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Abstract—Low-Earth-orbit satellite communication link
margins vary greatly as the satellite moves in its orbit around
the Earth. A major design consideration that needs to be
addressed for any satellite system is the choice of forward-error
correction code (FEC). The type of FEC and the optimal packet
length are chosen so as to optimise the system for all expected
link margins. This optimisation takes into account the fact that
the link margin varies over time. FECs are used to minimise the
amount of power used in the transmitter. This paper presents
a link quality prediction scheme, that would enable both the
satellite and ground station to adjust the coding rates used in
real-time. The error performance of the code as a function
of predicted link quality will be optimised by this scheme.
An adaptive coding and modulation scheme would make the
satellite communication system more efficient by increasing the
volumetric data throughput.

two bodies. The amplitude and angle of this vector is then
calculated, which allows the link quality to be calculated.
Section II describes methods for predicting the orbit of
the satellite forward in time. Section III shows how a ground
station may also be seen as a body rotating with the surface
of the Earth and presents a predicted satellite and ground
station orbit. Section IV uses the position vectors to calculate
the distance between the satelite and the ground station as
a time varying vector. Section V then calculates the vertical
and horizontal time varying angles from the ground station
to the satellite. Section VI describes how the distance and
angle vectors can be used to predict satellite visibility and
how link quality may be inferred. Section VII concludes this
paper.

I. I NTRODUCTION

II. S ATELLITE POSITION PREDICTION

Low-Earth-orbit (LEO) satellites are not static w.r.t. a
point on the Earth as Geosynchronous orbit satellites (GEO)
are. The link margin of a ground station to GEO satellite
link stays constant, because the distance from any ground
station to a GEO satellite stays constant [1]. Because a LEO
satellite has a non-zero velocity w.r.t. the Earth, the distance
between a LEO satellite and a ground station changes over
time. This in turn creates a time varying link margin.
Current communication strategies optimise the satellite
communication system for the average value of the link
margin [2]. This solution is not optimal, as the approach
tries to overlay a “best fit” strategy onto a system with a
high variance. If the satellite link quality can be predicted,
an adaptive coding scheme may be implemented to use
sufficient transmitter power to transmit at the current link
quality. As the link quality changes, the transmitter power
could also be adjusted.
Currently, a ground station-satellite connection is established when the satellite comes within communications range
of the ground station. The ground station determines when
the satellite is within range by tracking it. The ground station
uses a steerable antenna array, while the satellite only has a
low gain omnidirectional antenna [3]. An example of this is
the “Leo One” little LEO satellite system [4]. This method
establishes a link in real-time and does not take into account
the link quality. The satellite is also unaware of how long
the link will be available. This method of link acquisition
makes adaptive coding difficult.
In this article, a link quality prediction scheme is developed, by first predicting both the satellite and ground station
positions as vectors rotating in space. These vectors are then
used to generate a difference vector in time between the

Link quality is directly proportional to the distance between the satellite and a ground station. To calculate the
distance between the satellite and ground station, the positions of these objects must first be known in time. Satellite
orbit prediction is made very complex by orbit perturbations,
which the satellite experiences as it travels along its track.
Types of perturbations include: the oblateness of the Earth,
atmospheric drag, the Earth’s irregular gravitational field,
solar radiation pressure, the attraction of the Moon and Sun,
and motor thrust [5].
Currently, there are algorithms that may be used to predict
the orbit of a satellite forward in time and take into account
the various forces which affect the satellite’s orbit. For
satellites with orbital periods of less than 225 min, this
includes LEO satellites, the SGP4 propagator algorithm is
mostly used [6]. The algorithm may be considered accurate
to within 1 km in position, but the degree of accuracy decays
as the Two-Line-Element set (TLE) used, ages.
The TLE is a set of values that fully describe the satellite’s
measured orbit at a certain date. TLEs can be downloaded
from a satellite tracking organisation like Spacetrack [7].
These TLE’s are input into NASA’s SGP4 satellite position
prediction algorithm, to predict the satellite position forward
in time [6]. The TLE for a satellite is kept up to date by
actively tracking the satellite and updating the TLE as the
measured orbit parameters change.
For the prediction results shown in this article, a custom
satellite prediction algorithm is implemented. It is important
to note that although a less accurate algorithm is used for
predicting the satellite path, this prediction merely generates
a satellite position vector which could just as easily have
been generated by the SGP4 algorithm. What is important is

how these vectors are used to predict the link quality over
time.
The implemented algorithm models a satellite orbit with
an eccentricity of zero. That is to say, a perfectly circular orbit. The satellite position vector (S) is a 3×K matrix, where
K is the total number of iterations given by K = tend /tstep .
Where tend is the end time, in seconds, of the prediction and
tstep is the step time. The step time determines the resolution
of the prediction and is used to make all position vectors
temporally meaningful.
The satellite orbit is created by using an initial point within
the zy plane, denoted by s0 , and rotating that point about
the x axis. The static rotation matrix is


