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Acquisition Time 1n Laser Inter-Satellite Link
Under Satellite Vibrations

Kwanyong Lee ™, Vuong Mai

Abstract—Pointing, acquisition, and tracking (PAT) is a major
technical challenge of laser inter-satellite links (ISLs). For the fast
establishment of laser link and the maximization of communication
time, it is of importance to minimize the acquisition time. Satellite
vibrations affect the PAT procedure adversely, and thus serve to
increase the acquisition time. In this paper, we investigate through
theoretical analysis the average acquisition time of laser ISLs in the
presence of satellite vibrations. The analytic expression about the
time taken from the beginning of spiral scan to the acquisition of the
scan beam is provided in the presence of the pointing errors caused
by vibrations. We also derive the optimum beam divergence angle
for the acquisition time. The analyses are validated by Monte-Carlo
computer simulations and a proof-of-concept experiment. The re-
sults show that the acquisition time can be minimized by adjusting
the beam divergence angle adaptively to the link conditions.

Index Terms—Free space optical communications, inter-satellite
links, PAT, spatial acquisition.

1. INTRODUCTION

ASER intersatellite links (ISLs), thanks to the use of
L unlicensed optical spectrum, enormous transmission ca-
pacity, and narrow beam divergence, are gaining popularity as
a future-proof technology potentially replacing the traditional
radio-frequency links [1], [2], [3], [4]. In laser ISLs, the major
technical challenge is the pointing, acquisition, and tracking
(PAT) [5], [6], [7]. Long transmission distance (e.g., >1000
km) together with the use of narrow-divergence optical beam
(e.g., tens of urad) makes the PAT a daunting task especially
when the relative velocity of the satellites is high. Vibrations
of satellite caused by thruster firing and the mechanical moving
components such as reaction wheels make the PAT even more
challenging [8].

The PAT procedure in laser ISLs starts with the location
estimation of the transmitter and receiver satellites. With the
aid of global positioning system (GPS) and two-line element
(TLE) data sets, the location of the satellite can be identified.
The locations of the counter satellites can also be identified by
the orbital determination, which is estimated from the TLE data
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processed by the simplified perturbation models [9]. After the
satellites identify the locations of counter satellite, the transmit-
ter satellite rotates its body and/or steers the optical transmitter
toward where the receiver satellite is expected to be located. The
direction of the receiver aperture is also steered to the direction
of the transmitter satellite. After this pointing procedure, the
satellites attempt to pinpoint the location of the counter satellites.
For this purpose, the transmitter satellite scans the uncertainty
cone using a wide-divergence optical beam (or beacon). The size
of the uncertainty cone is mainly determined by the accuracy of
the orbital determination and the attitude error of the transmitter
satellite [6]. The spiral scan is commonly utilized for the acqui-
sition. Starting from the location where the counter satellite is
expected to be located, the optical beam spirals outward to cover
the uncertainty cone. Whenever the receiver satellite detects
the scan beam, it sends the optical beam acknowledging the
reception of the scan beam back to the transmitter satellite [10].
The array detector having a wide field of view (such as a focal
plane array) is typically employed for the direction detection of
the optical beam. Finally, the transmitter satellite also acquires
the location of the receiver satellite by detecting this feedback
optical beam sent from the receiver satellite.

To facilitate the acquisition, a beacon light composed of a
wide-divergence optical beam can be employed [11], [12], [13],
[14]. In this beacon-based system, the wide-divergence beam
should be handed off to a narrow-divergence one for commu-
nications after the acquisition procedure. On the other hand, a
beaconless system utilizes a narrow-divergence communication
beam for both acquisition and communication [15], [16], [17].
Since the beaconless system does not require an extra beacon
transmitter, it reduces the implementation complexity at the
expense of a long acquisition time.

In laser ISLs, it is highly desirable to minimize the acqui-
sition time, which is defined by the time that it takes from
the beginning of the scan to the acquisition of the scan beam
at the counter satellite. This is because laser ISLs might have
narrow communication time windows due to the high velocity
of satellites. A long acquisition time would make these windows
even narrower. Also, the laser ISLs could be disrupted unexpect-
edly, for example, by misalignment, solar conjunction, blocking
of a line-of-sight path, etc. In this case, the satellites attempt
to re-establish the link through the PAT procedure. For rapid
re-establishment of the link, it is also necessary to minimize the
acquisition time.

