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The static bias error angle obviously affects pre-pointing links’ stability in the presence of vibration
in intersatellite laser communication. The 2nd order point-ahead angle is a source of misalignment
which was ignored in most solutions, and this is the concern of our paper. In this study, we present
a further analytical investigation into the point-ahead angle in complex satellite maneuvering en-
vironment. Static bias error angle induced by the 2nd order point-ahead angle has been studied un-
der different intersatellite links. The probability density function of the pre-pointing links’ outage
has been derived in the presence of pointing jitter taking consideration of the static bias angle, and
the link budget has also been analyzed. Simulation model of link stability has been established to
verify the numerical results by the Monte Carlo method in Matlab-Simulink environment. The re-
sults have shown that the 2nd order point-ahead angle has a significant detrimental impact on link
stability in long distance links. It is a neglectable factor. This work is dedicated to intersatellite laser
communication system design.
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1. Introduction

With the advantages of high data rates, a small size and low power are in demand. Inter-
satellite laser link (ISLL) technology has been widely studied [1-3]. Several ISLLs
have been first established such as ARTEMIS-SPOT4, OICETS-ARTEMIS, and
NFIRE-TerraSAR-X [4—6]. In recent years, with the increase in detection distance in
deep space missions, pointing link stability becomes a crucial issue. For instance, when
communicating, it needs a point-ahead angle to compensate for the relative motion be-
tween the two satellites. On the other hand, the beam width of a pre-pointing link is
only several microradians. With such a narrow beam width and over a distance of tens
of thousands kilometers between the transmitter and the receiver, even a small sway
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of satellites may cause a significant pointing error. The pointing error angle consists
of two parts, which are a dynamic error (induced by satellite jitter) and a static error
(induced by misalignment). The distribution of random pointing errors has been intro-
duced [7]. The precision of the point-ahead angle which is a source of misalignment
decides whether the communication link can be established successfully or not in the
pre-pointing stage (namely communication stage).

It is believed that jitter will reduce the pointing accuracy of a point-ahead link. Many
significant researches on satellite jitter have been conducted [8—10]. But so far, a detailed
research of the point-ahead static bias error and its influence on pre-pointing link stability
have not been conducted theoretically. There are kinds of errors which give rise to static
bias errors, such as optical axis misalignment error, deformation error caused by tem-
perature [11], efc. But there are few publications about calculating errors of the point
-ahead in ISLL. Previously, researchers have done a great deal of studies on point-ahead
links. However, in many of their calculation models the satellites have been treated as
uniformly moving objects [12—14]. The 2nd order point-ahead angle engendered by
satellite acceleration was neglected. Under such conditions, the inaccuracy of the
point-ahead angle will induce misalignment of the optic axis which may contribute to
static bias pointing error. Therefore, it is necessary to make further studies of the sta-
bility of pre-pointing links in the presence of satellite jitter, taking into consideration
the 2nd order point-ahead static error angle.

Motivated by a reliable intersatellite link design, some meaningful researches have
been presented in this paper. First of all, the calculation model of the point-ahead angle
of ISLL has been established in Section 2. Then, the relationship between the point
-ahead angle and the satellite maneuvering characteristics has been analyzed. Mean-
while, various regulations of the 2nd order point-ahead angle in different orbit links
have been given in Section 3. Furthermore, the probability density function (PDF) of
the pre-pointing link outage has been derived in the presence of pointing jitter, taking
into consideration the 2nd order point-ahead angle and the link budget which is indis-
pensable (Section 4). Finally, some numerical simulations have been deduced by the
Monte Carlo method in Matlab-Simulink environment in Section 5. This work can im-
prove the optical design of intersatellite laser communication.

2. Calculation model of the intersatellite point-ahead angle

Obviously, the point-ahead angle has a strong correlation with satellites’ motion. Differ-
ent links have distinctive characteristics. Usually, the point-ahead angle of GEO-GEO
(geosynchronous Earth orbit) links and GEO-ground links is a fixed value. On the con-
trary, because LEO (low Earth orbit) satellites’ maneuverability is complicated and there
is a need that the two satellites see each other during communicating, the point-ahead
angle of links which use LEO satellites is more complicated. Therefore, a LEO-LEO
link has been chosen as the study model in this section.
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Fig. 1. The orbit model of intersatellite laser communication.

