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ABSTRACT

Low Earth Orbit (LEO) satellite networks have been growing very
rapidly in recent years. In this paper, we propose a novel method,
called StarAngle, which estimates user orientation with the beacon
signals of Starlink satellites. StarAngle measures the beacon phase
difference between two receiving antennas because the phase differ-
ence is a function of the user orientation. The phase measurements
are compared with mathematical calculations based on known or-
bital parameters of Starlink satellites and the value that leads to the
best agreement is used as the estimation. We overcome challenges
due to asynchronous clocks in our commodity antennas by sub-
tracting the phase measurements of one satellite by another which
cancels the biases caused by clock mismatch. We experimentally
test StarAngle in 10 locations under challenging weather conditions
and our results show that the median estimation error is 7.5 degrees.
Our results also confirm that the phase information of Starlink satel-
lites can be measured reliably and may be used to support other
applications in addition to user orientation estimation.
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1 INTRODUCTION

User orientation estimation is an important function in guidance
systems and can be very helpful in many scenarios. For example,
it can be very frustrating when we need to drive out of a parking
lot but the GPS is confused about the orientation of the car. Many
orientation estimation methods have been proposed for indoor
and outdoor scenarios. The indoor methods exploit the signals
from RFID tags [32], Bluetooth signals [13], light signals [2, 33],
Reconfigurable Intelligent Surfaces (RIS) [7], or multiple sensors
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Figure 1: Starlink satellites.

attached to the user body or embedded in smartphones [6, 24]. The
outdoor methods include using compass, gyroscope, or analyzing
Radio Frequency (RF) signals with algorithms including MUSIC [31],
ESPRIT [30], and SAGE [8]. In this paper, we focus on outdoor
orientation estimation to which the indoor methods usually cannot
be extended. For example, many methods need to measure signals
at selected locations which is possible indoors but not feasible
for very large outdoor areas. The existing outdoor methods also
have their own strengths and weaknesses. For example, compass
is inexpensive but must be calibrated to cope with non-uniform
Earth magnetic field and can be inaccurate with stray magnetic
fields or ferromagnetic material in the vicinity. Gyroscope readings
may drift with low-cost units although the drift can be reduced
with space-grade units but such units are also more expensive.
RF signals in the outdoors, such LoRa signals [4], offer another
possibility for orientation estimation; however, without long-range
RF transmitters installed over the entire globe, global coverage
cannot be achieved.

In this paper, we propose StarAngle, which is an outdoor orien-
tation estimation method based on the beacon signals of Starlink
Low Earth Orbit (LEO) satellites received by commodity antennas.
Compared to existing methods also based on RF signals, the key
advantage of StarAngle is its free global coverage because Starlink
satellites transmit beacon signals by default and cover the entire
globe even in the ocean and very rural areas. By 2024, Starlink
has launched over 6,000 satellites, the constellations of which are
shown in Fig. 1. LEO satellite networks have seen very fast growing
in the last few years and are expected to continue to grow. For
example, Starlink plans to eventually maintain over 42,000 LEO
satellites [28], after which there should be multiple satellites over
any area with detectable signal at any time.

StarAngle finds the user orientation with two receiving antennas
based on the phase difference of the same Starlink beacon received
by the antennas because the phase difference is a function of the
user orientation. StarAngle is novel because it is the first method
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to extract the phase information of Starlink beacon signals using
only commodity antennas. The main challenge is to cope with very
weak signals under very heavy Doppler shift. To elaborate, due to
the long distance from the satellites to Earth which is usually about
500 km, the Signal to Noise Ratio (SNR) of the signal picked up by
our antennas is typically below -30 dB, i.e., the signal is more than
1000 times weaker than the noise. Also, as satellites travel at about
7,000 m/s, the Doppler rate, the amount frequency change of the
RF signal, can be over 4,000 Hz/s. Our main contribution of this
paper is to overcome these challenges by designing robust signal
processing algorithms to detect the satellites and compensate for
the Doppler rate. Another practical challenge is the asynchronous
clock in the antennas, i.e., our commodity antennas are the Low-
Noise Block downconverter (LNB) with individual builtin clocks
not synchronized with each other. As a result, the clock difference
generates large phase differences which completely masks the use-
ful phase information. We overcome this challenge by exploiting
the signals from multiple satellites received simultaneously. That is,
suppose there are two satellites and let 61 () and 02 (t) be the phase
difference measurements of satellite 1 and 2 at time ¢, respectively.
We use 01 (t) — 02(¢) to estimate the user orientation because the
difference of the antenna clocks exists both in 8 (¢) and 6,(¢) and
is canceled after the subtraction.

We conducted tests in 10 locations, including rooftops in univer-
sities, suburban residential areas, apartment complexes, and parks,
where the sky condition can be clear or cloudy. The results show
that the median estimation error is 7.5 degrees using only inex-
pensive commodity antennas and a Software Defined Radio (SDR).
Our results show that the phase measurement, i.e., 61 (¢) — 62(t),
matches very well with the mathematical calculation according to
published satellite orbital parameters, i.e., the measured data points
usually land exactly on the calculated lines, an example of which
has been shown in Fig. 13. The reason of this very high level of
agreement is the line-of-sight path from the satellite to the receiver
which is not contaminated by reflections and preserves the original
geometry even from hundreds of kilometers away in the space.

The rest of the paper is organized as follows. Section 2 discusses
related work. Section 3 gives a short description of the background.
Section 4 gives an overview of StarAngle. Section 5 describes the
detailed design of StarAngle. Section 6 describes the evaluation.
Section 7 gives discussions and explains future directions. Section
8 concludes the paper.

2 RELATED WORK

Orientation estimation has attracted much interests both from the
academia and industry. The outdoor estimation methods include
1) using compass, 2) using gyroscope, or 3) analyzing RF signals.
As mentioned earlier, compass and gyroscope may suffer errors
and biases in certain cases. StarAngle belongs to the third cate-
gory but is unique because it leverages the existing Starlink in-
frastructure and provides global coverage without the need to in-
stall any base stations or gateways. StarAngle also solves unique
problems because the satellite signal is very weak and suffer high
Doppler rate, while existing signal processing algorithms and meth-
ods [4, 8, 26, 30, 31, 39] are not designed for such challenging cases.
One of the key advantages of Starlink signals and satellite signals
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in general is that the signal is typically received from the Line-Of-
Sight (LOS) path without strong multipath components, making it
possible to infer information reliably from the phase measurement
because it agrees very well with geometry. In addition, signals from
different satellites are on distinct frequencies and can be easily
separated in the frequency domain. As a result, the main challenge
is to extract very weak signals and coping with high Doppler rate,
rather than jointly estimating signals from difference sources or
from multiple paths.