There have been a few efforts to reduce the acquisition time.
For example, the optimum size of uncertainty cone was studied
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in [18] to reduce the acquisition time. Instead of using the
commonly used 30, where o represents the angular standard
deviation of the location uncertainty of counter satellite, the
authors reduced the size of uncertainty cone to 1.30 even though
it could increase the repetition of the scan. In another study,
the acquisition time was reduced by suppressing the attitude
determination error with the aid of a star sensor [19]. However,
the orbital determination errors, which mainly affect the size of
uncertainty cone in low-earth orbit (LEO)-to-LEO satellite links,
were not considered in this study. The optimum beam divergence
angle of scan beam for acquisition time was derived in [10].
For an elliptically shaped optical beam, this work analyzed
the optimum beam divergence angle for the acquisition time
theoretically when the raster scan was employed for short-range
communications. However, none of these works takes into ac-
count the impact of vibrations on the acquisition time.

It is inevitable that satellites experience mechanical vibra-
tions caused, for example, by thruster firing and mechanical
moving components. It was shown that the angular fluctuations
caused by these mechanical vibrations can be as high as a few
tens of microradians [8]. Mechanical vibrations of the satellite
serve to distort the spiral trajectory of the scan beam during
the acquisition procedure, and thus make the scan beam fail
to cover the entire region of the uncertainty cone. Since the
hit probability, defined by the average probability of acquiring
the scan beam successfully, of a single scan decreases in the
presence of vibrations, multiple scans are required to increase
the overall hit probability [16]. As a result, the acquisition time
should be increased. A couple of previous works presented the
impact of vibrations on the hit probability and acquisition time.
However, the authors in [16] relied solely on simulation for
estimating the acquisition time. The work presented in [20]
showed the theoretical analysis on the hit probability for some
cases. Even though this work provided theoretical insight about
the hit probability, it is not easy to apply this theory to estimate
the overall hit probability. To the best of our knowledge, there
has been no theoretical study on the overall hit probability and
acquisition time applicable to the entire scan region for various
amounts of vibration.

In this paper, we present the theoretical analysis of the ac-
quisition time in the presence of satellite vibrations. Also, we
provide the optimized beam divergence angles for acquisition
time. The beam divergence angle can be adjusted adaptively to
the link conditions to minimize the acquisition time in laser ISLs.
To validate our theoretical analysis, we perform Monte-Carlo
computer simulations and a proof-of-concept experiment. We
show that the acquisition time can be reduced considerably over
a wide range of transmission distances by utilizing the adaptive
beam control technique.

The rest of this paper is organized as follows. In Section II,
we present the theoretical analysis of acquisition time, optimum
beam divergences, and hit probability. We compare the theoreti-
cal analysis with Monte-Carlo simulations and also demonstrate
the effectiveness of the adaptive beam control technique in
reducing the acquisition time in Section III. We carry out the
proof-of-concept experiment and present the results in Sec-
tion IV. Finally, Section V concludes the paper.
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Fig. 1.  Spiral trajectory of scan beam.

II. THEORETICAL ANALYSIS

The transmitter satellite scans the uncertainty cone to search
for the accurate location of the counter satellite using a scan
beam. Fig. 1 shows the spiral trajectory of the scan beam on the
receiver’s aperture plane. The scan beam can be either a beacon
or a communication beam (for the beaconless system). Starting
from the center of the uncertainty area, the scan beam spirals
outward to cover the entire region of the uncertainty area. The
scan beam stays at certain positions called dwell points on the
spiral trajectory for the dwell time before it moves to another
dwell point. If the receiver satellite detects the beacon signal, the
feedback signal is transmitted to the transmitter satellite and the
acquisition procedure ends by the transmitter satellite detecting
this feedback signal (sent from the receiver satellite).

In this work, we assume that the scan beam has a Gaussian
intensity profile having a half angle of beam divergence 0 4.,
where the intensity drops to 1/¢* of the maximum value. The
intensity of the scan beam can be expressed as [21]

27“5
—— 1
P ( L203lw> ( )
where P; is the transmitted optical power and r, is the radial
distance from the center of the beam. If the beam footprint (on the
aperture plane) is much larger than the aperture size, the optical

power impinging onto the aperture of the receiver satellite can
be expressed approximately as [22]
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where 6 ;¢ is the angular deviation of the receiver satellite from
the nearest dwell point and L is the transmission distance. Also,
A . 1s the area of the receiver aperture, which is expressed by
7r2,,, where 7. is the radius of the receiver aperture. For the

dwell time of T4, the receiver satellite can detect the scan beam
when the following relation is satisfied.