1
0
0
Q = 0 cos(Sstep ) − sin(Sstep ) .
(1)
0 sin(Sstep ) cos(Sstep )
This matrix applies a rotation around the x-axis to the point
with which it is multiplied [8]. Sstep is the incremental angle
by which the satellite vector is rotated every time step and
is expressed as follows:
tstep
(2)
Sstep = 2π
TS
where TS is the period of the satellite. The satellite period
may be calculated using Kepler’s third law [9] where
s
3
4π 2 (RE + h)
(3)
TS =
2
gRE
where RE is the mean Earth radius, h is the satellite altitude,
both in meters, and g = 9,81 m/s2 is the nominal Earth
gravitational acceleration at sealevel. The initial uninclined
~0k = QS
~0(k−1) =
satellite position vector is then given by S
k
Q s0 . The recursive form of the equation simplifies computation as the rotation matrix is then static.
To create an inclined satelite orbit, another vector rotation
is performed about the y axis. The rotation matrix is


sin(i) 0 − cos(i)
1
0 
L= 0
(4)
cos(i) 0
sin(i)

Similar to S, G is a 3 × K matrix. Where Gstep is the
incremental angle by which the ground station vector is
rotated and
tstep
Gstep = 2π
(7)
TG
Where TG = 86 164,098 903 691 s = 23,93 h is the period
of one Earth stellar day and thus also the ground station
rotation period [10]. The ground station position vector can
~ k = RG
~ k−1 = Rk g0 , where
now be recursively defined as G
g0 is the starting position of the ground station.
To generate the satellite position vector, the starting point
g0 must first be chosen for the ground station. The starting
point is chosen to be the cartesian coordinates of the ground
station, with y = 0 the universal prime meridian of the
geodetic system, i.e. where the longitude is zero.
To position a ground station in a cartesian coordinate
system, a conversion from latitude and longitude points to
xyz coordinates is required. Such a conversion should take
into account the fact the the Earth is not a perfect sphere.
The conversion is done by viewing the Earth, not as a sphere,
but as an ellipsoid. The x, y and z coordinates are
g0x

=

(Rtrans + hs ) cos ϑ cos ϕ

(8)

g0y

=

(Rtrans + hs ) cos ϑ sin ϕ

(9)

g0z

=

2

((1 − ε )Rtrans + hs ) sin ϑ

(10)

where ϑ is the latitude, ϕ is the longitude both in radians and
hs is the height of the ground station above sealevel [11].
Rtrans is the transverse radius of curvature and ε2 is the
eccentricity of the Earth ellipsoid where
a
(11)
Rtrans = p
1 − ε2 sin2 ϑ
a2 − b2
ε2 =
(12)
a2
where a = 6378,137 km is the semi-major axis and b =
6356,752 km the semi-minor axis of the Earth ellipsoid as
given by the WGS84 geodetic system [12].

where i is the angle of inclination as measured from the
equator (xy plane) [8]. The inclined satellite position vector
is then Si = LS0 . After Si has been calculated, the satellite
orbit must still be positioned about the z axis. The z axis
rotation matrix is


cos ω − sin ω 0
cos ω 0
H =  sin ω
(5)
0
0
1
where ω is the positive angle from the y axis in the xy
plane [8]. The satellite position vector then becomes S =
HSi = HLS0 .
III. G ROUND STATION POSITION PREDICTION
The ground station position vector (G) generation process
is similar to the satellite position vector, except that the
ground station is rotated about the z axis. The ground station
experiences a rotation about the z axis, because the equator
is situated in the xy plane. The z axis rotation matrix is


cos(Gstep ) − sin(Gstep ) 0
R =  sin(Gstep ) cos(Gstep ) 0 .
(6)
0
0
1

Fig. 1.
Earth

Satellite orbit and ground station moving with the rotation of the

Figure 1 shows the satellite orbit, as well as one ground
station rotating on the surface of the Earth. It was generated
using a satellite altitude of h = 520 km and an inclination
of 96,5◦ , which is typical for a sun-synchronous LEO
satellite [13]. With a mean Earth radius of RE = 6371
km [12], the satellite period is calculated from (3) as TS
= 5697 s. The ground station is positioned in Stellenbosch,
with a latitude of ϑ = −33,92◦ and longitude of ϕ = 18,86◦

and a height above sealevel of hs = 111 m. From (12), ε2
= 0,0067 and from (11), Rtrans = 6384,7955 km. This gives




