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A stable and accurate pointing, acquisition system is an important part of initially building intersatellite optical com-
munication links. Satellite platform vibration can cause the system instability and reduce the system precision in building
and maintenance of a satellite optical communication system. In this paper, vibration influence is consciously discussed by
acquisition time for intersatellite optical communications. Analytical expression of acquisition possibility is derived, taking
the scan parameters and platform vibration into account, and vibration influence on the multi-scan acquisition time is also
presented. The theoretical result calculated by the proposed analytical expression is approximate to the result by the Monte
Carlo simulation.
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1. Introduction
Free space optical (FSO) communication has many

advantages over microwave communications, such as
light weight, high speed data capacity and immunity to
interference.[1–5] FSO communication has important applica-
tions for intersatellite communications with a few successful
in-orbit demonstrations in recent years.[6–9] However, com-
pared to the ground terminals, the transmitters of intersatellite
optical links (IOLs) are limited by the narrow beam width and
low power.[10,11] During the pointing, acquisition and track-
ing (PAT) phase, inter-satellites using narrow beam width
will be severely influenced by pointing errors due to the plat-
form vibration. Pointing errors will be drastically enhanced in
long distance communication and IOLs will use more time to
build the links and relatively reduce the communication time.
Hence, PAT systems meet challenges to design appropriately
for particularly high accuracy long distance IOLs.[12,13]

In order to establish stable IOLs, a acquisition system
should achieve the communication line of sight (LOS).[13,14]

For this purpose, the transmitter scans with the beacon beam
under a selected model over a field of uncertainty (FOU) until
the receiver is detected and locked by the transmitter during
the acquisition process.[15] To realize the acquisition process,
different scanning patterns for microsatellite communications
are discussed in Ref. [16]. Details of spatial acquisition al-
gorithm have been described in Ref. [16]. Numerous studies
have mainly focused on the spatial acquisition system.[17,18]

From the perspective of acquisition system performance
analysis, acquisition time and probability are introduced to
evaluate the performance of the acquisition system when a

certain FOU is given. The FOU is the field where receivers
will possibly exist during the pointing and acquisition, and it
mainly depends on the attitudes of the satellites and orbits.
Larger FOU will increase not only the acquisition probabil-
ity but also the acquisition time. An appropriate FOU should
be firstly considered in the acquisition phase. In addition, for
most of the acquisition processes, single scan can not com-
plete the acquisition task. Therefore, multi-scan is required to
increase the acquisition probability up to approximate 1. Li et
al. proposed an analytical expression of multi-scan acquisition
time and gave Monte Carlo simulation to prove the validity of
the theory. Meanwhile, an optimal FOU was provided and led
to the minimal acquisition time.[9] Further discussion in acqui-
sition time of using the narrow divergence beam was presented
in Ref. [19]. In addition, vibration influence on hit probabil-
ity during beaconless spatial acquisition was also mentioned
in Ref. [20].

Influences of platform vibration on acquisition possibility
will severely increase the acquisition time. However, its ef-
fects on IOLs have not been systematically discussed. Mean-
while, scan parameters related to the beacon beam in the ac-
quisition system design also require further discussions in the
presence of platform vibrations. Hence, it is significantly in-
teresting to parameterize the vibration influence on acquisition
phase for IOLs.

In this paper, we introduce the distribution function of
the satellite position and a spiral scan pattern. Considering
the transmitter platform vibration, we calculate the acquisi-
tion probability in single scan. Finally, the mean acquisition
time of multi-scan is derived under the vibration influence and
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Monte Carlo simulations are performed to verify the theoreti-
cal calculations.

2. Mathematical models of acquisition probabil-
ity and acquisition time

2.1. Acquisition probability of single scan

For building IOLs, two satellites need to point to each
other based on predicted positions calculated by the known
Ephemeris. With respect to pointing and acquisition system,
size of FOU in IOLs should consider deviation position of re-
ceiver, as shown in Fig. 1. Here θv and θh are the angels in
vertical and horizontal directions in the o–xyz coordinate sys-
tem, respectively. Line of sight (LOS) of the two satellites is
along the z-axis in the non-error situation.

LOS

FOU

o θv

θh

o

P

x

y

z

x

y

o

θs

Fig. 1. The scan geometry of inter-satellite link.