Eth < Prechw (3)

Here, Ey, is the threshold energy required to detect the scan
beam. It might include some margin on top of the minimum
required energy to guarantee the detection. We define the ef-
fective angle of scan beam as the maximum 6 4,5 satisfying the
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inequality of (3). Then, it can be expressed as

1 2waPtArec
96 — 7924 1 Srtaw-” t47rec 4
1 \/2 div 1 <7rL29§ivEth @
We design the spiral trajectory of spatial acquisition by using
the effective angle of scan beam. The spiral trajectory repre-
sented by its radius () and angle () in the polar coordinates with

the origin at the center of the uncertainty area can be expressed
as

r =uvu.t (5
0 =wvgt (6)

where ¢ is time. Here, the radial and angular velocities are
expressed by using the effective angle of scan beam as

2 (1 — k) Qucngf
v =
Tt (Quc — Qeff) Tiw

_ |21 (Buc — beyy)
TN A=) Ouet T ®)

where k is the overlap factor and 6, is the half angle of the
uncertainty cone [17].

The scan time taken from the initial point (00) in the uncer-
tainty area to a point (r,,0 ) is expressed approximately as [17],
[18]

(7

T - ’/Twa Tp 2 9
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The scan time to cover the entire uncertainty cone is then

written as
T _ 7TT‘dw ( euc >2
scan 2 (1 — k) aeff

When the receiver satellite detects the scan beam, the ac-
quisition procedure ends. We assume that the location error
of the receiver satellite follows the 2-dimensional Gaussian
distribution with zero means. The probability density function
(PDF) of angular error is then given by [18]

(10)

fo (Bun) . o (11)
wh) = —==—— exp | —
@ eh V27o, ), P 207 ),

where 0, 5, is vertical and horizontal error angle and o, j, is the
standard deviation of the vertical and horizontal error angle. We
assume the vertical and horizontal errors have the same standard
deviations. Then, the radial location error can be expressed as the
Rayleigh distribution of a scale factor of o, (where o, = 0, =
o). Thus, the PDF of the angle from the transmitter subtended
by the line connecting the center of the uncertainty area and the
location of the receiver satellite is given by

1 0% )
exp [ —=%
2102 P ( 207

Ir(Or) = (12)
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where o, is the scale parameter. The average acquisition time
for the single scan is given by

Ouc
Tovg = /O T, (9) Ir (9) do (13)

Substituting 7, of (9) and f of (12) into (13), we have

O Oric
- () (5]
(14)

It shows that the average acquisition time for single scan is
inversely proportional to the square of the effective angle of scan
beam. Thus, we can minimize the average acquisition time by
maximizing 0 ..

Fig. 2 shows the effective angle of scan beam expressed by
(4) as a function of the divergence angle of the scan beam. In
this plot, the transmission distance, dwell time, and transmitter
optical power are set to be 1000 km, 2 ms, and 1 W, respectively.
Also, we set the radius of receiver aperture to be 5 cm and the
threshold energy for the detection of scan beam to be 100 pJ [16].
The figure clearly shows that there exists a maximum effective
angle of scan beam. This is because the optical power density
per unit area decreases as the beam divergence increases. The
maximum effective angle of scan beam can be obtained from (4)
as

WwaJZ
2
(1-k) Heff

Tavg =

0.6065

0 _ Taw PtArec
effropt = 7

7TEth

15)

The divergence angle which gives us the maximum effective
angle of scan beam is given by

0.8578

0 _ Taw Py Arec
div,opt — L

7TEth

(16)

We can see the optimum divergence angle of scan beam for
the acquisition time depends on the parameters such as the trans-
mission distance, dwell time, and receiver aperture. This implies
that it is necessary for the transmitter satellite to obtain those
parameters before the acquisition procedure. It is interesting to
note that only L is a variable and other parameter are fixed.
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Fig. 3. Spiral trajectory modeled as multiple rings (a) in the absence of
vibration and (b) in the presence of vibration.

