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ABSTRACT

This paper studies the beamforming strategies of multiple-input multiple-output (MIMO) Starlink low Earth orbit (LEO)
satellites. Applying a maximum likelihood (ML) estimation framework to the signal-to-noise ratio (SNR), the beam pattern of
Starlink satellites is calculated and the beam switching schedule is estimated. Experimental results with received signals from
six Starlink LEO satellites are presented demonstrating the beam switching strategy.

I. INTRODUCTION

Integrated satellite-terrestrial and satellite-only broadband communication systems are currently being pursued to enhance
the coverage and provide good wireless channel properties (Kodheli et al., 2018; Okasha et al., 2022; Judice et al., 2022;
Gonzélez, 2022). Due to their relatively smaller propagation delays, LEO constellations seem to be promising for latency-
critical applications with requirements within tens of milliseconds. Satellite-based navigation is also witnessing the new era of
low Earth orbit (LEO) megaconstellations (Reid et al., 2020; Kulu, 2021; Emara, 2021). The launch of tens of thousands of
LEO satellites for broadband communications will revolutionize the future of satellite-based navigation (Kassas et al., 2021).
The potential of utilizing LEO space vehicle (SV) signals for navigation has been the subject of numerous recent theoretical and
experimental studies (Leng et al., 2016; Tan et al., 2019a,b; Elgamoudi et al., 2020; Wei et al., 2020; Farhangian and Landry,
2020; Farhangian et al., 2021; Psiaki, 2021; Nardin et al., 2021; Wang and El-Mowafy, 2022; Hartnett, 2022; Cassel et al., 2022;
Khairallah and Kassas, 2021; Bilardi, 2021; Huang et al., 2022; Jiang et al., 2022; Iannucci and Humphreys, 2022; Li et al., 2022;
Khairallah and Kassas, 2022; Egea-Roca et al., 2022; Zhao et al., 2022; Jardak and Jault, 2022). Broadband communication
signals transmitted from LEO SVs contain timing signals, which if one could acquire and track opportunistically, navigation
observables (pseudorange, carrier phase, and Doppler) could be extracted (Kozhaya and Kassas, 2022; Khalife et al., 2022).

Nevertheless, few results have been published showing experimental navigation results with real LEO SV signals. Experimental
navigation results with existing LEO constellations, particularly Iridium, Orbcomm, and Globalstar for navigation, have been
demonstrated in (Tan et al., 2019a; Kassas et al., 2019; Farhangian and Landry, 2020; Orabi et al., 2021; Neinavaie et al.,
2021; Zhao et al., 2022). LEO megaconstellations, particularly Starlink, have attracted recent attention (Kassas et al., 2021).
An opportunistic framework to navigate with differential carrier phase measurements from megaconstellation LEO SV signals
was proposed in (Khalife et al., 2020), with the Starlink constellation used as a specific megaconstellation to demonstrate the
efficacy of the proposed stochastic geometry-based framework. The first standalone (non-differential) positioning results with
Starlink SV signals were presented in (Khalife et al., 2022; Neinavaie et al., 2022), which show carrier phase and Doppler
tracking of six Starlink SVs, achieving a horizontal positioning error of 7.7 and 10 m with known receiver altitude, respectively.



The data collected during the experimental campaign for these papers suggested that the Starlink LEO satellites employed
beamforming strategies as they travelled overhead. This paper attempts to unveil these beamforming strategies. To this end,
based on maximum likelihood (ML) estimation of the signal to noise ratio (SNR), the beam switching schedule of real Starlink
downlink signals is unveild.

The rest of the paper is organized as follows. Section II overviews beam switching techniques of LEO satellites. Section III
presents experimental results unveiling Starlink LEO satellite beaforming strategies. Section IV gives concluding remarks.