Many indoor orientation estimation methods have been pro-
posed based on Received Signal Strength (RSS) measurements of
RFID tags [32], light signals [2], Wi-Fi mmWave [15], etc., where
the typical approach is to collect measurements at selected locations
as fingerprints. Other approaches include using Reconfigurable In-
telligent Surfaces (RIS) [7] or multiple sensors attached to the user
body or embedded in smartphones [6, 24]. Bluetooth uses the the
Angle of Arrival (AoA) or Angle of Departure (AoD) in multiple an-
tenna systems for its Direction Finding service [13]. As mentioned
earlier, the indoor methods typically do not extend to the outdoor
scenarios. For example, the fingerprinting method is not feasible in
outdoor large areas; the light and mmWave signals are designed
for short range; the RIS is installed only at selected locations; the
body-mounted sensors approach still needs a small number of con-
trol points with known coordinates; and the Bluetooth Direction
Finding service are designed for Bluetooth communications and
does not cope with very weak signals and high Doppler rate in
outdoor satellite networks.

The Global Positioning System (GPS) uses signals from 4 or more
satellites to calculate the user location and has been extremely suc-
cessful and transforming. As the satellite orbital parameters are
known, the possibility of using Starlink signals as a potential GPS
alternative has been proposed [14, 17, 18, 25, 41] and generated
media interest [10, 22]. The most recent result has achieved an
accuracy of 4.3 m for user localization [18]. StarAngle is inspired by
the earlier work but is unique because the information embedded
in the phase difference between multiple antennas has not been
measured and exploited. We show in this paper that such informa-
tion can be reliably measured and used for purposes such as user
orientation estimation.

There have also been extensive research on device localization
which is related but different from orientation estimation. For ex-
ample, fingerprinting methods use the signal strength measure-
ment [3, 6, 47, 48] or the Channel State Information (CSI) [9, 29,
37, 40, 42] to find the device location without estimating character-
istic of the signal propagation path. Other methods estimate the
AoA [16, 23, 35, 49, 50], the phase difference [11, 27, 44] or Time
Difference of Arrival (TDoA) [12, 34, 36, 38, 43] to locate the device.
StarAngle is different because Starlink signal is dominated by the
LOS path; as a result, StarAngle does not need to cope with multi-
path. As mentioned earlier, the main challenge of StarAngle is to
cope with the very low SNR and high Doppler rate.

Satellite networks have attracted much interest recently. StarAngle
focuses on extracting and exploiting Starlink beacon phase infor-
mation and is different from studies on other problems such as
understanding the downlink data signal structure [14], satellite
constellation [19], downlink beamforming [20, 46], or secrecy [21].
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Figure 2: Beacons from Starlink satellites.

3 BACKGROUND

Starlink satellites can be used for finding user location and orien-
tation because they transmit beacons at known frequencies, such
as 11.95 GHz, where each beacon appears to be a pure sine wave.
Each satellite transmits multiple beacons separated by ¥ Hz where
F = 43955. It has been reported that the number of beacons is
9 [41]. However, satellites launched more recently, e.g., those with
Starlink IDs over 30000, apparently transmit much more than 9 bea-
cons, e.g., over 30 in our observations. Therefore, we do not assume
the knowledge of the number of beacons by each satellite. Based
on our observations and earlier work [41], Starlink satellites do not
transmit signals on all beacons and do not transmit beacons at the
same power. The purpose of transmitting such a large number of
beacons and the beacon power allocation scheme are both unclear.
We suspect some kind of coding scheme is adopted, which is out of
the scope of this paper because we take measurements only with
the strongest beacon.

Fig. 2 is the time-frequency plot of a typical 1-second signal
where each horizontal line is the Fast Fourier Transform (FFT) of
samples collected in 10 ms. As the beacons are pure sine waves, each
strong beacon produces a high point in the FFT. The high points of
the same beacon in consecutive FFTs are at close locations, which
form a straight vertical line in the plot. There are multiple such lines
in the plot, suggesting that there are many beacons in the signal. It
can also be seen that the lines are actually not completely vertical,
which is because the frequency of a beacon changes over time due
to the relative movement between the satellite the ground observer.
The Doppler rate, i.e., the amount of frequency change during one
second, can be within -2000 to -5000 Hz/sec in our experiments.

The orbital parameters of all Starlink satellites are maintained in
a database at [5]. Each satellite occupies three lines in the file, which
are its ID, such as STARLINK-30787, followed by two lines known
as the Two-Line-Elements (TLE). The TLE includes key parameters
such as the inclination angle, the Right Ascension of the Ascending
Node (RAAN), etc. It is possible to compute features of a satellite
with respect to the ground receiver at a given time instant based
only on the TLE. In our implementation, we use the MATLAB
dopplershift function to compute the the Doppler rate and
the aer function to compute the azimuth and elevation angles,
which are the only three features needed in our computation. The
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Figure 4: Devices used in our experiments.

azimuth and elevation angles are parameters to locate the satellite
in the sky at a ground location. Roughly speaking, as shown in
Fig. 3, they are how much the ground observer should turn from the
true north and then look up in order to see the satellite, respectively.
The TLE is not 100% accurate and must be updated every few hours.
Therefore, before every experiment, we download the most recent
TLE database and use it only for the particular experiment.

Our hardware is shown in Fig. 4, which consists of commodity
LNBs and a USRP B210. The LNB is specifically designed to receive
satellite signals, such as those from DirectTV networks. The LNB
has an internal clock which can be configured at 9.75 GHz, and is
therefore capable of down-converting the beacon signal at 11.95
GHz to 2.2 GHz to be received by the USRP. The USRP basically
takes samples of the signal which are written to files to be processed.
As we do not track any particular satellite, we point the LNBs up
vertically. The sampling rate, denoted as Fs, is 2,000,000 measured
in samples per second because beacons can be detected within +1
MH?z of the center frequency. The physical distance between the
centers of the LNBs is denoted as  measured in meters where H =
0.062, which is the minimum we could achieve. Smaller distance is
preferred because the wavelength of the beacon is only 0.025 m.

