m=8 m=32

n2 w 3n/2 2w ns5/2 3m 2 4n

Figure 9. The fitting points and curves on different optical intensity value step sizes: (a) linear
regression fitting; (b) scanning curve fitting, the black dashed line and circles represent the ideal
fitting curve.

During the circular spot scanning process, the received maximum and minimum
powers can be expressed as

2(r> 4+ d? — 2rd

Wd,max ~Ip- exp ( (wz)> ’ (14)
2(r? 4 d?> + 2rd

W4 min = I - exp <(w2) . (15)
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It is defined that Wgir = W4 max — Wd,min to characterize the relative motion, with a
larger W4 indicating a greater difference between the maximum and minimum intensi-
ties, which is beneficial for identifying the location of the strongest signal and achieving
higher tracking accuracy. Meanwhile, a larger Wy i, implies higher received signal power,
which means better communication quality. In specific environments, the laser power is
constrained by the source while the receiver offset is influenced by the external environ-
ment. Therefore, both high tracking accuracy and good communication quality can be
simultaneously achieved by optimizing the spot radius and the scanning circle radius.

Figure 10 illustrates the variation curves of tracking accuracy and communication
quality with the spot radius and the scanning circle radius. The angular value is used
commonly to describe lengths in practical laser communication systems. When the detector
is located inside the scanning circle (Figure 10a), as the spot radius increases, both com-
munication quality and tracking accuracy initially increase, then decrease, and eventually
tend toward a stable value. As the scanning circle radius increases, both communication
quality and tracking accuracy decrease. When the detector is located outside the scanning
circle (Figure 10b), as the spot radius increases, communication quality gradually improves
and approaches a stable value, while tracking accuracy still initially increases and then
decreases. As the scanning circle radius increases, tracking accuracy improves, but com-
munication quality decreases. Therefore, in practical systems, it is necessary to reasonably
select the parameters of the spot radius and the scanning circle radius.
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Figure 10. Variation curves of tracking accuracy and communication quality with spot radius and

scanning circle radius.

4. Experiment

In the simulation, the influences of the number of scan points, noise near zero, and
the step size of optical intensity values on curve fitting, as well as the effects of spot radius
and scanning circle radius on tracking accuracy and communication quality, are analyzed.
Based on this, the number of scan points N = 16 and the step size of optical intensity values
m = 256 are selected to implement the algorithm computation process on FPGA, considering
system performance and computational load. The integrated laser communication tracking
and pointing prototype, as shown in Figure 11, is developed for on-ground static testing
and link establishment testing to validate the alignment scheme and system.
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Figure 11. (a) The composition of the laser communication fine tracking prototype; (b) The phys-
ical diagram of the laser communication fine tracking prototype. (LD: Laser Diode; FPGA: Field-
Programmable Gate Array; FSM: Fast Steering Mirror; OF: Optical Filter; PD: Photodetector).

The prototype mainly includes a transmitter and a receiver. The overall size is 30 cm X
40 cm x 40 cm, the weight is 15 kg, and the average power consumption is less than 30 W,
which has relative size and power consumption advantages compared with the 60-80 W
classical spaceborne laser communication terminals (SCOT80). The transmitter consists of
LD, FPGA, and FSM. The receiver comprises receiving lens, OF, PD, and signal processing
module, which are used to receive the optical signal and perform optical power information
calculation. Before rotation locking and tracking, the two transceiver prototypes at opposite
ends control their respective beams to carry out mutual rectangular spiral scanning to
determine the approximate position range of the light spot.

The specific fine-tracking fitting workflow is shown in Figure 12, and the steps are as
follows: 1. obtain and input the coordinates of the accumulated spot center determined
during the acquisition stage; 2. compute the coordinates of 16 equally spaced points on a
circle of preset radius centered at the accumulated spot center; 3. control the fast steering
mirror (FSM) to sequentially point to each scanning position and acquire optical intensity
data at 5 complete circles, with each circle containing 16 points; 4. deal with optical intensity
data by averaging and filtering; 5. take 2.5% of the maximum intensity value among all
scanning points as the threshold and compare each data; 6. estimate an approximate offset
angle using Equation (6) or (7) based on the scanning angles of the point with maximum
intensity and its neighboring point; 7. perform a least squares fit on the set of points to
obtain the parameters of the linear model and fit offset distance from Equation (13); 8. use
Equation (8) to iteratively update, further reducing the angle estimation error if higher
accuracy is required. The key parameters and their meanings in the algorithm can be found
in Table 4.

Table 4. The key parameters and their meanings in the algorithm.

d Offset distance
) Offset angle
N Scan points number

~

@ Offset angle approximate value
m Optical intensity value step size
r Scanning radius value

I; Optical intensity data

X Scan angle value
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Take 2.5% of the maximum intensity
value as the intensity threshold
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| Output (d, @)

Figure 12. The algorithm flow chart of the rotation-locking alignment scheme.