5013,848 km
0

0
g0 =  1712,7142 km  and s0 = 
−3539,1484 km
6891 km
from (8), (9) and (10), where s0 was chosen to be the point
in the satellite’s orbit on the z axis. The satellite’s angle
about the z axis was chosen as ω = 0 radians.
IV. D ISTANCE PREDICTION
The kth distance between the satellite and a ground station
is
dk
~ k
GS

=

~ k
kGS
q k
gs2kx + gs2ky + gs2kz where

(13)

=

~k − G
~ k.
S

(14)

=

Fig. 3. Distance between the satellite and a ground station as a function
of time

Figure 2 shows a diagram of the vectors that are used in this
section.
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The distance vector may be mapped to three perspectives.
The first is the temporal perspective, where k is interpreted
as a number of time steps. d can thus be plotted as a function
of time, where t = k × tstep . The satellite and ground station
perspectives are obtained by mapping the time scale to the
orbital angles for the satellite, denoted by γsat , and ground
station, denoted by γgs , where
2π
2π
γsat = t
= (k × tstep )
(15)
TS
TS
2π
2π
γgs = t
= (k × tstep ) .
(16)
TG
TG
Figure 3 shows the distance between the satellite and the
ground station in Stellenbosch as a function of time over
a period of three days. It also shows a horizontal line at
the distance where the satellite is within visual range of the
ground station. Visual range is dmax = 2626 km, as calculated
in section VI. Two vertical lines are present at the times of
one and two stellar days. The figure shows the periodicity
of the distance vector. The maximum distance is 13263 km,
the minimum distance is 522,1 km and the mean distance is
8891 km with a variance of 1274 km between the satellite
and ground station.
Figure 4 shows the satellite-ground station distance from
the ground station perspective for a period of three days.
From this figure it is clear that the speed of the satellite is
much greater than the speed of the ground station. The points
closest to the origin are where the satellite passes over the
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Fig. 4. Satellite-ground station distance for three days from the ground
station perspective

(a) Single pass

(b) Three days

Fig. 5.
Satellite-ground station distance over time from a satellite
perspective

ground station’s track. This distance is a minimum when the
ground station is underneath the satellite as it passes over.
Figure 5(a) shows the distance between the ground station
and the satellite from the satellite’s perspective for a single
rotation where the satellite is directly over the ground station.
As the satellite moves towards 125◦ , it is at its closest point
to the ground station. This minimum distance may differ
depending on where the ground station is in its rotational
path.
Figure 5(b) shows the complete distance vector from
the satellite perspective for the period of three days. What
is depicted in the figure is essentially many versions of
figure 5(a), swept over time as the satellite moves around
the Earth. The angles should be interpreted as angles from
the true North pole, as the satellite’s initial position is on
the z axis, and therefore where γsat = 0◦ . The two minimum
points are then recognised to be in the Southern hemisphere
which is as expected.
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Figure 7 shows the calculated vertical angle from the ground
station perspective. The ground station perspective is used
to present the angle calculations as the goal is to position an
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An angle prediction is required to calculate the optimal
angle in which a ground station antenna should be pointed,
to achieve maximum volumetric throughput of the complete
satellite communication system. With the goal of positioning
a ground station antenna in mind, two complimentary reference angles, vertical and horizontal, are selected to enable a
complete specification of the direction of the satellite from
the ground station.
To calculate the vertical angle, denoted by φ, two vectors
are required. The first vector is the vector from the Earth’s
~ k=G
~ k −C
~k = G
~ k,
centre to the ground station given by CG
~ k = 0 as the Earth’s centre is the origin of the
where C
coordinate system. The second vector is the vector
from the
Satellite
~ k . For an observer
ground station to the satellite given by GS
standing at the ground station, the angle between the two
Ground
vector would be the angle the satellite
makes with an upright
Station
φ GSthe vertical
antenna on the ground station. Figure
6(a) shows
reference angle with the vectors required to calculate it.
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Angle from ground station vertical to satellite