4 OVERVIEW OF STARANGLE

StarAngle finds the user orientation by solving three main problems,
namely, 1) detecting satellites in the received signal, 2) measuring
the phase differences between each pair of satellites, and 3) esti-
mating the user orientation based on the phase measurements and
satellite azimuth and elevation angles.

As shown in Fig. 5, satellites are detected by scanning for beacon
signals which produce high peaks in the frequency domain because
beacons are pure sine waves with energy concentrated within a
very small frequency range. To use the satellites as reference points,
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Figure 6: Taking phase measurements.

the IDs of the satellites must be determined, which however cannot
be decoded from the beacon signal. Fortunately, satellites usually
exhibit unique Doppler rates due to the uniqueness of their trajec-
tories. Therefore, the measured Doppler rates of detected satellites
can be compared with those calculated from the TLE database to
match the detected satellites with the known satellites in the data-
base, after which the satellite IDs can be determined. The main
challenges at this step are the very low SNR such as -30 dB encoun-
tered in our experiments and the Doppler rate which can be -4000
Hz/sec. We design efficient algorithms to address these challenges
by canceling the frequency shift and adding signals over a long
period to accumulate more energy.

For each detected pair of satellites, phase measurements are
obtained. As mentioned earlier, the measurement is 61 (t) — 02(t),
where 6;(t) is the phase difference of the beacon from satellite i
between the two receiving antennas for i = 1, 2. The phase mea-
surement process is shown in Fig. 6, where 0; (t) — 02(t) is defined
as ©(t). For each satellite, the strongest beacon is used. The time-
domain signal of the selected beacon is reconstructed by applying
a narrow-band filter that passes only the signal of this beacon but
rejects beacons on other frequencies and most of the noise. 0; (t)
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Figure 7: Estimating user orientation.

Table 1: List of Main Notations

p* user orientation
Si satellite i
0;(t) phase difference of S; at time ¢
e(t) 01(1) — 62(1)
F beacon frequency separation
H antenna separation
Fs sampling rate
o Doppler rate
B;c(t) beacon signal from S; at antenna k
b;c(t) phase of B;C(t)
6i(t) path lengths difference of S;
az;i(t) azimuth angle of S;
el (t) elevation angle of S;

and 02(t) can then be obtained by subtracting the phase of the
beacon received by one antenna by the other. ©(¢) can then be
obtained by subtracting 6; (¢) by 0,(t).

The actual user orientation, denoted as f*, is defined as the az-
imuth angle of the line linking the center of the two LNBs. The
estimation is based on finding the value that minimizes the dif-
ference between the phase measurements and phase calculation.
To be more specific, after the satellites have been detected, their
azimuth and elevation angles can be found according to their TLEs.
Let  be a possible value of *. As shown in Fig. 7, the satellite
azimuth and elevation angles along with f can be used as input to
a phase calculation module to produce the calculated phase. When
B is close to %, the calculated and measured phases should match.

5 DESIGN

In this section, the design of StarAngle is explained, including satel-
lite detection, phase measurement, and user orientation estimation.
Table 1 is a list of main notations.
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5.1 Satellite Detection

Satellites are detected by their beacons, which is carried out in three
steps. First, the received signal is processed in consecutive segments
to find beacons from satellites in each segment, where the length of
a segment is one second. This is because key satellite parameters,
such as the Doppler rate, typically do not change significantly
within one second so that they can be approximated as constants
to simplify the detection algorithm. Second, clusters of beacons
detected in consecutive segments are linked if they are believed
to be from the same satellite. Third, the IDs of the satellites are
found by comparing estimated Doppler rates with those calculated
according to the TLE database.

5.1.1 Beacon Detection. Beacon detection is conceptually simple
because a beacon is a pure sine wave on a certain frequency and
should generate a detectable high point in the frequency domain.
This is however complicated by two factors, namely, the Doppler
rate, which can be -3000 Hz/sec, i.e., the frequency of the beacon
changes over 3000 Hz in one second, and the very low SNR, which
in our experiment can be less than -30 dB. Note that when the
Doppler rate is high, the beacon frequency does not stay the same
and does not generate a single high point in the frequency domain.
For example, when the Doppler rate is -3000 Hz/sec, energy is
spread among 3000 points in the FFT of 1 second. Therefore, the
FFT should be performed over a shorter time period. However,
when the SNR is very low, the high point generated by the beacon
may not be high enough to be detected.

Our solutions to these problems are explained in the following.
First, we divide a segment into mini-segments where each mini-
segment is 10 ms. The initial time-frequency analysis, which is
shown in Fig. 2, is the FFT of each mini-segment. When the Doppler
rates of Starlink satellites are within +5000 Hz/sec, which we found
empirically to be true, a beacon generates a single high point in
the FFT because within a mini-segment, the frequency change is
within +50 Hz while one FFT point corresponds to 100 Hz. Clearly,
as explained earlier, when a mini-segment is as short as 10 ms, a
beacon may not generate a detectable high point. That is, although
the beacon usually generates a point of a descent height, points of
similar height can also be generated by noise, making it impossible
to set a good threshold for beacon detection. Our idea is to add the
FFTs of all mini-segments together because a real beacon should
consistently generate reasonable high points while high points
due to noise should be random. The challenge, however, is that
the locations of high points generated by the same beacon may
change in different mini-segments due to the frequency change.
Fortunately, the Doppler rate does not change significantly within
1 second; as a result, the frequency change can be assumed to be
linear, which has been shown in Fig. 2 where the beacon frequency
typically follows a straight line with a certain slope. Therefore, as
shown in Fig. 8, if we shift the FFTs of the mini-segments with
the negative of the slope, the effect of frequency change can be
canceled, so that the high points generated by the same beacon
in different mini-segments are aligned and can be added together
to create a much higher point which can be detected reliably by
algorithms such as peakfinder [45]. Fig. 9 shows an actual case
of taking summations. The top figure is the summation without
any shift which has a single high peak in the middle due not to
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any actual beacon but to interference. The bottom figure is the
summation with the correct shift in which many beacons start to
emerge.

The beacon detection algorithm is shown in Algorithm 1. In the
algorithm, “[]” denotes rounding a number to the nearest integer.
The algorithm mainly consists of a linear scan of possible Doppler
rate values at a step of 1000 Hz/sec, which corresponds to 0.1 point
of shift between consecutive mini-segments. The summation vector
for shift d is denoted as I'; and is passed to peakfinder. The
last step of the algorithm is to merge common peaks which refers
to peaks found in different summation vectors at close locations
because such peaks are clearly generated by the same beacon that
happen to be capable of generating peaks with different shift values.