The probability distribution function is related to the devi-
ation of the satellite position. The probability density function
(PDF) is given by[2,17,21]

f (θR) =
θR

σθ
2 exp

(
− θR

2

2σθ
2

)
, (1)

where θR is the deviation of the satellite position, σ2
θ

is the
variance of satellite position. The PDF of the deviation obeys
the Rayleigh distribution.

Considering the limited size of FOU, the probability of
the satellite presenting in the FOU can be expressed as[17,18]

PFOU (θU) =
∫

θU

0
f (θR)dθR = 1− exp

(
θ 2

U
2σθ

2

)
, (2)

where θU is half width of the FOU.
For all of the positions of satellites, θU = 3σθ is large

enough to ensure acquisition with a high probability, which is
approximately 98.9% for a single scan.[19,21,22]

The spiral scan starts from the center of FOU, where the
highest possibility of target terminal presents. It moves to-
wards the edge of FOU with a linear velocity. The spiral scan
is illustrated in Fig. 2.

In polar coordinates, the trace equation of spiral scan is
given by

rp =
d

2π
θp, (3)

(
rp,θp

)
is one point in polar coordinates for spiral scan.

x
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Fig. 2. Scan geometry. Iθ is the step length, θs is the width of scanning
beam, d is the spiral pitch. Iθ ′ is the actual step length influenced by
vibration, Sn is the n-th center of the scanning beam. Sn′ is the actual
beam center with the vibration. Psat is the receiver position in the FOU.
J is the vector from the nth center with vibration to receiver point.

The width of the scanning beam and the step length are
given by

θs = αd, (4)

Iθ = βd, (5)

where α is the width parameter, β is the step length parame-
ter, θs is determined by divergence of the beacon beam and Iθ

depends on the parameter initializing set of scan driver unit.
Despite the vibration influence, these parameters should

satisfy covering of the area of FOU,[21]{
α > 1.065,
β 2 ≤ α2−1.

(6)

From initial point (0,0) to the final scan point (rU,θU),
the total scan time is expressed as[9]

TFull ≈
πβθ 2

U

I2
θ

∆t, (7)

where ∆t = 2L/c is the dwell time between the two adjacent
points, L is the link length, and c is the speed of light.

The number of the spot in FOU can be given as

K =
πβθU

2

I2
θ

+1. (8)

The coordinates of point Sn in Cartesian coordinates are
given by

Sn = (rn cosθn,rn sinθn) , n = 1,2, . . . ,K, (9)

where

rn = d

√
(n−1)β

π
, (10)
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θn =
√

4π (n−1)β . (11)

The vector component of J satisfies the normal distribu-
tion and can be given as follows:

f (Jx) =
Jx√
2πσx

exp

[
− (Jx− rn cosθn)

2

2σx2

]
, (12)

f (Jy) =
Jy√
2πσy

exp

[
−
(Jy− rn sinθn)

2

2σy2

]
, (13)

where σx
2 = σy

2 = σ2 = σ2
N/2, σ2

N is variance of the platform
vibration.

Considering J =
√

J2
x + J2

y , we can deduce J satisfying
the Rice distribution as follows:

fn (J) =
J

σ2 exp
(
−J2 + rn

2

2σ2

)
I0

(
Jrn

σ2

)
, (14)

where I0 (·) is the zero-order Bessel function of the first kind.
When the receiver position Psat in the area of the n-th point

of scanning beam width, we can obtain the acquisition proba-
bility in the n-th point as follows:

Pn

(
J ≤ θs

2

)
=
∫ θs

2

0

J
σ2 exp

(
−J2 + rn

2

2σ2

)
I0

(
Jrn

σ2

)
dJ. (15)

According to Eq. (15), we can reach

Pn (σ ,α,d) = Q1

( rn

σ
,0
)
−Q1

(
rn

σ
,

θs

2σ

)
, (16)

where Q1 (·, ·) is the first-order Marcum-Q function

Q1 (a,b) =
∫

∞

b
xexp

(
−x2 +a2

2

)
I0 (xa) dx, (17)

and its numerical calculation can be given by software.
As we know from the probability theory, the probability

of acquisition only in the n-th point during scan process is

Po,n = Pn ∏
n−1
i=1 (1−Pi). (18)

Then the acquisition probability of single scan in FOU can be
given as

PAcq (σ ,α,β ,d) =
[
1−∏

K−1
n=0 (1−Po,n)

]
PFOU. (19)

2.2. Acquisition time of multi-scan

In practice, the acquisition process adopts multi-scan to
ensure the acquisition probability to be approximately to 1.
Combining the single scan time with vibration and scan pa-
rameters, acquisition time of multi-scan will be further de-
rived.