antenna on the ground station. It is apparent that this figure
is very similar to figure 4. Intuitively, this is expected as
the vertical satellite angle will degrease as the satellite nears
the ground station and increase as the satellite moves further
away from it. The vertical angle is zero where the satellite
passes directly over the ground station. The vertical angle
has a range of 0◦ ≤ φk ≤ 180◦ .
The angle between the satellite and true North is chosen
as the horizontal angle. When an angle is measured from
North, it is measured in a plane that is tangential to the point
on Earth where the observer is standing. This is true when
using a compass as a compass can only measure the angle to
North in the plane that it is positioned in. The compass that
is mentioned here is a corrected compass, GPS compass or
Gyroscopic compass, which points to true North. Therefore,
in order to calculate the horizontal angle, the two vectors
between which the angle will be calculated must lie in the
reference plane that is tangential to the point on Earth where
the ground station is located.
In order to obtain these vectors, the vector from the ground
station to North must be projected onto the reference plane,
as well as the vector from the ground station to the satellite,
see figure 2. The angle can then be calculated in the same
way as the vertical angle is calculated. Figure 6(b) shows
the horizontal angle and the projected vectors required to
calculate it in the reference plane.
The projected vector from the ground station to North is
given by
~ 0
GN
k
~k
G

~k − N
~ 0 where
= G

~0
N
~ 0k
GN

= n0z ẑ then

= gkx x̂ + gky ŷ + gkz ẑ and
= −(gkx )x̂ − (gky )ŷ + (n0z − gkz )ẑ

(18)

~ 0 is a vector in
where N 0 is a point on the z axis and GN
0
the tangential plane. The position of N may be calculated
by recognising the the vector will be at a 90◦ angle to the

normal vector from the centre of the Earth. For perpendicular
vectors their dot product is zero which gives
~ 0 ·G
~k = 0
GN
k

(19)

and by then using the definition of the dot product
gkx (−gkx ) + gky (−gky ) + gkz (n0z − gkz )

=

0

+ gkz n0z
2
2
gky
+ gkz

=

0

=

n0z (20)

2
−gkx

−

2
gky

−

2
gkx

2
gkz

+

gkz

By substituting 20 into 18, the equation becomes
!
2
2
gkx
+ gky
0
~ k = −gkx x̂ − gky ŷ +
GN
ẑ.
gkz

(21)

This shows that the vector is only dependant on the position
of the ground station. As the ground station moves with the
Earth, so will the direction of the reference vector change.
~ k onto the plane, the satellite position as a
To project GS
3
point in R must first be projected onto the plane using [14]
~
~ ~
~k0 = S
~k − (GS k · Gk )Gk .
S
~ k k2
kG

Fig. 8.

of time. This angle changes quickly and the real value lies
in determining what the angle is when the satellite is within
communications range.
VI. L INK QUALITY AND VISIBILITY PREDICTION

(22)

lMAX
Ground station

~k = S
~ 0 into (14), the projected vector from
By substituting S
k
the ground station to the satellite in the plane becomes
~ 0k
GS

=
=
=

The angle between
that of (17) where

Horizontal angle from the ground station to the satellite

~k0 − G
~k
S

RE

~
~ ~
~k − G
~ k − (GS k · Gk )Gk
S
~ k k2
kG
~
~ ~
~ k − (GS k · Gk )Gk .
GS
~
kGk k2

β

~ 0k
GS

and

~ 0k
GN

Fig. 9.

(23)

is calculated similarly to




0
0
~
~
GS k · GN k

 .
θk = arccos  
0
~
~ 0k
kGS k k kGN
k

(24)

The range of the horizontal angle is 0◦ ≤ θk ≤ 180◦ .
A method is required to distinguish degrees left from North
from degrees right from North. This is done by using the
cross product where

~ k ·(GS
~ 0 ×GN
~ 0 ) is > 0 when θk is right of North
αk = G
k
k
< 0 when θk is left of North
(25)
The equation uses the fact that the cross product generates a
third vector that is perpendicular to the plane the two vector
are in. The plane the vectors are in is also the reference
plane which has a normal vector from the Earth’s centre
through the ground station. Applying the cross product then
either generates a vector in the same direction as the normal
vector of the reference plane, denoted by G, or generates a
vector that is in the opposite direction to the normal vector.
Applying the dot product to the vector generated by the cross
product and the reference plane normal vector, a measure of
the magnitude of the one vector i.t.o. the other is obtained.
This value is positive if the vectors are in the same direction
and negative if the vectors are in the opposite direction.
The horizontal angle may now be correctly represented
as positive for right of North and negative for left of
North. Figure 8 shows the horizontal angle as a function
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h