Algorithm 1 Beacon Detection

1: Partition the signal into 10-ms mini-segments. Let mini-
segment u be g, where u € [1,U].

: Let G, = FFT(gy) foru € [1,U].

: W« [-0.5,-0.4, ..., 0.5].

: ford =1to |W| do

Gl‘f «— Gy, shifted by [W(d)u] foru € [1,U].

rd —xi 6l

P4  the set of peaks found in re,

: end for

9: Merge common peaks in P!, P?, ..

NP RN

3

., PIWI,

Lastly, beacons separated by values close to multiples of # Hz
are grouped together and are called a cluster because they are likely
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from the same satellite. The Doppler rate of the cluster, denoted as
a, is estimated based on the strongest beacon in the cluster. That
is, first, an initial estimate of « is obtained by tracking the highest
points generated by this beacon in G, for u € [1, U], because the
slope of the line that best fits the locations of these points is close
to a. With this approach, the initial estimate is usually within +100
Hz/sec of a. Second, the fine estimate of « within +1 Hz/sec is
obtained by applying different offset to the initial estimate and
picking the one that produces the highest peak in the frequency
domain. To simplify the search, first, offsets within +£100 Hz/sec
are tested at a step of 10 Hz/sec; then, if the highest peak occurs
with x Hz/sec, offsets within +5+x Hz/sec are tested at a step of 1
Hz/sec. This method is used because it performs well even for very
weak signals.

5.1.2  Linking Clusters. The cluster linking module links clusters
of beacons found in consecutive segments so that signals from
the same satellite can be traced throughout the experiment. The
problem is not completely trivial because the signal may contain
clusters from multiple satellites as well as those falsely detected by
the beacon detection module.

Cluster linking is based on two features of beacons. First, from
one segment to the next, the Doppler rate of a beacon should be
similar in some manner. Second, from one segment to the next,
the beacon frequency should have changed by an amount close to
the estimated Doppler rate. One factor that slightly complicates
the matter is that the Doppler rate can no longer be assumed to
be a constant for the duration of the experiment, which is 40 sec,
although it is close to a constant during a segment, which is 1 sec.
Fortunately, the Doppler rate in most cases follows a smooth curve.
Therefore, for each satellite, we can calculate the expected Doppler
rate of the next segment based on its past Doppler rates by fitting
the Doppler rate history with a polynomial.

To be exact, let cluster  found in the qth segment be C{. Let the
Doppler rate of C{ be o) measured in Hz/sec. Let the frequency of
the strongest beacon of C? be f,q Hz, which is within [-Fs/2, Fs/2]
Hz. Let a detected satellite, denoted as S;, be a list of clusters attrib-
uted to the satellite so far: {Cgll, C;];, ces cﬁ’j }. Suppose we need to

determine if C;I,/ should be linked to this list where ¢’ > ¢q;. We

do not consider Cg,’ if ¢ — q; > 5 because the gap is too large and
the estimation becomes inaccurate. This usually not does not cause
problems because the gap exists only when the beacons are very
weak and cannot be detected in multiple consecutive segments.
As mentioned earlier, we estimate the change of Doppler rate by
fitting the observed Doppler rate history with a polynomial. Let

the polynomial evaluated for segment ¢’ be F;(q’). Cg,, is linked if
the following two conditions are both true:

IFi(q) - &% | < 100, (1
and
X < 1000 or X > F — 1000, ()
where ,
X= mod (" + (¢ —q)al! - f1 . F). 3)

Eq. 1 checks if a;],/ is close to the expected Doppler rate of S; in
segment q’. Eq. 2 checks if the difference between fgl and the
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Figure 10: Example of 4 detected satellites.

expected frequency of S; in segment ¢’ is close to a multiple of F
Hz. Both conditions are needed for better robustness because, for
example, beacons from different satellites may have very similar
Doppler rates at a certain time and can be distinguished only based
on frequency values.

Lastly, let V; be the history vector that can be used for curve fitting
to obtain F;(q’). In our implementation, V; contains all the Doppler
rate measurements of S; if [ < 6, otherwise the most recent 6
measurements. Let P‘“,i () be a polynomial of degree a that minimizes
the fitting error to V;. Fi(q’) is calculated according to Fi(q’) =
P“Z (q") where a = min{2, ] — 1}. The maximum degree is 2 because
the Doppler rate curve within the duration of an experiment can
almost always be fitted well with degree 2.

5.1.3 Satellite Matching. Matching satellites refers to associating
the detected satellites with those calculated from the TLE database,
which is a necessary step because the IDs of the satellite cannot be
decoded from the beacons. This is possible because the number of
candidate satellites, i.e., satellites flying over the user location, is
not very large and is usually no more than 30, while each candidate
satellite has a unique trajectory, leading to unique Doppler rates
which can be used for identification. Therefore, we compare the
measured Doppler rates of each detected satellite with those of the
candidate satellites, and associate a detected satellite with the can-
didate satellite with the minimum Euclidean distance. For example,
Fig. 10 shows 4 detected satellites in one experiment. The solid and
dashed lines represent the estimated and calculated Doppler rates
of the same satellite, respectively, which match very well. The solid
lines exist only in part of the experiment which is when the beacon
signals can be detected.

The set of candidate satellites are obtained with a simple method
that examines all Starlink satellites and finds those can be accessed
theoretically according to the TLE database. A satellite is considered
a candidate if its elevation angle is 30° or higher in the middle of
the experiment.

5.2 Phase Measurement

The phase measurement module examines every pair of detected
satellites to extract the phase information. In the following, it is
described for two satellites denoted as S; and Sy because the same
process is applied to every pair of satellites.
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As mentioned earlier in Section 4, the phase measurement at time
tis O(t) = 01(t) — 02(¢). The measurement process is performed
for each segment of the received signal individually for the same
reason the satellite detection process is performed for each segment.
Therefore, in the following, it is described for one segment. The
basic idea is to reconstruct the time-domain signals of the beacon
from which the phase difference can be directly measured. That
is, let B;'( be the baseband signal of the beacon from S; received by
antenna k during this segment. Let B;;(t) be the beacon signal at

time ¢t and let b;;(t) be the phase of Blic(t)' By definition,
0i(t) = b (1) )

It is possible to produce B;'c even when the beacon is very weak

— bi(t).

and when there exist many beacons because the beacon is on a
constant frequency and can be extracted with a narrow-band filter
that keeps only the signal of the beacon but rejects most of the
noise and beacons on other frequencies.