II. BEAM SWITCHING TECHNIQUES OF LEO SATELLITES

Future applications of navigation with LEO based satellites, including differential navigation methods, may require a knowledge
of beam configuration and reconfiguration in the link between the LEO SV and a ground user terminal (UT) (Del Portillo et al.,
2019). Current LEO constellation device different techniques which may use some fixed analog beams that illuminate a given
area of Earth’s surface, or may steer narrower beams in the user’s direction (Del Portillo et al., 2019). Digital precoding stages are
designed independently of the analog beam aiming at minimizing the inter-beam interference between the adjacent beams (You
et al., 2020). Designing a beamforming codebook at the transmitter side is crucial to guarantee coverage of the Earth’s surface,
limit the inter-beam interference, maximize system capacity (throughput), and exhibit compatibility with cellular standards.
Recent studies on deploying LEO constellations for communication purposes do not necessarily consider the integration with
terrestrial networks. For particular LEO SVs, the sizes of the beam footprints provided but the details of the beam codebook
is not disclosed to public. In (Del Portillo et al., 2019; You et al., 2020), all feasible beams corresponding to a uniform planar
array at the satellite are studied for massive MIMO LEO satellite communications.

1. Beam Codebook Design

Consider the downlink of a massive MIMO LEO satellite communication system operating in the Ku-band. A given LEO
satellite in the constellation can cover an elliptical region of interest (ROI), using a set of potential beams, as illustrated in 1(a).
Thus, the system supports the direct transmission to a number of simultaneous mobile user terminals (UTs) on the ground.
The goal of a beam codebook design is to calculate a set of analog beampatterns or beam codebook, such that the set of beam
footprints covers an ellipsoidal ROI. Depending on the location of the active users, some active beams will be selected from the
set available in the codebook. A traditional precoder codebook is a discrete Fourier transform (DFT)-based analog precoder
structure which can be considered as a solution for planar arrays (Palacios et al., 2021). In this case, the array response vectors in
each dimension have a linearly increasing phase, like the columns in the DFT matrix. For a DFT-type codebook, the associated
rectangular mesh contains some points that are covered with the same gain by multiple different satellite beams. When selecting
one of the beams, the other satellites may generate interference, leading to a relatively small signal-to-interference noise ratio
(SINR) as shown in Figure 1(b) (Palacios et al., 2021). Other than beamcode book, a beam switching technique is required to
maximize the received SNR at a particular beam spot on the ground. In the following subsection, ML estimation of the SNR for
Starlink LEO satellites is developed. Based on the estimated SNR, the beam switching schedule of Starlink satellites is unveiled.

2. SNR Estimation for Unknown Periodic Beacons

Similar to (Neinavaie et al., 2022), the received baseband signal is modeled as

rln] = aclry — ts[n]]exp (jO[7a]) + d[r — ts[n]] exp (§6[mn]) + wln], (1)

where r[n] is the received signal at the nth time instant; « is the complex channel gain between the receiver and the Starlink
LEO SV; 7, is the sample time expressed in the receiver time; c[7,,] represents the samples of the complex periodic reference
signal (RS) with a period of L samples; t4[n] is the code-delay between the receiver and the Starlink LEO SV at the nth time
instant; 8[7,,] = 27 fp[n]|Tsn is the carrier phase in radians, where fp[n] is the instantaneous Doppler frequency at the nth time
instant and T is the sampling time; d;[7,,] represents the complex samples of some data transmitted from the Starlink LEO SV;
and w(n| is measurement noise, which is modeled as a complex, zero-mean, independent, and identically distributed random
sequence with variance o2

0
During the kth processing interval, the instantaneous Doppler frequency is nearly a linear function of time, i.e., fp[n] =
fp, + Bkn, where fp, is referred to as constant Doppler, and /3, is the Doppler rate at the kth processing interval. The coherent

processing interval (CPI) is defined as the time interval in which the constant Doppler, fp,, and the Doppler rate, 3, are
constant.

The received signal at the nth time instant when the Doppler rate is wiped-off is denoted by 7/ [n] £ exp(—j273xn?)r[n]. One
can define the desired RS which is going to be detected in the acquisition stage as

s[n] = aclry, — to[n]] exp (527 fp, Tin) 2)



and the equivalent noise as
Weq[n] = d[Tn — ts[n]] exp (j27 fp, Tsn) + exp (—j?wﬁn2) w(n]. 3)
Hence, r'[n] = s[n] + weq[n]. Due to the periodicity of the RS, s[n] has the following property
sln+mL] = s[n]exp (jwpmL) 0<n<L-1, 4)

where wy, £ 27 fp,Ts is the normalized Doppler at the kth CPI, and —% < wg < % A vector of L observation samples

corresponding to the mth period of the signal is formed as

Zm 2 [/[mL], 7' [mL+1],...,7"[(m+ 1)L —1]]". 5)

