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The rapid displacement of satellites in low Earth orbit (LEO) poses several challenges for communication with the ground segment.
One of the main problems encountered is significant Doppler frequency shifts, which can disrupt signal transmission and require
precise adjustments to maintain stable communications. This paper presents a software solution to effectively compensate for the
Doppler shift, along with a hardware implementation to manage the two available polarizations at the station: right-hand circular
polarization (RHCP) and left-hand circular polarization (LHCP). This polarization management is necessary because the
demodulator used in our case possesses only a single input. This solution has been implemented in an existing S-band ground
station (GS) located in Oran, Algeria. The experimental results obtained during actual passes of the ALSAT-2A and ALSAT-2B
satellites, whose orbits are 180 degrees apart, were satisfactory. The implemented solution showed good results, with an accuracy
comparable to that of the estimated Doppler frequency, without any loss of telemetry at the ground segment level.

1. INTRODUCTION

The ALSAT-2A and ALSAT-2B satellites, launched in
low Earth orbit (LEO) in June 2010 and September 2016,
respectively, are currently in service and positioned 180
degrees from each other. One of their main challenges is the
accurate measurement of the Doppler shift resulting from
their relative motion with the ground station (GS) [1]. A
significant shift can degrade communication quality, leading
to telemetry data loss and reduced orbit determination
accuracy. Moreover, it can negatively impact the satellite’s
attitude control system [2,3], potentially leading to the loss
of tracking [4]. To prevent these problems, it is essential to
compensate for this offset so that ground transceivers can
adjust for Doppler-related errors [5, 6].

In recent decades, several studies have concentrated on the
satellite segment, with particular emphasis on the design and
optimization of patch antennas to enhance signal quality and
improve communication performance [7,8]. At the same
time, much of the research has focused on estimating the
Doppler shift for satellites in circular orbits by exploiting
temporal data from Doppler observations made from points
on the equator [9-12]. In this context, various satellite
tracking techniques, such as Monopulse [13] and the step
technique with H,, controller [14], have been developed. The
authors of reference [15] propose a strategy to compensate
for the Doppler shift in LEO communication systems by
integrating a maximum likelihood Doppler estimator in the
receiver. A software solution could be integrated into the
satellite tracking system to calculate the Doppler shift. This
shift is determined from the orbital two-line elements (TLE)
and practical data collected by the station demodulator [16,
17]. The authors of [4] propose an approach to accurately
predict the frequency Doppler shift in a LEO constellation
operating in the L band. This approach is based on the value
observed at the maximum elevation angle, as well as on the
GS and satellite coordinates. A Doppler rate estimation
algorithm is proposed by [18] to optimize the use of LoRa
technology in satellite communications in low Earth orbit,
when the Eb/NO ratio exceeds 4 dB. In [19], the authors
present a new approach using stochastic geometry to capture
the statistical distribution of Doppler shifts in modern mega-
satellite constellations in LEO. The authors of [20]
developed a hardware solution based on the ATmega 328

microcontroller to estimate the Doppler shift for LEO
satellites. This solution was validated on the ALSAT-2A
satellite.

In this paper, we present the results of the new
experiments, in line with our previous work in [17, 20]. The
basic architecture of the Oran S-band station uses both right-
hand circular polarization (RHCP) and left-hand circular
polarization (LHCP) simultaneously. However, integrating
new hardware components into this dual-polarization setup
is not straightforward. Integrating a new demodulator, such
as the CDM-600 from Comtech EF Data [21], into the
existing architecture requires several development steps, as
the new equipment has only a single input for demodulation.
The first step of our work was the implementation of a
module for managing the two polarizations, in which a
microcontroller controls a radio frequency (RF) switch to
select the optimal polarization for the single input of the
CDM-600. The second step involved developing an
application to configure the demodulator for the ALSAT-2
missions. Once this stage was completed, attention was
directed to calculating the Doppler shift, which relies on
comparing the theoretical and practical shifts. This
calculation also requires adjusting the reference frequency
once the measured offset reaches the limit of the required
scan range, following demodulator locking tests.

The organization of this paper is as follows: Section 2
presents parameter definitions. Section 3 describes the
proposed architecture. Section 4  discusses the
implementation and the results obtained. Finally, Section 5
concludes the paper.