In order to achieve a point-ahead angle, the primary task is to calculate the motion
information (position, speed and acceleration) of the two satellites. Here, we used the
Kepler orbit elements method. The relative motion information in the equatorial coor-
dinate system of the Earth can be obtained by numerical calculation. Then, the relative
motion information must be converted to the master satellite’s coordinate system, be-
cause the final executive mechanism of the point-ahead angle is the APT (acquisition
pointing and tracking) system. Therefore, what must be done is to convert the motion
information to the coordinate system of the terminal. Subsequently, we could derive the
point-ahead angle calculation model. The schematic diagram of the intersatellite laser
communication link coordinate system was depicted in Fig. 1. Thus, the link of the mas-
ter satellite A points to the slave satellite B as a research model which involves three
coordinate systems: geocentric orbit coordinate system O-PQW, geocentric equatorial
coordinate system O-1JK and satellite elevation/azimuth coordinate system O-SEZ.

Pre-pointing link is a time continuous process. The point-ahead angle at any moment
could be derived from the ephemeral data. Compared to the interpolation method, the
Kepler orbit elements method (KOEM) had a higher accuracy. The KOEM requires
six orbital elements, which are orbit inclination angle i, perigee angle w, orbital ec-
centricity e, ascending ascension £, semi-major axis a, and true anomaly f. The true
anomaly angle is acquired by solving the Kepler equation. Then, the position, velocity
and acceleration of the two satellites can be expressed as
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where Tpow> i‘PQW, and i"PQW are position, velocity and acceleration of the two sat-
ellites in a near focus coordinate system. The specific expressions about rpgy, Fpows
and i"PQW can be found in [15]. Because the satellite motion information obtained by
KOEM is under the non-inertia coordinate system O-PQW which is a dynamic coor-

dinate system, vector operations cannot be performed. So it is necessary to transform
CpQw> i‘PQW, and fPQW into the geocentric equatorial coordinate system O-1JK:
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where ry, g, and ryy are position, velocity a~nd acceleration of the two satellites
in the geocentric orbital coordinate system and R is the transformation matrix [16].
Then, the relative position, velocity and acceleration between the master satellite and
the slave satellite can be obtained by vector operations under the geocentric equatorial
inertial coordinate system:

A B
ap = Tpk — Tk

. A .B
Fap = Tpk — Tk )
A B

'ap = Tpk —Tpk

In Eq. (3), rap, Fap, and r,p are relative position, relative velocity and relative ac-
celeration of the satellite B with respect to the satellite A. At last, the point-ahead angle
is represented in the coordinate system O-SEZ on the satellite payload. So, what still
must be done is to convert r 5, g, and 1, into O-SEZ coordinate system:

(Brap) = [Xapr Yapr Zap+l' = Uryg

. . . . T ~ .
<@ rAB> = [XAB* YAB* ZAB*] = UrAB (4)

T

(DF,g) = [Xapr Vapr Zap+] = Utag

Here @ r g, @ r,p, and @ r ,; are relative position, relative velocity and relative ac-
celeration of the satellite B with respect to the satellite A in the terminal’s coordinate
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system, and U is the transformation matrix. Assuming that the satellite and the Earth
constitute a two-body model in which the perturbation force was ignored, the relative
displacement components on X, ¥, and Z axis can be expressed as:

<XAB*> = XAB* At+ TXAB* Atz

<YAB*> = YAB*At+ —2—YAB*At2 (5)

(Zyg+) = ZAB*AH?ZAB*N2

where At is the relaxation time. By substituting Egs. (1)—(4) into Eqgs. (5) we can obtain
the expressions for azimuth and elevation angles, azimuth and elevation of the 1st order
point-ahead angle and azimuth and elevation of the 2nd order point-ahead angle:

YAB* T Y, AB*
arctan - —2—, X— >
AB* AB*
P, = B B (6a)
Y,p* Y nx
arctan[ AB J-i— 3n , AB <0
XAB* 2 XAB*
ne
P, = —arctan AB (6b)

bel ) 2
’ NXaB* T Yap*

Azimuth and elevation of the 1st order point-ahead angle is:

arctan| —22 J - %, AB >0
. Xanp* X AR*
P, = AB AB (7a)
arctan| —=2 J + SL , AB 0
Xap* 2 Xap*
: Zan+
P01 = —arctan = AB = (7b)
NXAB* T Yap*

and azimuth and elevation of the 2nd order point-ahead angle is:
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Ypp* T Y ap*
arctan|— -5 - >0
B = AB AB (82)
Y * y *
arctan ..AB j + SL R ..AB <0
XAB* 2 XAB*
Pel = —arctan = AB = (8b)
NXaB* T Yap*