The kth CPI vector is constructed by concatenating M vectors of length L to form the M L x 1 vector

YE = [ZZM’ZZMJrlv e 7Z-(rk+1)M71]T' (6)
Therefore,
Y = H;s + Weq,, s )
where s = [s[1],5[2], ..., s[L]]", and the M L x L Doppler matrix is defined as
Hk £ [IL7 exp (]ka) IL7 .-, €Xp (]LUk(M - 1)L) IL]T7 (8)

where I, is an L x L identity matrix and weq, is the equivalent noise vector. Assuming that the index of the first CPLis k = 0,
for a given set of unknown variables Wy = {L, wo, 8o}, the ML estimation of the SNR is (see Theorem 9.1 in (Kay, 1993))

H
S Yo Pu,Yyo
SNR(yolWo) = o1 9
T VP o

where y£ is the Hermitian transpose of yo, P, = Ho(HE Ho)“'H{! denotes the projection matrix to the column space of

H,, Pﬁo £ I — Py, denotes the projection matrix onto the space orthogonal to the column space of Hy, and the ML estimate
of Wy is (Neinavaie et al., 2022)

Wo = argmax g | H yol|. (10)

As it can be seen in Figure 2, due to the high dynamics of the satellite, different beams should be selected to illuminate a beam
spot on the ground as the satellite moves.
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Figure 1: (a) A LEO satellite communication system covering an elliptical area using a predefined beam codebook. (b) Rectangular mesh
covering the elliptical ROI when using the oversampled DFT beam and SINR when using the beam with maximum power for each cell.
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Figure 2: The beam switching configuration of LEO satellites based on SNR maximization at the spot beam: (a) Rectangular mesh covering
of the ground surface and different beams illuminating the spot beam (b) The reduction of the receive SNR at the spot beam due to satellite
moving away and beam switching times.

III. STARLINK BEAMFORMING STRATEGIES

This section presents an experimental demonstration of Starlink’s beamforming strategies. The provided information allows for
designing navigation techniques that benefit from differential measurements from multiple users that see the same satellite. To
guarantee that two users with a given baseline can receive signals from the same satellite, some information about beamforming
configurations should be available about these satellites.

The experimental setup used consisted of a stationary National Instrument (NI) universal software radio peripheral (USRP)
2945R was equipped with a consumergrade Ku antenna and low-noise block (LNB) downconverter to receive Starlink signals
in the Ku-band. The sampling rate was set to 2.5 MHz and the carrier frequency was set to 11.325 GHz, which is one of the
Starlink downlink frequencies.

Figure 3 demonstrates the estimated Doppler, the normalized SNRs, and the skyplot for six Starlink satellites passes. For each
satellite, multiple peaks can be observed, as expected, with each peak corresponding to a beam. The increasing and decreasing
behavior of the peaks indicates whether the satellite is approaching or moving away. Also, the effect of beam switching to
maintain maximum SNR can be observed in the estimated receive SNRs. The maximum received SNR is achieved when Starlink
LEO SV 3 is passing above the receiver.
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Figure 3: Estimated SNRs and Doppler frequencies of six Starlink satellites: Each satellite illuminates the spot beam of interest with different
beams. The maximum SNR occurs when SV 3 is passing above the receiver.



Figure 4, shows the Starlink LEO SVs trajectory and the locations in which the beam is taken place. It can also be seen that the
satellite stops illuminating the region at a particular time instant.
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Figure 4: Sky plot of the Starlink SV3 and the beam switch schedule for the spot beam of interest: (a) The satellite’s trajectory and the time
instants at which the beam is switched is demonstrated which shows that the spot beam is illuminated around 30 seconds by each beam.

Figure 5 shows the SNR change of Starlink LEO SV 3 corresponding to different beams illuminating the spot beam at which
the receiver is located.
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Figure 5: The receive SNR corresponding to Starlink SV 3 shows that the satellite is approaching around ¢ = 450 s and moving away from
this time instant. It is also observed that the beam is ended at around ¢ = 490 s.



IV. CONCLUSION

This paper studied the beamforming strategies of Starlink LEO satellites. Using ML estimation of the SNR, the beam switching
schedule of Starlink satellites was studied and demonstrated experimentally.
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