2. PARAMETER DEFINITION

2.1 AZIMUTH AND ELEVATION

Azimuth and elevation are critical parameters that describe
a satellite's position in the sky relative to an observer on Earth.
These angles are especially important for tracking and
communicating with LEO satellites, which orbit the Earth at
altitudes typically between 160 and 2,000 kilometers [22].To
calculate the azimuth, elevation, and range of a satellite from
a GS perspective, we need to convert the satellite's position
from Earth-centered, Earth-fixed (ECEF) coordinates to the
local east-north-up (ENU) coordinate system, then compute
the angles and distance (Fig. 1).
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Fig. 1- Relation between ECEF and ENU.

The ECEF coordinate system, also known as the
geocentric coordinate system, is a three-dimensional
Cartesian coordinate system with its origin at the Earth's
center of mass. This system rotates with the Earth, so fixed
points on the Earth's surface have constant coordinates.

e X-axis points from the Earth's center towards the
intersection of the Equator and the Prime Meridian (0°
longitude).

e Y-axis points from the Earth's center towards 90° east
longitude.

e Z-axis points from the Earth's center towards the North
Pole.

The ENU coordinate system is a local tangent plane
coordinate system used to describe positions relative to a
specific location on the Earth's surface. This system is
particularly useful for local observations and operations.

e Fast (E) axis points towards the east, parallel to the

local tangent to the Earth's surface.

e North (N) axis points towards the north, also parallel to
the local tangent to the Earth's surface.

e Up (U) axis points away from the Earth's surface,
perpendicular to the local tangent plane.

To convert the ECEF coordinates to ENU coordinates, we

use the following rotation matrix:

E —sinA cosA 0 Xp — Xr
N| = |—sin@cosA —singsinA cos@||¥p — le (1)
U cos@*cosA  cos@sinA  sing | [Zp — Zr

where, (Xp, Vp, Zp) are the ECEF coordinates of the point,
(Xp, Vr» Zr) are the ECEF coordinates of the reference point
(origin of the ENU system) and (¢), (4) represents
respectively latitude and longitude for geodetic coordinates
of the reference point.

With the ENU coordinates we compute the azimuth (AZ),
elevation (EL), and range (R) as follows:

I(atan (%), ifx>0,
_ y .
AZ = { atan (;) +m ifx<0, 2)
| 1 |
5 else.
z
EL = arccos (E)’ 3)
R = /x?+y?+2z2 4)

2.2 DOPPLER SHIFT

As a satellite moves relative to the ground station, the
frequency of the signal it transmits appears to change. When
the satellite is approaching the GS, the frequency increases
(blue shift), and when it is moving away, the frequency
decreases (red shift) [23]. This effect is crucial to account for
in satellite communication systems to ensure accurate signal
reception and transmission. It is calculated by:

Af = ®)

where, ;. is the relative speed between satellite and GS, C is
the velocity of light and f is the frequency of the transmitted
signal.

TV f
C 2

3. PROPOSED ARCHITECTURE

We propose an architecture divided into two modules

(software/hardware) represented by dotted lines in Fig. 2.
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Fig. 2 — Block diagram of the hybrid HW/SW solution.
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3.1. SOFTWARE COMPONENT

The antenna pointing file (APF) application [17] is based
on the simplified general perturbations 4 (SGP4) propagator
programmed in Python, its objective is to define and provide
to the station the crucial parameters related to the satellite
trajectory and the communication frequency. These
parameters allow the station to establish a stable connection
with the satellite by providing the azimuth and elevation
angles necessary to point the antenna, as well as transmitting
the Doppler Shift value to adjust the receiving frequency and
compensate for the shift caused by relative motion between
the satellite and the station.

The CDM application (Fig. 3) is responsible for
controlling the CDM-600 demodulator via the RS232 port,
configuring its parameters according to the specific
characteristics of the satellite to be monitored, such as the
type of modulation (BPSK, QPSK, etc.), the type of
decoding (Turbo Code, Viterbi, etc.), and the transmission
rate, among others, as well as reading the level of the
reception signal “Rx Level”, information which our
polarization management solution will use.

" CDM Software = X

CDM Configuration Software

2024/07/24 12:38:55

Files Directories

NextPass Files Directory ‘D:/Nexwax/

CDM parameters Status
Serial Port Spacecraft
EDAC Sequential Start of Acquisiton
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Max Offset 2 Offset  (kHz)
Shift Step Eb/NO  (dB)
TM frequency Rx-Level (dBm)
Buffer Size 00512 BER

Running Waiting None

Fig. 3 — CDM-600 Application.