3. Analysis
3.1. Analysis of point-ahead and satellites maneuverability

In this section, a further comprehension of the relation between the point-ahead angle
and the satellite motion features was studied under the tow-body model without con-
sidering satellite perturbation for the reason that the link duration time is very short.
Furthermore, we analyzed the 2nd order static error angle ¢ which changes regulation
in different orbit links. According to the calculation model established in Section 2,
we have chosen two LEO (low Earth orbits) satellites to prepare the link model for the
analysis. The orbit elements of the two satellites are summarized in Table 1.

Table 1. Simulation model — orbit elements.

i e a Q 10} f
Satellite A 67° 0.0014435 622 km 334.5° 45° 240°
Satellite B 34° 0.0002053 508 km 253° 91.2° 300°

The initial time of the two satellites was 9:27:30 on September 6, 2018. The inter-
visible time of two satellites lasted 1500 seconds. The numerical analysis of slant, op-
tical relaxation time, azimuth and elevation angle, azimuth and elevation angle speed,
azimuth and elevation of the 1st order point-ahead angle, azimuth and elevation angle
acceleration and azimuth and elevation of the 2nd order point-ahead angle were eval-
uated, respectively. The results are shown in Fig. 2.

As the results in Fig. 2a show, the slant distance reached a minimum value of 916 km
at aroute shortcut point and the light relaxation time reached a minimum value of 0.003 s
at the same time. Simultaneously, in Fig. 2b, the azimuth and elevation angle reached
the same value. In Fig. 2¢, the maximum value of the azimuth and elevation angle speed
are —0.35 and 0.33 deg/s, respectively. The 1st order point-ahead angle was inversely
proportional to the slant. This regulation is consistent with Shimizu’s conclusion [12].
From Fig. 2d, we can find that the azimuth and elevation of 2nd order point-ahead an-
gle both reached zero at a route shortcut point. Meanwhile, the 2nd order point-ahead
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Fig. 2. Satellites maneuverability and point-ahead. Satellites distance and optical relaxation time (a), an-
gle of azimuth and elevation (b), azimuth, elevation angle speed and the 1st order point-ahead angle (¢),
and azimuth, elevation angle acceleration and the 2nd order point-ahead angle (d).
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Fig. 2. Continued.

is proportional to intersatellite slant and it differs from that of the 1st order point-ahead
angle. The maximum point-ahead angle in our model is about 40 prad, which is less
than the estimated value 50 prad in [13].

From the above analysis, we can draw a conclusion that the 1st order point-ahead
angle will not incur critical issues in some ISLLs. The 2nd order point-ahead angle is
proportional to the slant distance. Since the relative motion in ISLL which consists of
different types of orbits of satellites are polytropical, the slant distance has a wide span.
Therefore, the 2nd order point-ahead angle will induce an obvious static error angle.
Consequently, it is necessary to analyze the 2nd order point-ahead angle in different
types of ISLLs.

3.2. Second order point-ahead analysis

Among the six orbital parameters, only the change of a, i, ® and Q2 can give rise to the
variation of slant. We changed the orbital parameters of a, i, ® and Q of the slave sat-
ellite B. Each variable has three sets of values and each group of experiments lasted
1600 s. The azimuth and elevation of the 2nd order point-ahead angle in different ISLLs
can be achieved in Fig. 3.

In Fig. 3a, orbit height increased 74.2 times from 512 to 37979 km. The maximum
value of azimuth and elevation of the 2nd order point-ahead angle increased by 16.4 and
65 times, respectively. The maximum of the 2nd point-ahead angle is 0.6 prad under
the link distance of 37979 km. From Fig. 3b, we can find that the elevation of the
2nd order point-ahead angle changed with inclination, obviously. Figure 3¢ shows that
both the azimuth and elevation of the 2nd order point-ahead angle have a weak corre-
lation with RAAN (right ascension of the ascending node). In Fig. 3d we can find that
azimuth of the 2nd order point-ahead angle has a strong correlation with perigee.
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Fig. 3. Second order point-ahead angle vary characteristics in different orbit links: different orbit height (a),
different orbit inclination (b), different RAAN (c), and different perigee accessory angle (d)

As discussed above, the satellite was considered as a uniform moving object in many
solutions in which the 2nd order point-ahead angles were ignored. Along with the in-
crease in the link distance, the static bias error angle induced by the 2nd order point-ahead
angle will damage the pre-pointing link. Simultaneously, random jitter also exists on the
satellite. Under such adverse conditions, using a narrow divergence beam (generally
is 10-20 prad) in pre-pointing links may be arduous. On the other hand, so far a detailed
analysis of link outage probability in the presence of the 2nd order point-ahead angle
(taking jitter into consideration) has not been conducted theoretically.