To be more specific, let Q. be the vector of the received baseband
samples during this segment by antenna k and let w (¢) be the
phase of the sample received at time t. As mentioned earlier, the
strongest beacon from S; is used for the measurement, the frequency
of which is denoted as fk’ for antenna k. Note that fli # fZ’ because
the antennas have own builtin clocks with non-zero frequency
offset, leading to different measured frequency values of the same
beacon. The first step of the signal reconstruction step is to apply
the negative of the Doppler rate of the beacon, denoted as «; for
S; measured in Hz/sec, which has been estimated earlier during
satellite detection. This operation is also called dechirping which
cancels the change of frequency and returns the beacon to a sine
wave on a constant frequency. Mathematically speaking, dechirping
is to adjust w/i(t) according to

O{itz

(1) « op(t) = == ®)

because when the Doppler rate is «; Hz/sec, at time ¢, the accumu-
lated phase change is
t 2
a;t
/ aitdr = —.
7=0 2

Note that dechirping is different and more effective than adding
shifted FFTs of the mini-segments described earlier in Algorithm 1
because all samples are added coherently. Dechirping cannot be
applied in Algorithm 1 because the beacons have not been detected
and the Doppler rates are not known.

Let Q'
by a; Hz/sec. Let F' = FFT(Q _) and rearrange it so that the
indices of the elements are in [— Fs / 2,Fs/2 — 1]. As the length of
the segment is one second, the beacon should generate a peak at fk’
inIy  .Inpractice, some energy may have spread to neighboring

(©)

pomts but the energy is still mostly concentrated around location
fk' As f1 * f2> it is necessary to convert the beacons received by
both antennas to a common frequency because 0;(t) will otherwise
be dominated by the phase change due to the frequency difference.
Therefore, I} is shifted by f;’ points, denoted as 1"]; S which
Qi Sis fie
is equivalent to down-converting the beacon to 0 Hz.Then, a low-
pass filter with 100 Hz bandwidth is applied to obtain B} , which

represent the baseband signal vector after being dechirped
a
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Phase Signal Example
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Figure 11: Phase measurement for STARLINK-31250 and
STARLINK-3298.

is currently implemented by taking the 100 points around 0 Hz in
I’ . and performing an Inverse FFT.

k,zx,-,fk’

Fig. 11 shows the phase measurement of one segment for the
satellite pair STARLINK-31250 and STARLINK-3298 detected ear-
lier in Fig. 10. It can be seen that 0;(t) and 6,(t) look similar and
both have some large drifting and fluctuations caused by the clock
mismatch. ©(t), however, is mostly a constant with no large fluc-
tuation, which is the expected behavior of the phase because the
satellite angles with respect to a ground observer do not change
significantly during one second. There do exist some small ripples
in ©(¢) caused likely by overfiting, which do not cause problems
because we eventually use the average of ©(t) over one segment as
one data point and the ripples are canceled during the averaging.

5.3 User Orientation Estimation

B* is estimated by finding the minimum of a cost function that is
determined by the difference between the measured phase values
and those calculated according to the TLE database.

5.3.1 Mathematical Foundation. StarAngle is based on the fact that
©O(t) contains only the useful phase information and is not contam-
inated by the clock differences of the satellites and the antennas.
To see this, let ¢ () be the carrier phase of antenna k at time ¢.
Let 1//]i(t) be the phase of the beacon from S; received by antenna k
at time ¢. Let A be the wavelength of the beacon. Let §;(t) be the
difference of path lengths from S; to antenna 1 and antenna 2 at
time ¢. Note that

vio = i + 200, ”
Therefore,
HOENHORENG ()
while
b0 = v+ 200 g0 ©)
which leads to
o =50 -0 = T (g1 (1) - o). (10
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Figure 12: Phase calculation with satellite angles and f*.

Phase Difference Measurement
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Figure 13: Example of phase measurements.

because 1//{ (t) is canceled after the subtraction. Then,

2x[81(8) = 62(1)]
—
because ¢1(t) — ¢2(t) is canceled after the subtraction. ©(t) is
therefore irrelevant to the clock characteristics of the satellites and
antennas and is only a function of &1 (¢) and J,(t).

i (t) is determined by the location of S; and the user orientation.
To elaborate, let the azimuth and elevation angles of S; observed
at the user location at time ¢ be az; () and el; (¢), respectively. As
mentioned earlier, az;(t) and el;(t) can be calculated based on the
TLE database of the detected satellites, such as by the aer function
in MATLAB. The situation is illustrated in Fig. 12 where az;(t) and
el;(t) are shown as az and el for simplicity. In the figure, the length
of OA, denoted as |OA], is given by

O(t) = 01(1) - 02(t) = (11)

|OA| = H cos(B* — az), (12)

where H is the antenna separation. The length of OB, which is the
additional distance the signal needs to travel to reach the antenna
on the left, is given by

|OB| = |OA| cos(el). (13)

Therefore,

5i(t) = H cos (8" — azi(t)) cos (el;(1)). (14)
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5.3.2  The Estimation Method. The best estimate of f* should be
the value that leads to the best agreement between the calculated
and measured versions of ©(t). Fig. 13 shows the measured and cal-
culated ©(t) based on the best estimate of §* for 5 pairs of satellites
detected earlier in Fig. 10 for the entire duration of the experiment,
where the solid and dashed lines represent the measurements and
calculation, respectively. It can be seen that the measurements and
calculation match very well.

We explain the details of the estimation method in the follow-
ing, starting with some notations and definitions. Let A(g) be the
average of O(t) during the ¢*" segment and refer to it as a phase
measurement. In Fig. 10, each marker is a valid phase measurement.
O(t) is averaged over one segment because it does not change sig-
nificantly during a short period such as one second. An additional
step is taken to eliminate likely bad phase measurements, i.e., A(g)
is discarded if the standard deviation of ©(t) during the ¢ h segment
is too high. Let Az;(q) and El;(q) be the average azimuth and ele-
vation angles during the g'”* segment for S;, respectively. Note that
Az;(q) and El;(g) are known from the TLE database and are treated
as constants. Let A(g; ) be the theoretical value of @(t) calculated
according to Az;(q), El;(q), and 8, where f is a possible value of f*.
Let A;(q) be the signal power of S; during the g'" segment which
should also be taken into consideration because measurements
with higher signal power should have higher credibility. Therefore,
A1(q)Az(q) is called the weight of A(g).