The link distance can be readily estimated from the TLE data
processed by the simplified perturbation models. On the other
hand, a couple of parameters pertinent to the receiver satellite
could be given as fixed parameters or could be exchanged
between the satellites through an RF auxiliary channel [23].

One way to realize the optimum divergence angle of scan
beam for the acquisition time is to employ the adaptive beam
control (ABC) [23], [24], [25]. In this technique, the beam
divergence angle is adjusted adaptively to the link conditions
by using a variable focus liquid lens. It was also experimentally
demonstrated that both the beam steering and ABC can be
realized by using an on-axis variable focus lens (VFL) followed
by two decentered VFLs [26].

The spiral trajectory should be designed to cover the uncer-
tainty area. However, the satellite vibrations distort the scan
trajectory and make the scan beam fail to cover the entire region
of the uncertainty area. This reduces the hit probability of a
single scan, and consequently increases the acquisition time
since multiple scans should be conducted [16].

We estimate the acquisition time theoretically in the presence
of satellite vibrations. Fig. 3 shows a part of spiral trajectory cov-
ered by scan beam’s footprints (on the receiver’s aperture plane).
The spiral trajectory can be modeled as multiple co-centered
rings separated by 20,7 ¢(1 — k)L, as shown in Fig. 3(a). This
figure also shows a part of two adjacent rings. The arcs of rings
are illustrated as straight lines in the figure. We assume that
adjacent footprints of the scan beam on a ring experience the
same amount of vibrations. This is because the dwell time is
much shorter than the time scale of satellite vibrations. For
example, we can set the dwell time to be a few milliseconds,
whereas the mechanical vibrations have frequency components
mainly below 100 Hz [8]. However, angular fluctuations caused
by mechanical vibrations could affect the center position of the
rings, as shown in Fig. 3(b). Thus, we assume that the mechan-
ical vibrations affect the distances between rings in the spiral
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trajectory without changing the distance between the adjacent
footprints of scan beam. Fig. 3(b) shows a part of scan trajectory
distorted by vibrations, also modeled as rings. In this figure, the
scan trajectory is shifted by A8, 4;77L/2 from its undistorted
one. The distorted trajectory creates a region uncovered by the
footprints of scan beam. We can estimate the hit probability
from the ratio of the uncovered area, A, to the area of region
of interest, 21762, (1 — k). We then calculate the uncovered
area as follows:
a) If0 < Aby aipr < (V3 —2+2k)0.ys,

Aunc (Aev,diff) =0
b) If (\/g -2+ Qk‘) < Aav,diff < 2k0@ff,
Aunc (Aev,diff)

Ocrf(1=K)+A0y aifr/2
:4L2/ (96” —\/0% — 9'2) do'
V3g 2

2 Oers
(18)

a7

c) IkaQeff < Aevydiff < \/396”,

Aune (B0 aifr) =2L%0c5 (Abyaigs/2 — kbeyy)

+4L2 fsgj;f (eesz — . /62 _9/2) 4o’
2 Yeff
(19)

eff

d) I V30cs < Aby aigy < 20y,
Aunc (DOuaifs) =2L%0css (Aby.airs/2 = kbesy)

2 (Oers O 2 2
+4L AOy qiff/2 (% - m) d9/ (20)
6) If296ff § Aav,diffa
Aunc (Aav,diff) = 2L29§ff (1 - k‘) 201

Itis worth noting that when an instantaneous vibration is large
the uncovered area shown in Fig. 3(b) could be covered by the
beam footprints on the other rings (not illustrated in this figure).
This happens when the instantaneous vibration is larger than the
distance between rings, i.e., Ay, girfL/2 > 20.5¢(1 — k)L. To
take this into account, we calculate the area covered by the scan
beam from the other rings for given 60, and A8, 4, which is
denoted by A ,,. We assume that the satellite vibrations follow
the Gaussian distribution, 6,,, ~ N(0,0,i) and AG, gir¢ ~
N (0, /20 4ip). Then, the average of A, is expressed by

E [Acov] = / Acov (eviba Aev,diff) fv (avib) devib (22)

[o.¢]

where the f,(-) represents the PDF of 6,;. Then, the total

uncovered area is given by
A,unc (Aev,diff) = Aunc (Aev,diff) —2F [Acov] (23)