Scan time of the n-th point can be given as

Tn = n∆t. (20)

The acquisition time of the single scan can be given as

Ts = (1−PFOU)TFull +∑
K−1
n=0 PFOUPo,nn∆t. (21)

Due to the vibration influence, the single scan possibly
cannot accomplish the acquisition task. To increase the acqui-
sition probability, the multi-scan is introduced in the acquisi-
tion process. More importantly, we can achieve relatively high
acquisition probability which could be approximate to 1.

The multi acquisition probability of the n-th scan can be
written as

PM =
M

∑
i=1

PAcq
(
1−PAcq

)i−1
. (22)

The multi acquisition time can be written as

TM = TsPAcq +(TFull +Ts)
(
1−PAcq

)
PAcq + . . .

+ [(i−1)TFull +Ts]
(
1−PAcq

)i−1PAcq + . . . , (23)

which can be simplified to

TM = Ts +

(
1−PAcq

PAcq

)
TFull. (24)

Substituting Eqs. (7), (21) and (23) into Eq. (24), we can reach

TM = PFOU ∑
K−1
n=0 nPo,n∆t +(1−PFOU)(K−1)∆t

+
1−
[
1−∏

K−1
n=0 (1−Pn)

]
PFOU[

1−∏
K−1
n=0 (1−Pn)

]
PFOU

(K−1)∆t. (25)

3. Numerical results and discussion
In this section, numerical calculations are conducted to

analyze the influence of scan parameters, and the optimum
FOU should satisfy θUopt = 1.3σθ .[9] Data are calculated un-
der the condition that α = 1.3, 1.4, 1,5 and β = 0.8, 0.9, 1.0
in accordance with Eq. (6) limitation and all parameters used
in the process of scanning are listed in Table 1.

Link length 36000–45000 km is a range of typical value
for long distance inter-satellite communication systems in en-
gineering. Considering that the narrow beam width is about
10–50 µrad and standard deviation of the satellite position is
about 100–3000 µrad, we select all scan parameters in this
range. According to the spectrum characteristic of the satel-
lite platform vibration model used by ESA in the SILEX
program,[23] we appropriately choose the range of the vibra-
tion deviation as 0–100 µrad.

Table 1. Scan parameters of the intersatellite links.

Variable Parameter Simulation value
L link length 45000 km
Iθ step length 26 µrad, 28 µrad, 30 µrad
θs beacon beam width 16 µrad, 18 µrad, 20 µrad
d spiral pitch 20 µrad, 25 µrad, 30 µrad

σθ

standard deviation
100 µrad, 150 µrad, 200 µrad

of satellite position
σN standard deviation of vibration 0–100 µrad
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(a)
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α=1.4, β=0.8
α=1.5, β=0.8

d=20 mrad, σθ=100 mrad

α=1.3, β=0.8
α=1.3, β=0.9
α=1.3, β=1.0

(b)

Fig. 3. Single scan acquisition probability as a function of the vibration
deviation σN with different parameters of (a) scan beam width α and
(b) scan step length β for θUopt = 1.3σθ .

The acquisition probability could be numerically evalu-
ated for vibration levels up to 100 µrad with a series of scan

parameters from Eq. (19). The calculated probability is plotted
as a function of vibration deviation with different scan parame-
ters, as shown in Fig. 3. It is found that acquisition probability
decreases approximately linearly with the increasing vibration
deviation in the range from 5 µrad to 20 µrad. When the vi-
bration deviation <5 µrad, vibration influence on acquisition
probability could hardly be observed for all scan parameters.
When the vibration deviation >20 µrad, acquisition probabil-
ity could slowly decrease with the increasing vibration devia-
tion. The smaller scan beam width and larger step length pa-
rameter will relatively decrease acquisition probability under
the same vibration deviation as shown in Figs. 3(a) and 3(b).