Without loss of generality, suppose there are N valid phase
measurements with indices from 1 to N. Let the cost function be
=(p) which reflects the likelihood for § to be f*, the higher the
cost the less likely. Based on the above discussions, Z(f) can be

defined as

(Al) - Ag: ) A1 () A2(g). (15)

M=

E(p) =

I
-

q

The estimation of $*, denoted as B is clearly

f = argminZ(f). (16)
B

In practice, there may be gaps in phase measurements. Eq. 15 can

be easily adapted to this case by considering only segments with

valid measurements.

5.3.3 Fake Minimums. A value f’ is called a fake minimum if §’
is far from ,é but Z(f’) is close to E(,é) The condition for fake
minimums to occur is discussed in the following. Usually, A(g; ﬁ)
is close to A(q) for every q. Therefore, in order for Z(f’) to be
close to E(ﬁ), A(g; f’) and A(q; [?) must be close for almost all g.
Agf) - Ag; ﬁ) is the product of %{ and the following term:

(cos (8" — Az1(q)) — cos (f — Azy (q))) cos (El1(q)) —

(cos (B’ — Az2(q)) — cos (ﬁ - Azz(q))) cos (Elz(q)). (17)
Therefore, A(g; ') is close to A(g; B) implies that
cos (,3' - Azl(q)) — cos (ﬁ —Azl(q)) _ cos (Elg(q)) (19)

cos (B’ — Azy(q)) — cos (B — Aza(q))  cos (EL(q))

for every g, which is unlikely in most cases.
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An Example of the Cost Function
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Figure 14: Example of the cost function.

5.3.4  Multiple Satellite Pairs. There could be more than one pair
of satellites during the experiment, which can be of great help by
eliminating fake minimums because the values of fake minimums
are different for different satellite pairs. One straightforward ex-
tension is to calculate a cost function for each individual pair of
satellites according to Eq. 15 then use the summation as the overall
cost. One issue with this straightforward extension is information
reuse because some measurements are not independent. For ex-
ample, suppose there are 3 satellites, namely, S1, Sz, and S3. The
phase measurements of the qth segment can be denoted as A1 2(g),
A1,3(q), and A2,3(q), respectively, among which only two are inde-
pendent because the third is a linear combination of the other two.
We therefore use a simple method to select the measurements of
each segment. That is, let the cost function of the g'" segment be
Eq(pB), which is initially 0. Then, in each round, the measurement
with the highest weight is selected. If the selected measurement
is independent of the measurements that have been considered,
its cost is added to Z4(f8); otherwise, it is skipped. The process is
repeated until no independent measurement can be added.

Fig. 14 shows an example of the cost function with the phase
measurements of 5 pairs of satellites shown earlier in Fig. 13. It
can be seen that the minimum cost is very low, implying a very
good matching between the measured phases and those calculated
according to [? Also shown in Fig. 14 is the cost function by using
only the first satellite pair, which clearly has two low points, one
overlapping with the low point of the actual cost function, the
other at a completely different location and is a potential fake
minimum. This example therefore illustrates the benefit of having
more satellite pairs.

6 EVALUATION

StarAngle has been experimentally evaluated, which is explained
in this section.

6.1 Experiment Setup

We test StarAngle in 10 locations, including rooftops of university
buildings, lawn between university buildings, suburban residential
areas, space between apartment buildings, and public parks. Exper-
iments 1, 7, 8, 9, 10 and experiments 2, 3, 4, 5, 6 are in two different
cities separated by over 100 miles (161 km). The surroundings of
experiment locations are shown in Fig. 15. It can be seen that our re-
ceiver is at the ground level in most cases and is often close to some
building. There are cloud covers in some of the experiments and
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Table 2: Experiment information

ID | Location Sky Temperature | Humidity
1 | backyard | part.cloudy | 81°F (27°C) 82%
2 rooftop cloudy 85°F (29°C) 57%
3 rooftop clear 93°F (34°C) 58%
4 | univ. lawn | part. cloudy | 84°F (29°C) 74%
5 | front yard cloudy 85°F (29°C) 77%
6 | apartment cloudy 86°F (29°C) 72%
7 | apartment | part. cloudy | 83°F (28°C) 88%
8 park part. cloudy | 85°F (29°C) 76%
9 | backyard cloudy 78°F (25°C) 96%
10 | under tree | part. cloudy | 86°F (19°C) 88%

one experiment is under a tree. In many experiments, the weather
conditions are very harsh because the devices are directly under the
sun. The intense heat sometimes even melts the 3D-printed stand
of the LNBs. We use the information at [1] to estimate if there are
multiple satellites flying over our area to start a signal capture. In
some experiments, we also use a third antenna and connect it to a
separate SDR to display the signal in real time to helps us visualize
the signal. The signal from the third antenna is not processed by
StarAngle and in some cases we unplug it to reduce the load of our
laptop computer and avoid overheating. Table 2 lists the detailed
information about the experiments.

In all except 3 cases, at each location, 2 angles are randomly
chosen, according to which the LNBs are orientated. For each angle,
multiple runs of signal collection are performed, where each run
is always 40 sec. For each angle, the results of the first 3 good
runs are reported in this paper. A run is good if 1) two satellites
appear simultaneously in the signal for at least 10 seconds, and
2) good match can be found between the detected satellites and
those calculated from the TLE database. The second condition is
sometimes not true likely due to outdated information in the TLE
database. The 3 exceptions are explained in the following. First,
Experiments 8 and 10 have data for only one angle due to weather
constraints. Second, both angles of Experiment 2 have only 2 good
runs because the results appeared to be good during the experiments
but later turned out to be not good.