The hit probability of a single scan can be written as

o0 A/unc Aev i
Pri= 1—/ Mfm)wliff (AOydifs) AAOy gifr

o0 Aint
(24)
where A, is the area of region of interest and fag v, air () 1S the
PDF of Af,, ;-



LEE et al.: ACQUISITION TIME IN LASER INTER-SATELLITE LINK UNDER SATELLITE VIBRATIONS

~
&
~

10°

w‘“ﬂm

PSD (urad?/Hz)
o

100 102
Frequency (Hz)

N W b O O
o O O O o

Pointing error (urad)
o

|

|

3 1T 1 1

20 40 60 80
Time (s)

o
o

100

Fig. 4. (a) The power spectral density of an exemplary satellite vibration and
(b) temporal radial pointing errors generated from the power spectral density.

When we fail to acquire the scan beam, the scans are repeated
until the receiver satellite detects the scan beam successfully.
In this multiple scan, when the receiver satellite acquires the
scan beam at (m + 1)th scan, the scan time and the overall hit
probability are given by Tyyg + mTscqn and (1 — Prit)™ Phit,
respectively. Thus, the average acquisition time for multiple
scans under the satellite vibration is given by

oo

Tmult = Z (]- - Phit)mphit (Tavg + stcan)

m=0

(25)

III. VERIFICATION THROUGH SIMULATION

In this section, we compare the theoretical analysis presented
in the previous section with the Monte-Carlo simulation. For
this purpose, we first emulate the satellite vibrations using
the power spectral density (PSD) model, shown in Fig. 4(a)
[81, [27], [28]. The vibrations are composed of harmonics of
2.5-Hz tones. They also include the frequency components at
65, 100, 175, and 200 Hz representing the mechanical vibrations
caused by reaction wheels. By applying random phases to those
spectral components, we generate angular fluctuations in the
time domain as shown in Fig. 4(b). The standard deviation of this
radial pointing error is 25 prad. We next generate random orbital
determination errors of the receiver satellite. These errors follow

7303009
TABLE I
PARAMETERS OF THE SIMULATION
Symbol Quantity Value
k overlap factor 0.2
Taw dwell time 2 ms
L transmission distance 1000 km
Py transmit optical power 1w
Trec receiver aperture radius Scm
energy threshold for
Eun detection 100 pJ
divergence angle of scan
Odiv 191.8 prad
beam
standard deviation of error
o of receiver orbital 3.2 km
determination
standard deviation of
Ovib platform vibration of the 25 prad
transmitter satellite
Nsim simulation number 5000

the Rayleigh distribution, as formulated in (12). The standard
deviation is set to be 3.2 km on the receiver aperture plane
[29]. The size of the uncertainty cone is set to be 3 sigma of
the standard deviation of the receiver location error, which is
calculated by dividing the transmission distance by the orbital
determination error. For example, the half angle of uncertainty
cone is set to be 9.6 mrad for the transmission distance of 1000
km. Under the angular fluctuations of the transmitter satellite,
we carry out the acquisition procedure for the uncertainty cone
using the spiral scan. Table I summarizes the system parameters
used in this simulation. Finally, the average acquisition time is
obtained through 5000 simulations.

Fig. 5(a) shows the trajectory of the scan beam’s footprints on
the receiver’s aperture plane in the absence of satellite vibrations.
The footprints cover the entire region of the uncertainty area.
However, in the presence of satellite vibrations, the trajectory is
distorted and the beam footprints cannot cover the entire region
of the uncertainty area. Fig. 5(b) shows a case when the standard
deviation of the satellite’s angular fluctuation is 100 prad. The
region uncovered by the footprint is painted in red.

Fig. 6 shows the hit probability of a single scan as a function
of the effective angle of scan beam. It shows that our theoretical
expression of (24) agrees with the simulation results. The dis-
crepancy between the theoretical analysis and simulation tends
to increase when the effective angle of scan beam is narrow
and the angular fluctuation of satellite is large. This is because
when the amount of vibration is much larger than the effective
size of scan beam, the uncovered area [for example shown in
Fig. 3(b)] could be covered by other rings. In our theoretical
analysis, we consider only two rings, not bordering the region of
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interest. Thus, our theoretical analysis presents the conservative
estimation of the hit probability.