4. Link stability analysis
4.1. Link outage probability model

Figure 4a showed the pointing error angle principle. The pre-pointing model can be
seen in Fig. 4b. Satellite A is the master satellite, while satellite B is the slave satellite.
Parameter 6 represents the communication laser beam width. Assume that 0 repre-
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Point-ahead orbit

Satellite A

Fig. 4. Pointing error angle (a), and pre-pointing link (b) schematic diagrams.

sents the pointing error angle induced by the dynamic error angle ¢ and static bias error
angle ¢. The pre-pointing link will break off if 0 exceeds the threshold error angle &*.
The relationship between the threshold error angle £* and the beam width 6, is given in [17].

Static bias error angle ¢ represents the deviation between the mean optical axis po-
sition and the actual position. The dynamic error angle o represents the stability of the
optical axis. The radial error of the pointing error 01 follows the Rician distribution
with the assumption that the azimuth and elevation error are identical and uncorrelated,
which is [18]

0 02 + > 0% ¢
f(br, 9) = —(;}eXP{— Tz > }Io - ©)

o o

where /() represents the first kind of the zero order Bessel function. Then each of the
pre-pointing link outage probability can be rewritten as

2 * _ T TT¢ T¢
Poutage(o-z(eT) > (8 )2) - J- 0, 0_2 exp{ 20_2 }10 0_2 dQT (10)
4.88¢q
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Fig. 5. Link outage probability increased exponentially with 2nd order point-ahead angle.

Equation (10) is the CDF (cumulative distribution function) of link outage proba-
bility, namely 61 between ¢* to co. In probability theories, the CDF of the Rician dis-
tribution is Marcum-Q-function which is

2 2 o
Oy(a, b) = exp[ﬂJ > (4 an) (11)
k

2
=1-M

By substituting corresponding parameters into Eq. (11) and taken (M — 1), the equation
can be rewritten as

- o Or ) O + 53.58¢7 O
Fouae Ql{ o’ 7320) eXp( 071607 ) (73252 (12
The reason for the static bias error angle is manifold, such as alignment error, thermal
deformation error and manufacturing error of optical components. We have taken the
static bias error among 0-2 prad, and have taken satellite jitter among 2—-3 prad. Beam
width are 12, 14 and 16 urad, respectively, in three groups. Numerical simulation car-
ried out in MATLAB and Fig. 5 showed the results. As one can see, under the same
conditions, the effect of the jitter error angle on link outage probability was greater

than that of the static bias error angle. On the other hand, with the increase in beam
width, the probability of link outage decreased rapidly.

4.2. Link budget

Moreover, the pointing error has a significant effect on the intensity fluctuation. The link
margin should be sufficient to withstand other power losses. We analyzed the link
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budget, and optical signal power at the receiver obtained by multiplying the transmitter
power, telescope gain, and various losses are given as follows [19]:

Pr(0r) = PrnpGrLgg Lp(01) g Gg — SNR Py (13)

where P is the mean transmitter optical power, 51 and #p are optical system efficiency
ofthe transmitter and receiver, respectively. Generally, the efficiency of the optical sys-
tem is among 0.4—0.7. We have chosen 0.5 in this paper. Gt is the transmitter telescope
gain, and Gy, is the receiver telescope gain. Lgg is the free space loss and L(6y) is the
transmitter pointing loss. Py is the sensitivity of the InGaAs APD detector and the value
is —65 dBm. We take the signal-to-noise ratio (SNR) of the detector as 7. The detailed
expression of Py, Gy, Lgg, L1(671), and Gy is given in [20, 21]. And then Eq. (13) can
be rewritten as

Dy ’ VR 2 Dy ’
Pr(0y) = Proy T (27”) exp (=G 07) g T —SNR P, (14)

The center wavelength is 1550 nm, the link distance is 45000 km and the mean optical
power of the transmitter is 10 W. Assuming that the variance of the jitter error angle
is 5 prad and the static bias error is 3 prad, according to Eq. (7), the pointing error 0
is most likely 5 prad. We substitute relevant parameters into Eqs. (12), and then we can
obtain the link budget as given in Table 2. As one can see, the link margin was only
0.62 dB, which is insufficient for other losses. The Gy, Gy and Lgg have fixed values,
if the link distance and telescope diameter are determined. Thus, the feasible solution
was to improve the pointing accuracy. In a word, the link bandwidth resources in a long
ISLL was very short.