6.2 Results

Fig. 16 is the scatter plot of the estimation results from all ex-
periments, where a marker is at location (x, y) if the actual user
orientation is x degrees and the estimated is y degrees. It can be
seen that the estimation results are mostly accurate with mark-
ers very close to the diagonal line. There are 2 cases in which the
estimations are very far from the actual values, which are called
failures. The failures are caused by fake minimums, i.e., the cost
function happens to be slightly lower at another point than at the
actual user orientation. As mentioned earlier, fake minimum can be
eliminated with more satellite pairs. Indeed, in both failure cases,
there is only one satellite pair. Fig. 17 is the Cumulative Density
Function (CDF) of the estimation error, the median of which is 7.5
degrees. The failure cases, which constitute a very small percentage,
are not shown to better exhibit the details of other cases.
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Figure 15: Surroundings of the experiment locations.
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Figure 16: Scatter plot of estimation results.
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Figure 17: CDF of estimation errors.

Fig. 18 is the scatter plot of the phase measurements and the
calculation based on the best estimate of the user orientation in all
experiments. It can be seen that the measurements agree very well
with the calculation, which has been previously hinted in Fig. 13
for a single run. Fig. 19 is the CDF of the difference between phase

measurements and calculations, the median of which is 6.4 degrees.

These results therefore suggest that the signal phase of Starlink
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Figure 19: CDF of phase measurement errors.

satellites can likely be a useful source of information because it can
be mathematically understood.

Fig. 20 reveals more details about the experiments. Fig. 20(a)
is the CDF of the estimated SNR of each run, which is very low.
StarAngle still produces reliable phase measurements, suggesting
that it is capable of coping with very weak signals. Fig. 20(b) is
the CDF of the number of satellite pairs, where it can be seen that
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Figure 20: Various aspects of the experiment.

over half of the runs have only one useful pair, although there are
some runs with many pairs. Fig. 20(c) is the CDF of the number
of phase measurements, where each measurement is a basically a
marker shown in Fig. 13. It can be seen that there are cases with
only about 10 useful data points. We expect that, as the number of
Starlink satellites keeps increasing, more satellite pairs will become
available in the future which will produce more data points.

The estimation error is further studied in Fig. 21 with respect to
various aspects of the experiments. Fig. 21(a) shows the medians of
estimation errors in different ranges of SNR. The trend, as expected,
is that the error is lower when the SNR is higher. This suggests that
StarAngle should perform better with better hardware or under
more benign weather conditions. Fig. 21(b) shows the medians of
estimation errors with different number of satellite pairs. Also as
expected, the error is lower with more satellite pairs. Fig. 21(c)
shows the medians of estimation errors with different number of
phase measurements, the trend in which is not as expected because
the error appears to be larger with more phase measurements. The
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reason is due to large measurement errors in some cases as well as
some bias which will be discussed shortly.

We found that the estimations produced by StarAngle, although
sometimes may deviate from the ground truth, are usually consis-
tent with each other for the same location and same angle. Fig. 22
compares the estimation errors when defined against the ground
truth, which is the same as that shown in Fig. 17, and those defined
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against the self average, i.e., the error of a particular run is the
difference between the estimation of this run and the average of
all runs for the same angle at the same location. It can be seen that
the estimation error against self average is much lower, suggesting
that StarAngle gives consistent estimations.

6.3 Summary

As a summary, our experiments show that: 1) StarAngle achieves
good estimation accuracy of user orientation with median error
of 7.5 degrees; 2) the phase measurements agree well with the
mathematical calculation; and 3) the estimation accuracy can be
improved with higher SNR, more satellite pairs, and better hardware
setup.

7 DISCUSSIONS AND FUTURE DIRECTIONS

In this section, we discuss several issues as well as future directions.

7.1 Further Improving the Performance

The SNR in our experiment is very low because our current LNBs
are less than $20 and do not collect very strong signals. If better an-
tennas can be used, the performance of StarAngle can be improved,
although the signal is still likely very weak unless the antennas have
large reception areas commodity satellite dishes. A more sturdy
and better leveled stand will also likely reduce measurement biases
caused by tilting antennas in some cases. StarAngle can also benefit
from more satellites because estimation failures are eliminated as
long as there are more than one pair of satellites in our experiments.
We could have insisted running the experiment until at least two
pairs of satellites are observed but it would have needed more time
and is not feasible under the weather conditions.

7.2 Measurement Opportunities

We refer to a measurement opportunity as an occasion in which
StarAngle can obtain phase measurements. Each Starlink satellite
revolves around Earth about 15 times a day and creates measure-
ment opportunities at various locations as it travels. More satellites
in the sky also creates more measurement opportunities. Currently,
Starlink has over 6,000 satellites. It has been reported that Starlink
eventually will maintain 42,000 satellites [28] which will create
much more measurement opportunities.

7.3 StarAngle with Synchronized Antenna
Clocks

Our prototype is built with commodity LNBs with asynchronous
clocks, which forces us to subtract the signal of one satellite by
another in order to cancel the clock differences. If two or more
LNBs are driven by a common clock, the phase information can
be measured with the signal from one satellite by subtracting the
signal from one antenna by another. This will create more mea-
surement opportunities because there is no longer the need to wait
until more than one satellite is observed. In other words, StarAngle
will produce estimates faster and likely more accurately. Most of
the signal processing algorithms in StarAngle, such as the satellite
detection algorithm in Section 5.1 and the phase measurement algo-
rithm in Section 5.2, need not be changed because they are designed
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to detect and measure the information of individual satellites. Some
minor change needs to be made for the user orientation estimation
algorithm in Section 5.3 mainly by modifying the cost function in
Eq. 15 for a single satellite.

7.4 Beyond Starlink

StarAngle currently processes beacon signals of Starlink satellites
but is not restricted to Starlink because it only needs to receive a
pure sinewave transmitted by a satellite. In other words, StarAngle
is applicable to any satellite as long as the satellite transmits a
beacon signal in the form of a pure sinewave.

7.5 Future Directions

Our future work includes broadening the applications of StarAngle.
Our results confirm that the phase information of Starlink satel-
lites can be extracted reliably. As the phase measurement does not
contain biases caused by clock mismatch, it is very robust and can
potentially be very useful for more applications in addition to user
orientation estimation. For example, one promising direction is to
use the phase information measured by StarAngle to make correc-
tions to the satellite orbital parameters because the phase values
are very sensitive to the satellite orbit. The orbital parameters are
published and maintained in public databases such as [5] but are
updated only once every few hours and some of them may be out-
dated which has lead to some errors in our reported results. We
find that, by making small adjustments to the orbital parameters,
the calculated and measured phase values sometimes match better,
which indicates that adjusted adjustments may be closer to the
reality.