The vibration influences on multi-scan time by vibration
deviation, scan parameter and spiral pitch are illustrated in
Figs. 4(a), 4(b) and 4(c), respectively. According to Eq. (25),
when θUopt = 1.3σθ , for a specific spiral pitch and FOU devi-
ation, multi-scan time will decrease with the increasing scan
beam width parameter and step length parameter as shown in
Figs. 4(a) and 4(b), respectively. Although the larger step
length parameter will relatively decrease acquisition proba-
bility as shown, it will reduce multi-scan time, compared
Figs. 3(b) and 4(b). For fixed scan parameters, multi-scan
time will decrease with the increasing spiral pitch as shown
in Fig. 4(c). For the deviation of the satellite position, the
larger FOU can drastically increase multi acquisition time in
Fig. 4(d).

(a) (b)

(c) (d)

0

20

40

60

80

100

0 0.02 0.04 0.06
σN/mrad

T
M
/
s

0

20

40

60

80

100

120 500

400

300

200

100

0

T
M
/
s

T
M
/
s

0

20

40

60

80

100

T
M
/
s

0.08 0.10

0 0.02 0.04 0.06
σN/mrad

0.08 0.10 0 0.02 0.04 0.06
σN/mrad

0.08 0.10

0 0.02 0.04 0.06
σN/mrad

0.08 0.10

d=20 mrad, σθ=100 mrad

σθ=100 mrad
σθ=150 mrad
σθ=200 mrad

d=20 mrad
d=25 mrad
d=30 mrad

σθ=100 mrad, α=1.3, β=0.8 d=20 mrad, α=1.3, β=0.8

α=1.3, β=0.8
α=1.4, β=0.8
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α=1.3, β=0.8
α=1.3, β=0.9
α=1.3, β=1.0

Fig. 4. Multi-scan time as a function of vibration deviation σN for different parameters of (a) beam width α , (b) scan step length
parameter β , (c) spiral pitch d, and (d) deviation of the satellite position σθ , for θUopt = 1.3σθ .
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It should be noted that multi-scan time has no obvious
change at small vibration deviation < 5 µrad, as shown in
Fig. 4. Multi-scan time would rapidly increase in the range
of 5–20 µrad, then slowly increase with the increasing vibra-
tion deviation > 20 µrad.

create satellite position Psat (θxi, θyi)

create scan point  Pscan (θsxi, θsyi) 
and sequence Pscan {(θsx, θsy), ..., (θsxi, θsyi),...} 

||Pscan(θsxi, θsyi)+Pv(θvxi, θvyi)

-Psat(θxi, θyi)||;θs/2

according to Eq. (10) (11)  

create vibration deviation  Pv (θvxi, θvyi) 

calculate the scan times 
and acquisition time TM

and sequence Pv {(θvx, θvy), ..., (θvxi, θvyi),...} 

through Gauss number  

and sequence Psat {(θx, θy),..., (θxi, θyi), ...}
in FOU through Gauss number 

no

yes

Fig. 5. The process of Monto Carlo simulation.

The simulation process is shown in Fig. 5 and multi-scan
time simulated by Monte Carlo, using 10000 different satel-
lite positions on each vibration deviation, is also included
(the error bar) in Fig. 6. The details of the Monte Carlo
simulation are as follows: (a) Generate random 10000 dif-
ferent positions of the satellite Psat

(
θxi,θyi

)
of Gauss num-

ber using Matlab. Here θx = (θx1,θx2, . . . ,θx10000) and θy =(
θy1,θy2, . . . ,θy10000

)
are the position array. They satisfy the

distribution θx ∼ N
(
0,σ2

θ

)
and θy ∼ N

(
0,σ2

θ

)
, respectively.

(b) Generate the position of the scan point Pscan(θsxi,θsyi),
according to Eqs. (10) and (11). (c) Generate random
N = 10K different vibration deviations of Gauss numbers
on each scan point Pv(θvx,θvy). The number of the scan
point of single scan, K, is given in Eq. (8). Here θvx =

(θvx1,θvx2, . . . ,θvxN) and θvy =
(
θvy1,θvy2, . . . ,θvyN

)
are the

random deviation array. They satisfy the distribution θvx ∼
N
(
0,σ2

N/2
)

and θvy ∼ N
(
0,σ2

N/2
)
, respectively. (d) From

the central point (0,0) to the point (rU,θU), we can judge if
these points satisfy the criterion of a successful acquisition.
The criterion of the successful acquisition can be given as∥∥Pscan(θsxi,θsyi)+Pv(θvxi,θvyi)−Psat(θxi,θyi)

∥∥≤ θs/2, which
means that the distance between the current scan point Si

′ and
satellite position point Psat is less than the half beam width
with random vibration. (e) If all the points of single scan do
not satisfy the criterion, we add a number of the scan times

and then go to the step (c). (f) If the current scan point sat-
isfies the criterion, then we calculate the acquisition time and
scan times. Otherwise, go to the next scan point to judge the
criterion until it meets the condition.