On the other hand, during the passes, a calculation is
performed to determine the offset based on the Doppler shift
estimated from the APF application and the frequency
measured by the demodulator. A new reference frequency is
transmitted to the demodulator when the measured offset
reaches =12 kHz.

3.2 HARDWARE COMPONENT

The hardware component includes an RF switch model
7X80-DR230-S+ from Mini-Circuits [24], as well as a
control board equipped with an ATMega328P

microcontroller as its core. This board facilitates
communication with the CDM application via the RS232
port, implements the functions of reading and applying the
polarization management strategy, and provides control of
the RF switch.

Fig. 4 represents the flowchart of the proposed solution
within the existing architecture of the ALSAT-2 station.
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Fig. 4 — Flowchart of the mixed polarization management solution.

4. IMPLEMENTATION AND RESULTS

To verify the effectiveness of our method in adjusting the
Doppler shift between the ALSAT-2 satellites and the earth
station, we have fully implemented the recommended
solution on the Oran site for the S band, according to the test
configuration presented in Fig. 5. Both satellites evolve in a
sun-synchronous circular quasi-polar orbit, with inclinations
of 98.7 degrees and 98.9 degrees, altitudes of 645 km and
745 km, respectively for ALSAT-2A and ALSAT-2B. They
are 180 degrees apart in orbital phase. Station configuration
parameters include a TM frequency of 2266.5 MHz, a TC
frequency of 2087.1 MHz, and an intermediate demodulator
frequency of 70 MHz. The bit rate is set at 384.615 kb/s.
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Fig. 5 — Hardware/Software implementation.

4.1 TEST WITH AN ALSAT-2A SATELLITE PASS

The azimuth and elevation profiles of the ALSAT-2A
pass, followed for this test are illustrated in Fig. 6 and Fig. 7.
The characteristics of this pass are as follows:

e AOS:2023/11/08 08:20:48

e LOS: 2023/11/08 08:31:05

e Maximum elevation: 36.1°
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Fig. 6 — ALSAT-2A Pass Azimuth Profile.
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Fig. 7— ALSAT-2A Pass Elevation Profile.

The Doppler shift values measured by the demodulator
during the ALSAT-2A pass match the estimated (Fig. 8),
with a difference of 2.2-3.4 kHz (Fig. 9), which is negligible
compared to the operating frequency.
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Fig. 8 — Estimated and practical Doppler shift - ALSAT-2A pass.
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Fig. 9 — Calculation error of Doppler shift — AISAT-2A pass.

The curve in Fig. 10, relating to the signal level at the "Rx
IF" input of the CDM-600, shows the beneficial effect of
implementing our solution for managing the two
polarizations. In fact, the signal at the equipment's input has
a more uniform level for most of the satellite pass. The first
encountered signal drop (level at -60 dBm) is caused by the
low elevations occurring at the beginning of the pass, the last
one is due to the presence of a mask (building obstructing the
signal). The Eb/NO parameter (Fig. 11), which measures
signal quality, follows a trend practically identical to that of
the "Rx Level".
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4.2 TEST WITH AN ALSAT-2B SATELLITE PASS

The azimuth and elevation profiles of the ALSAT-2B
pass, followed for this test, are illustrated in Fig. 12 and Fig.
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Fig. 10 — Rx level — AISAT-2A pass.
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Fig. 11 — Eb/NO — ALSAT-2A pass.

13. The characteristics of this pass are as follows:
e AOS:2023/11/08 09 :02 :23
e LOS:2023/11/08 09 :12 :02

e Maximum elevation: 21.51°
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Fig. 12 — ALSAT-2B Pass Azimuth Profile.
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Fig. 13 — ALSAT-2B pass elevation profile.
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As with the ALSAT-2A passes, the Doppler shift
compensation algorithm allows for a good match between
the Doppler shift values measured during the ALSAT-2B
passes and those estimated (Fig. 14), with a difference
ranging from 2.9 kHz to 4.5 kHz (Fig. 15).
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Fig. 14 — Estimated and practical Doppler shift - ALSAT-2B pass.
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Fig. 15 — Calculation error of Doppler shift — AISAT-2B pass.

As for the test with the ALSAT-2A satellite, the one
carried out with a pass of the ALSAT-2B satellite confirms
the advantage provided by our polarization management
solution, with a fairly stable signal level (Fig. 16) and quality
(Fig. 17), if we except the beginnings and ends of passes as
well as the effect of the presence of a mask, if applicable.
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Fig. 16 — Rx Level — AISAT-2B pass.
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