Earth

Diagram depicting the line of site parameters

Figure 9 shows the point at which a ground station will
be able to initiate communications with the satellite. This
is where the satellite intercepts the tangential horizontal
line drawn from a ground station on the Earth’s surface.
The maximum communications range can now be calculated
using basic trigonometry, where



RE
dmax = RE tan arccos
.
(26)
RE + h
Using (26), the maximum communications distance is calculated as 2626 km for RE = 6371 km and h = 520 km.
An important aspect of a satellite communication system
is to know how much time every ground station will have
to communicate. The communication system can then be
optimised to provide maximum volumetric data throughput
through the system. The system comprises the satellite as
well as all ground stations. The time ranges when a ground
station can communicate is called its communication time
windows (CTWs).
To determine CTWs for the generated distance vector, a
distance is chosen that corresponds to the maximum reliable
communication range. This can be the visible communications range, or can also take into account maximum antenna
steering angle, as well as other link budget aspects. For
the results shown in this section, the maximum distance is
chosen as the visual range calculated in (26). Figure 10(a)
shows a graphical representation of all the CTWs for the
three day Stellenbosch system. It is apparent that the CTWs
are small compared to the total system time, showing the importance of optimising LEO satellite system communication
times. This system has a maximum communications time of

(a) Complete prediction
Fig. 10.

(b) Enlarged view of first CTW

Communication time windows (CTWs) of a ground station

690 s, minimum communications time of 190 s and a mean
communications time of 546 s. The satellite passes of the
ground station an average of 4,68 times per day. The total
average communication time is 43 min per day. Figure10(b)
shows the first CTW of the ground station. The CTW has a
length of 620 s. From the mean communications time of 546
s, it is apparent that this is an above average quality link.
Link quality may be inferred by the time the ground
station is within communications range. Links with higher
quality have longer communications times. The link budget
of the satellite system can now also be predicted for every
ground station where the power loss as a function of distance
can be more accurately modelled.
As seen in figure 3, the satellite passes within range of
the ground station four to fives times per day. One set during
the day and the other during the night. Two types of pass
sets can occur, one where there are two medium quality
passes on both sides of the ground station. The other type
of pass set is three passes where the satellite passes over
the ground station for one of the passes and therefore has a
high quality link and the other two passes are at the edges of
visibility with a low quality. The same profile was observed
in a satellite tracking system called Orbitron [15]. Orbitron
does not predict the satellite-ground station distance over
time, only the satellite position.
In order to decrease ground station costs, a ground station
antenna can now be used that is not steerable. The goal
is then to optimise the angle in which the antenna points
for every ground station in the communications system. The
optimal angle for a ground station can be found as the angle
at the time when the satellite is within communications
range. The angle changes from pass-to-pass and a best fit
must be chosen to optimise the complete system.
VII. C ONCLUSION
Elimination of steerable antennas is a significant cost
saving factor for rural placed satellite ground stations. As
such, the ability to maximise the data throughput during the
available CTW’s, are very important. An algorithm has been
presented, not only to do accurate link budget prediction,
but to assist with system wide communication scheduling.
Satellite and ground station positions can be predicted in
time and those positions used to dynamically predict the
angle and distance between the satellite and ground station.
These range vectors are then used as a measure of link
quality.
A complete system wide synchronisation strategy is proposed where the communication times and angles of ground
stations are centrally controlled to maximise the volumetric

throughput of the system. In such a system it would be
possible to schedule ground stations at certain times at one
angle in order to have maximum link quality at the scheduled
communication times. When multiple ground stations are
in communications range at the same time, complimentary
angles may be chosen. The communications time of each
ground station will then be halved, but the link quality will
ensure high packet delivery success rates.
This in turn provides the ability to implement adaptive
coding and modulation, where the particular coding strategy can be determined in advance of the CTW’s. Satellite
transmission power can be optimised, increasing lifetimes
while minimising packet loss during non-optimal passes. The
paper does not only present an orbital prediction scheme,
but offers a valuable, integrated, link quality prediction and
management tool, coupled to the individual ground station
CTW’s, according to their geographic position. The objective
here is to maximise overall system wide data throughput
volumes, while minimising ground station cost.
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