Table 2. Pointing link power budget.

Symbol Parameter name Value

Pr Transmitter optical power 10 W

nr Optics efficiency of the transmitter -3 dB

Gt Transmitter telescope gain 106 dB

Lgp Free space propagation loss -291.2 dB

R Receiver optical efficiency -3

Gr Telescope gain of receiver 106 dB

z Satellite distance 45000 km

L(6) Pointing error loss -4.5

A Laser wavelength 1.55 ym

Dy, Dy Telescope diameter 0.1m

0} Half width of divergence angle 30 prad
Link margin 0.62 dB

Pr(07) Received power 8.49 x 1077 W
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5. Simulink simulation

Link maintenance time is an important indicator of pre-pointing link stability. The low-
er the outage probability of the communication link, the longer of the communication
time. In order to verify the theory of link outage probability, the Monte Carlo method
was used in Matlab-Simulink simulation model. Each point-ahead can be seen as an in-
dependent event, assuming that the detector’s probe period is z, and the link outage
probability of each pre-point is p, the outage probability distribution in time Nt obeys
geometric distribution. The events number expectation of link outage probability is
E(X) = 1/p. Accordingly, the time expectation is E(X) = ¢/p [22]. The probability of
link outage can be represented by the ration of the number of times that 0 exceed &* to
the total simulation number of times. The simulation model is depicted in Fig. 6.

15
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Az control
delay H
Rician -C- ;
Rician noise Product
generator DF
=
Clock 1 3 15
s?+s+1
El control Jul - a
+ +
Displa
xy Abs 2 play
Transport
delay 1
Clock 2

Product 2

Fig. 6. Simulation model scheme.

In the pre-pointing link, a fast steering mirror (FSM) is used to control the beam
pointing direction. The preferred control mode for the FSM is a closed-loop control
method, and the transfer function model used in our system can be found in [23]. More
than 50% of coarse tracking residual can be corrected by the PID controller. We can
select different beam width, vibration error angle, static bias error angle and satellite
motion velocity in this model. For convenience, here we take =1 and the results will
be nominal values. The results are shown in Fig. 7.

Simulation results of the link retention time versus the static bias error ¢ for various
jitter and beam width of 6 = 3 and 4 prad and 8 =17, 19, 21, and 25 prad are shown in
Fig. 7. If the pointing error angle #; is greater than 6/6.9, the link broke off. The results
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0 =19 prad (b), o =4 prad, 6 =21 prad (c), and o = 5 prad, 6 = 25 prad (d).

showed us that the existence of the bias error ¢ can degrade the retention time of the
communication system considerably. Under the premise of the same parameter value,
the influence of the jitter o on link stability was greater than that of the static bias
error ¢. Obviously, to increase the beam width is an effective method to promote the
communication time. The maximum and minimum of pre-pointing link retention time
are 76119 and 343 s, respectively, with the assumption that the two satellites see each
other. The simulation results accorded well with the theoretical results, which proved
that the theory in this paper is correct.

6. Conclusion

In conclusion, the 2nd order point-ahead angle cannot be ignored in deep space ISLLs.
And the static bias error angle can result in a bigger pointing error angle which can
affect the link stability inevitably. It is observed that the 1st order and 2nd order point
-ahead angle have reverse change regulation with the intersatellite distance. The 2nd or-
der point-ahead angle was a source of static bias error angle which had a weaker influence
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on communication stability than satellite jitter. Therefore, in order to increase the com-
munication time, a vibration filter may be useful. Another solution is to promote the
accuracy of the point-ahead angle and degrade the pointing error angle. Moreover, our
theory has been verified in the Simulink-simulation environment. The simulation re-
sults accorded well with the numerical results. The work will improve the intersatellite
laser links’ design.
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