Fig. 7 shows the average acquisition time simulated for a
couple of transmission distances when the standard deviation

— Theory
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L L
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Divergence angle of scan beam (urad)

Fig. 8. Average acquisition time as a function of divergence angle of scan
beam for a few standard deviations of angular fluctuation.

of angular fluctuation is 25 prad. Also plotted in this figure for
comparison are the theoretical results of (25). Our theoretical
analysis agrees well with the simulation results. The figure
shows that the optimum divergences for acquisition time are
384, 192, and 128 prad for the transmission distances of 500,
1000, and 1500 km, respectively. As the transmission distance
increases, the effective angle of scan beam should be decreased,
as formulated by (15). This might imply that the acquisition
time should also be increased with the transmission distance.
However, the orbital determination error is fixed, regardless
of transmission distance, which in turn, implies that the size
of uncertainty cone (expressed in radian) is decreased as the
transmission distance increases. Consequently, the minimum
average acquisition time increases slightly with the transmission
distance.

The average acquisition time under various standard devia-
tions of satellite vibrations is shown in Fig. 8. The transmission
distance is 1000 km. It shows that the optimum beam divergence
angle for acquisition time is independent of the amount of
vibration. It is estimated to be 192 purad, as expressed in (16).
However, the mechanical vibrations of satellites reduce the hit
probability of a single scan, and thus the number of multiple
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scans increases with the amount of vibrations. For example, the
average acquisition time is increased from 4.1 to 6.6 seconds
when the standard deviation of vibration rises from 25 to 75
prad.

We next investigate the impact of the dwell time on the average
acquisition time. Fig. 9 shows the average acquisition time
versus the dwell time. The divergence angle of scan beam for
each dwell time is set to be the optimum value for the acquisition
time. The results show that the acquisition time is independent
of the dwell time in the absence of vibration. This is because
even though the scan time increases with 7'z, as shown in (14),
the effective angle of scan beam also decreases with T g,,. In the
presence of vibrations, on the other hand, the average acquisition
time increases as the dwell time decreases due to the multiple
scans resulting from the reduced size of effective angle of scan
beam. Our theoretical results agree well with the simulation
results.

We compare the acquisition time of the ABC scheme with that
of the fixed beam-divergence scheme. Fig. 10 shows the results.
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The standard deviation of angular fluctuation is 25 prad. For
the fixed beam-divergence scheme, we set the beam divergence
to be 192 purad. The ABC scheme adjusts the beam divergence
angle adaptively to the transmission distance, according to our
theoretical analysis of (16). The results clearly show that the
ABC scheme outperforms the fixed beam-divergence scheme
over a wide range of transmission distances. For example, the
acquisition time of the ABC scheme is 3 times shorter than
that of the fixed beam-divergence scheme when the transmission
distance is 1500 km.

IV. VERIFICATION THROUGH EXPERIMENT

We also carry out a proof-of-concept experiment to validate
our theoretical analysis. The experimental setup is shown in
Fig. 11. The optical beam generated from a fiber-pigtailed laser
diode propagates through a double-lens configuration, which
consists of a VFL and a fixed-focus lens. Here, the wavelength
of the laser is 1550 nm and the optical power of the beam is
set to be 10 dBm. The VFL (Optotune EL-10-30-TC-NIR-12D)
used in the experiment comprises a container filled with optical
liquid and an elastic polymer membrane sealing. The lens has an
electromagnetic actuator that exerts pressure on the container,
which, in turn, changes the curvature of the lens proportional
to the pressure on the container. Electric current then controls
the focal length of the lens through the coil of the actuator.
The VFL has a clear aperture of 10 mm and has a range of
focal length from 5 to 12 cm. The fixed-focus lens has a focal
length of 100 mm and a diameter of 50.8 mm. The double-lens
configuration allows us to generate a narrow optical beam for
laser ISL applications limited by the small size of VFL [25].
By using this configuration, we can vary the divergence angle
of the transmitter beam from 98 to 230 prad in this experiment.
The optical beam is reflected by a couple of fast steering mirrors
(FSMs). The FSM having a diameter of 25.4 mm utilizes piezo-
electric adjusters and has a maximum steering range of 1 mrad in
x and y directions. We utilize two FSMs to increase the steering
range of the transmitting beam. The FSMs are controlled by
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using a personal computer to realize the spiral scan. In order
to emulate the satellite vibrations, we add the pointing errors
deliberately as shown in Fig. 4(b) to the FSM driving signals.
The inset of Fig. 11 shows the photo of the transmitter setup.
To minimize the distortions of beam quality induced by gravity,
we arrange the optical axis of VFL vertically and then deflect
the optical beam horizontally by using a mirror [26]. The optical
beam propagates along the corridor of a building to a flat mirror
(having a clear aperture of 100 mm) placed 50 m away from
the transmitter and then comes back to the detector. Thus, the
transmission distance is 100 m. The optical beam is received by
using a photo-detector (PD) having an active area of 3.14 mm?.