The output results data will be written into the control frame of the communication
data back to the transmitter and control the FSM to achieve alignment. Therefore, the
prototype can achieve acquisition and pointing without a beacon optical system or common
aperture for transmitting and receiving, and the overall equipment volume and weight
are significantly reduced. Compared with traditional fine tracking systems [11-13], the
prototype features simpler structure with lightweight and miniaturization for spaceborne
laser communication applications.

In the experiment, the rectangular spiral scanning method is used for coarse tracking to
obtain cumulative spot position coordinates. After preliminary alignment, the transmitter
controls the spot to perform rotational scanning. The static test setup is shown in Figure 13,
where two transceiver prototypes as the transmitter and receiver are placed at opposite
ends with 50 m transmission distance. The transmission system of the prototype consists of
a laser and a collimator. To avoid self-transmission and self-reception, the signal optical
wavelength at the two ends is 915 nm and 975 nm, respectively. The theoretical collimation
angle of the collimator is approximately 3 mrad, and the system divergence angle is
simulated about 4 mrad. The scanning circle radius is selected as 1 mrad considering both
communication quality and tracking accuracy. Other useful system parameters are listed in
Table 5. The system performs acquisition, tracking and communication in the same optical
path without a beacon optical signal.

Alignment eyepiece - o
Optical Receiving System -«

Optical Transmitting System -

50m

Figure 13. The 50 m transmission distance static test diagram.
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Table 5. The prototype parameters in the experiment.
Laser wavelength 915 nm /975 nm
Collimated divergence angle 3~4 mrad
Lens focal length 36.2 mm
Transmitter Lens aperture 40 mm
FSM control bandwidth 700 Hz
FSM repeatability accuracy <2 prad
FSM response time (typ.) 1ms
Power 33 dBm
Lens focal length 86 mm
Lens aperture 110 mm
Detector photosensitive area 3mm
Receiver
Detector dark current (typ.) 15.0nA
Detector bandwidth 220 MHz
Detection sensitivity —50 dBm
FPGA main clock frequency 100 MHz
Optical communication rate 10 Mbps
Other parameters Sampling rate of optical intensity data 20 MHz
Width of optical intensity data 8 bit

The scanning results are shown in Figure 14, where Figure 14a presents the positional
coordinates of the scanning spot, while Figures 14b and 14c, respectively, illustrate the
variations in its horizontal and vertical coordinates. In addition, Figure 14d shows the
optical intensity data collected five times by receiver at each scan point. The average value
will be calculated by removing the maximum and minimum values to reduce intensity
acquisition errors in the following data computation. The minimum threshold is set in the
scanning process. When the received intensity falls below this threshold, it is automatically
replaced with the minimum intensity value for calculation to prevent incidental factors
from causing an excessively large calculated offset distance and leading to link interruption.
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Figure 14. Circular scanning results of the static test: (a) scanning spot position coordinates at
multiple times; (b) horizontal axis variation at different scanning points; (c) vertical axis variation at
different scanning points; (d) received optical power intensity at different scanning points.
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The single scan results, including positional coordinates and their optical intensity
data, are used to fit the scanning curve and compute ¢ and 4 in Figure 15 with scan circle
coordinates, intensity variation, regression line, and fitted scanning curve. Due to the
complexity of calculating the arccosine function on FPGA, the ¢ is directly replaced by ¢'.
The fitted offset at this moment is ¢ = 15’—2” and d = 4 mm. From the system received lens
focal length is 86 mm, the equivalent upper bound of residual pointing error is estimated

to be approximately 0.465 mrad by the equation 6, = tan™'(Ad/ f).

@ 2 100 (c) 10

N S 9.9
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Figure 15. Single scan results and fitted curve: (a) scanning points coordinates (red circles);
(b) received optical power intensity at each scanning point (blue circles); (c) linear regression fitting
curve of cos(x — ¢') and InI (purple line); (d) fitting curve of scanning point angle x; and received
optical power I (red dashed line).

After obtaining the receiver’s position (offset angle and offset distance), the calculated
data will be written into the control frame of the optical communication data. The opposite
terminal, which demodulates the control frame, will drive the FSM to adjust the optical
path and achieve lock. Once the lock is established, the movement of the receiver is mainly
related to slow-varying factors such as temperature changes in the spaceborne environment
where no atmospheric turbulence exists. The received communication optical power can be
used to judge the link alignment or misalignment. If the received optical power falls below
the preset threshold, the system re-enters the fine-tracking process and performs rotation
scanning again to maintain the locked state.

The fine-tracking system is an open-loop control structure with the locking process
consisting only of scanning, fitting, and correction, just needing to iterate once or twice, and
the convergence time mainly depends on the FSM’s control response time and the fitting
computation time. Based on the system parameters in Table 5, the theoretical convergence
time for single scan-correction cycle is estimated to be about 81.1 ms, consisting of three
steps: 1. Rotational scanning: scanning 16 equally spaced points on the circular path,
repeating for 5 circles, and taking at least 80 ms. 2. Fitting calculation: after obtaining
the average optical intensity for each point, filtering and normalizing the data, and then
fitting the offset distance and offset angle and taking < 0.1 ms under the 100 MHz main
clock frequency. 3. Correction execution: generating the FSM driving voltage and the FSM
responding approximately 1 ms, which corresponds to the theoretical equivalent tracking
bandwidth of approximately 13 Hz.