8 CONCLUSIONS

In this paper, we propose StarAngle, which is the first method
that uses the phase difference of Starlink satellite beacons for user
orientation estimation. We overcome the challenges of very weak
signals and high Doppler rate by designing algorithms to detect
the satellites and compensate for the Doppler rate. We subtracting
the phase difference measurement of one satellite by another to
cancel the clock mismatch in our commodity antennas and obtain
measurements that agree very well with the theoretical calculation.
We test StarAngle in 10 locations and the results show that the
median estimation error is 7.5 degrees. StarAngle exploits the LOS
path between the satellite and the ground receiver that allows for
useful phase measurements and could enable more applications
in addition to user orientation estimation. The performance of
StarAngle will further improve in the future with more Starlink
satellites in the space offering more useful phase observations.
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9 ARTIFACT APPENDIX

9.1 Abstract

The artifact is the source code of StarAngle written in MATLAB, which
analyzes the beacon signals of Starlink Low Earth Orbit (LEO) satel-
lites received by two antennas and produces an estimate of the azimuth
angle of the line connecting the center of the two antennas. Accompa-
nying the source code are all the trace files of the experiments in the

paper.

9.2 Artifact check-list (meta-information)

e Algorithm: LEO Satellite Signal Detection; Doppler Rate Esti-
mation; Orientation Estimation

Data set: Starlink Beacon Signal Trace; USRP

Run-time environment: MATLAB

Hardware: Low-Noise Block Downconverter (LNB), USRP
Metrics: Orientation Estimation Accuracy

Output: Orientation Angle

Experiments: Outdoor

How much disk space required (approximately)?: Code less
than 1 MB; Trace 35 GB in total

e How much time is needed to prepare workflow (approxi-

mately)?: Less than 1 hour to set up the code to process the
uploaded traces

o How much time is needed to complete experiments (approxi-
mately)?: ; About 2 min to process a trace and about 90 min

to process all traces
Publicly available?: Yes
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o Code licenses (if publicly available)?: Free
o Data licenses (if publicly available)?: Free
o Workflow automation framework used?: No

9.3 Description

9.3.1 How to access. The source code can be found at
https://github.com/raghavrathi10/StarAngle
The traces files can be downloaded at
https://zenodo.org/records/13881520

9.3.2 Hardware dependencies. StarAngle is written in MATLAB,
so any hardware that supports MATLAB can be used. We use a
computer with 11th Gen Intel(R) Core(TM) i7-11700 @ 2.50GHz, 8
cores, 16 threads, 56 GB ram, NVIDIA GeForce GT 730 2GB memory.

9.3.3 Software dependencies. MATLAB R2023b or above along
with the following toolboxes: Aerospace toolbox, Communications
toolbox, Curve Fitting toolbox, Fixed-Point Designer, and Satellite
Communications toolbox.

9.3.4 Data sets. The experiments discussed in the paper are con-
ducted in 10 locations. For each location, we test 2 angles except
two locations. For every angle, we collect 3 good runs except 2
cases for which we have 2 good runs. In total, we have 52 traces.
The Starlink satellite beacons are on 11.95 GHz. We connect two
LNBs facing vertically above to a USRP B210 and take samples at 2
Msps, where each sample consists of a real part and an imaginary
part both as 16-bit integers. Each run include five files. For example,
for a run we refer to as sig1, the files are:

e sigl.tle: TLE of satellites flying over during the experi-
ment,

e sigl.cfg: information about the experiment, such as the
start time, longitude, latitude, the ground truth of the orien-
tation, etc.;

e sigl_ant1: samples received from antenna 1;

e sigl_ant2: samples received from antenna 2;

e sigl_foundbeacons.mat: saved results for comparison.

In addition, a file named Al11_sat. tle can be found for runs with
the same angle at the same location, which is the TLE of all Starlink
satellites downloaded before experiments.

9.4 Installation

The user will need to install MATLAB R2023b or above first and
then install the required Toolboxes in MATLAB mentioned ear-
lier in “software dependencies.” After downloading the source file,
there should a directory called StarAngle. Under StarAngle, there
should be a directory called stana, which is the MATLAB source
code directory. Also under StarAngle should be a directory called
GNURadio which stores 2ant. grc which is the file we use for signal
capture. The trace data should be downloaded to a directory under
StarAngle called expdata.

9.5 Experiment workflow

The first step is to start MATLAB, go to the stana directory, and
run stana_init in the command window. There are three ways to
run the code.

9.5.1 Processing All Traces. Simply run stana_wrapper.
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9.5.2  Processing A Specific Trace. To process a specific trace, simply

change the trace file name in stana_process.m, such as
thisfilename = ’../expdata/06-16/sigl_ant1’;"

and run stana_process.

9.5.3  Processing Own Trace. To collect and process own trace data,
say, sig2, the following steps need to be followed:

e Obtain two LNBs and a USRP such as B210.

o Select an experiment location and place the LNBs on sturdy
stands facing upwards.

o Create a directory to store files for this experiment.

e Download the latest Starlink satellite TLE database by run-
ning updateTLE, which produces All_sat.tle, and move
it to the experiment directory.

e Write down information about the experiment and save it
in sig2.cfg in the experiment directory. Lines in sig2.cfg
should be:

— Start time of the experiment in UTC, such as
16-Jun-2024 12:22:06

— Duration of the experiment measured in seconds.

- Latitude of the experiment measured in degrees.

— Longitude of the experiment measured in degrees.
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- Azimuth angle of the line connecting the center of the
LNBs measured in degrees.

- Distance between the center of the LNBs measured in
meters.

It is suggested to use https://satellitemap.space/ to

monitor the Starlink satellites flying over the experiment

area and start the experiment when there are multiple satel-

lites present.

Run experiment with the GNU Radio Companion using

2ant.grc. Name the files as sig2_ant1 and sig2_ant2, and

store them in the experiment directory.

Modify the following lines in stana_process.m:

thisfilename = ’your directory/sig2_ant1’;

STANA_DO_GEN_EXP_TLE_FILE = 1;

usrp_sig_data_type = ’'float’;

because sig2.tle need to be generated and the data type

from 2ant.grcis float.

Run stana_process.

9.6 Evaluation and expected results

The final output of the program, for example, is:
best matching user az angle: 24.00 (deg); cost: 0.44;
actual angle: 30.00 (deg); error: -6.00 (deg)
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