Unlike the inter-satellite laser links where the accurate loca-
tion of the counter satellite is unknown before the acquisition
procedure, the location of the PD can be readily identified in lab
experiment. Thus, we generate the location error deliberately
before the beginning of acquisition procedure in our experiment.
The location errors are set to follow the 2-dimensional Gaussian
distribution having zero means and standard deviations of 0.33
mrad. The size of uncertainty cone is set to be 1 mrad. Fig. 12(a)
shows the exemplary spiral scan displayed in terms of the x-
and y-direction voltages applied to FSMs. The PD is located
at the center of the steering range of FSMs. Since we apply a
location error deliberately, the starting point of the spiral scan
is positioned away from the PD’s location. The spiral scan is
performed until it covers the uncertainty area. Due to the satellite
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vibrations (standard deviation of 14.4 prad) emulated in the
experiment, we can see that the spiral trajectory is distorted.

Fig. 12(b) shows the output voltage of the PD over time. The
curve in this plot exhibits the photo-voltage detected by the PD.
Due to the scintillation in our experiment, the received optical
power fluctuates over time even though the setup is stationary.
Thus, we increase the measurement time to 100 ms and average
out the scintillation-induced power fluctuations in each dwell
point. The averaged optical power is used to calculate the energy
collected by the PD over the dwell time. The dwell time is set to
be 2 ms in the experiment. We believe that this power averaging
would not be required in inter-satellite links due to the absence
of atmospheric turbulence. In the figure, we see that the location
error is applied 1.8 second after the measurement starts. The
spiral scan starts at about 2.8 second in the figure. We observe
three peaks in this curve. As the spiral scan beam approaches
the location of the PD, the output voltage of PD increases. We
acquire the location of the PD when the photo-voltage exceeds
the threshold voltage for detection, which is set to be 1.3 V in
our experiment.

Fig. 13 shows the measured average acquisition time as a
function of the beam divergence angle. Also plotted in this figure
for comparison are the theoretical results. The operating beam
divergence angle of our double-lens configuration ranges from
98 to 230 prad. We generate 50 cases of location errors to obtain
the average acquisition time. It should be noted that the time
required to average out the power fluctuations (i.e., 100 ms for
each dwell point) is not included in the acquisition time. Due
to the open-loop control of FSMs, they experience a hysteresis,
which serve as additional pointing errors in our experiment. The
average error arising from the hysteresis is estimated to be 25.9
prad. For the emulation of vibration, we generate pointing errors
having standard deviations of 14.7 and 35 prad. Thus, the total
pointing errors induced by hysteresis and emulation should be
29.8 [=(25.9% 4 14.7%)"2] and 43.5 [=(25.9% + 35%)!?] prad.
The results show that the measured acquisition time agrees very
well with the theoretical values. The minimum acquisition times
are measured to be 37.4 and 53.5 ms for 29.8- and 43.5-urad
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standard deviations of pointing error, respectively. They are all
achieved for the beam divergence angle of ~110 prad.

V. CONCLUSION

We have analyzed the acquisition time of laser inter-satellite
links in the presence of satellite vibrations. The mechanical
vibrations caused by, for example, thrust firing and mechanical
moving components, give rise to pointing errors and serve to
distort the spiral trajectory of scan beam for acquisition. We
derive the analytic expression about the average acquisition
time and the optimum beam divergence angle for minimizing
the acquisition time. Our theoretical analyses are validated by
Monte-Carlo simulations and the proof-of-concept experiment.
The results confirm that our theory estimates the acquisition
time accurately over a wide range of transmission distances
in the presence of satellite vibrations. Also, we show that the
acquisition time could be minimized by adjusting the beam
divergence angle adaptively to the link conditions. The findings
of this work could be used for the design of spiral trajectory
of the scan beam and for the control of beam divergence angle
under the PAT procedure.
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