The parameters used in the Monto Carlo simulation are
as follows: the deviation of FOU σθ is 100 µrad, the FOU sat-
isfies θU = 1.3σs, the dwell time ∆t is 0.30 s, spiral pitch d is
20 µrad, beam width θs is 26 µrad (α = 1.3), step length Iθ is
20 µrad (β = 1). It is found that the Monte Carlo simulation
is consistent with the calculation results according to Eq. (25).
As the trend shown in Fig. 6, multi-scan time has no obvious
change at small vibration deviation < 5 µrad. Multi-scan time
would rapidly increase in the range of 5–20 µrad, then slowly
increase with the increasing vibration deviation > 20 µrad.
When the vibration deviation > 80 µrad, there is a little differ-
ence between the theoretical results and the Monto Carlo sim-
ulation. However, the large vibration deviation (> 80 µrad)
means the severe situation, which rarely appears in the plat-
form. The correlation coefficient between the simulation and
the theory results is 0.991.

σN/mrad

T
M
/
s

90

80

70

60

50

40
0 0.02

Monto Carlo

theoretical calculation

0.04 0.06 0.08 0.10

Fig. 6. Theory calculation and Monto Carlo simulation of multi acqui-
sition time versus vibration deviation.

Acquisition probability of scan times with different stan-
dard variance for the given Monto Carlo simulation parame-
ters is also shown in Fig. 7. The probability of scan times
gradually decreases with the increasing scan times, and the
total acquisition is approximately 90% in the first four scan
times. When the scan times are more than 4, the further in-
crease of the total acquisition probability cannot be signifi-
cantly improved. Therefore, we can select four scan times for
inter-satellite links to satisfy the acquisition system. When the
vibration deviation is 0 µrad, 20 µrad, 50 µrad, and 100 µrad,
the acquisition probability of the first scan is 57.2%, 45.8%,
42.8%, and 39.9%, respectively. The acquisition probability
of the first scan gradually decreases with the vibration devi-
ation and the acquisition probability of the first scan are also
consistent with the theory result given by Eq. (19).
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Fig. 7. Acquisition probability of scan times with different standard variances: (a) 0 µrad, (b) 20 µrad, (c) 50 µrad, and (d) 100 µrad.

4. Conclusion
In summary, we have proposed a new approach of us-

ing an analytical expression of vibration deviation and scan
parameters to calculate vibration influence on an acquisition
system for intersatellite optical communications. This analyti-
cal model accounts for the scan parameters, dwell time, initial
pointing error and platform vibration. The acquisition possi-
bility of the system is attained by using Rice distribution in
the spiral scanning model. Taking the FOU into account, we
present the corresponding acquisition time of multi-scan.

The scan time increases with the increasing vibration de-
viation. Meanwhile, the acquisition probability decreases with
the increasing deviation. Under the same vibration deviation,
the multi-scan time decreases with the increasing scan param-
eters, such as beam width, step length and the spiral pitch. The
FOU determined by the deviation of the satellite position can
also influence the scan time. The larger the deviation of the
satellite position, the greater the acquisition probability. Also,
the scan time increases rapidly with the increasing deviation
of the satellite position.

Multi scan can improve the acquisition probability.
Monto Carlo simulation gives the multi-scan time and the
probability of scan times. The comparison of theoretical and
simulation results shows consistence. When the scan times is
4, the acquisition probability is approximately 90% under dif-
ferent vibration deviation. It can be selected as an optimum
scan times of the acquisition system design for the intersatel-

lite communication.
This methodology is possible for applications in IOLs

with a relatively narrow beacon beam particularly for acqui-
sition. These findings provide further insight into understand-
ing how performance of intersatellite acquisition systems is
affected by vibration, and will be useful in parameterizing de-
sign for optical communication and future discussion in atmo-
spheric channel.
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