To verify the actual link establishment performance of the scheme, the link establish-
ment test of the prototype is conducted in a 100 m outdoor environment, as shown in
Figure 16. The ATP prototype adopts a rectangular spiral scanning method for the initial
acquisition process, which performs a full coverage cyclic scan over the entire uncertainty
region, and then enters the rotation locking stage to achieve a fine track. In the 100 m link
establishment experiment, the receiving end is placed on a trolley and gently pushed to
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generate displacement changes at about 0.1 m/s to trigger the acquisition process to quali-
tatively validate the system’s re-acquisition capability against low-frequency displacement
disturbances at the Hz level.
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Figure 16. Outdoor link establishment test setup and link establishment time: (a) outdoor experiment
environment; (b) link establishment time at 49 times acquisition process, the blue points represent
the measured link establishment time at each time and the orange line represents the trend of link
establishment time.

The devices can successfully interlock with each other within 1 min after startup.
When the communication link is briefly obstructed, the two devices can quickly re-establish
the link. In 50 experiments, the system successfully acquired the link 49 times, yielding
98% acquisition probability. The shortest link establishment time, which measured the total
time from the acquisition until the stable tracking, was 3 s, and the longest was 22 s. The
average link establishment time was approximately 14.1 s. The standard deviation is 5.6 s
and the 95% confidence interval is [12.5 s, 15.7 s], which is in the same performance range
as the complete link acquisition time, about 22 s, of the XY-2 satellite. It demonstrates the
scheme is capable of maintaining stable alignment for laser communication links. The main
limiting factor of link establishment time is the scanning duration of initial acquisition,
rather than the rotation-locking step. This indicates that the convergence speed of the
rotation-locking process is much faster than that of the coarse acquisition stage. The link
establishment time can be further reduced by optimizing the acquisition method.

A —61 dBm optical attenuator is artificially added at the transmitter side to simulate the
link power budget of spaceborne long-distance applications. Although the 100 m terrestrial
link distance is much shorter than intersatellite link, the optical power signal ultimately
received by the system falls into an extremely weak-signal fitting regime, achieving -50 dBm
detection sensitivity. Moreover, the atmospheric turbulence and background stray light
interference introduced by the ground environment produce a signal-to-noise ratio (SNR)
degradation that is, to some extent, equivalent to that of long-distance space transmission.
In contrast, the spaceborne environment is free of atmospheric turbulence and features
more ideal optical intensity distribution. Therefore, the success of the ground experiments
demonstrates that the algorithm tolerates a certain level of optical intensity fluctuation,
verifying its robustness. It indicates that the system has the potential to meet the power
transmission attenuation requirements for future spaceborne long-distance applications.

5. Conclusions and Discussion

In summary, this paper proposes a fine tracking scheme and system that meets the
miniaturization and lightweight requirements of spaceborne laser communication APT
technology. By rotational spot scanning, the complex Gaussian spot intensity is transformed
into a simple linear equation form, enabling the fitting calculation of the offset angle and
offset distance between the receiver and the received spot center with effectively reduced
computational complexity. The prototype is designed to conduct ground-based validation
experiments to validate the algorithm, including laboratory static test and outdoor link
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References

establishment test. The experimental results demonstrate that the scheme can achieve
stable tracking and link establishment.

Due to the lack of spaceborne validation conditions, the 50 link-break and re-
establishment experiments during the 100 m outdoor link test, achieved by moving the
receiver on a movable cart, demonstrates that the system can work stably under low-
frequency jitter at the Hz level. But its ability to suppress high-frequency jitter is limited by
the open-loop manner. Further research will be carried out quantitatively about the system
performance of the next-generation prototype, including the convergence boundary tests
from gradually increasing the initial offset to determine the capture range, the disturbance
frequency sweep tests from 0.1 Hz to 30 Hz and measuring optical power fluctuation
and re-acquisition success rate, and the additive noise injection and background light
interference tests to determine the minimum operational SNR threshold.

And compared with the ground environment, where atmospheric turbulence exists,
the spaceborne environment is free of turbulence effects and exhibits much weaker op-
tical intensity scintillation, which is more ideal. However, the spaceborne environment
involves other challenges, which are not considered in this paper, and future work will
revolve around this aspect. Therefore, the scheme of rotation locking provides a possible
approach for low-Earth-orbit (LEO) satellite laser communication terminals that have strict
constraints on size and weight and where disturbances are dominated by low-frequency,
slow temperature drifts. Further work will focus on vacuum compatibility design and the
use of a satellite vibration table to load realistic on-orbit disturbance spectra, quantitatively
determining the system’s dynamic response boundaries, so as to bridge the gap between
ground experiments and actual orbital operating conditions.
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