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 A B S T R A C T

Modern Air Traffic Control (ATC) relies on the Automatic Dependent Surveillance–Broadcast (ADS-B) system, 
which transmits GNSS-based aircraft positions (computed onboard) to the ground. While ADS-B is key to future 
Air Traffic Management (ATM), its dependence on GNSS makes it vulnerable to failures and cyber-attacks. For 
this reason, ground-based systems are currently used to validate ADS-B data, but they are unavailable in remote 
areas, such as the ocean.

This paper proposes a Low Earth Orbit (LEO) satellite constellation performing multilateration (MLAT) on 
ADS-B signals to provide GNSS-independent position estimates. Unlike classical ground-based multilateration, 
the space context introduces challenges such as limited visibility, poor geometry, ill-conditioning, and 
synchronisation issues. To address these limitations, two possible solutions are presented and evaluated: (i) 
a combination of Time of Arrival (TOA) with additional measurements, such as Frequency of Arrival (FOA) 
and Angle of Arrival (AOA); (ii) an improved and optimised receiver antenna to obtain larger coverage of the 
satellites. In both cases, the proposed architecture comprises LEO satellites equipped with ADS-B phased array 
antennas, useful for obtaining multiple beams with different footprints on the ground.

The system localisation performance is evaluated using the Cramér–Rao Lower Bound (CRLB). Simulations 
over the Atlantic Ocean assess different measurement combinations and constellation configurations.

The results show that, with the appropriate design, the system achieves a localisation accuracy that 
completely meets the requirements of air traffic control en-route (i.e., 350 m horizontal RMS error).
1. Introduction

Air Traffic Control (ATC) is a central component of the broader 
Air Traffic Management (ATM) framework. Its primary objective is 
to prevent collisions between aircraft while ensuring an orderly and 
efficient flow of air traffic. ATC relies on a combination of technologies, 
procedures, and human expertise, and is also essential due to the 
increasingly congested nature of controlled airspace, particularly in 
terminal areas and along major international routes. Historical studies 
have shown that ATC, together with onboard and ground safety-net 
systems, can reduce the risk of collision by up to three orders of 
magnitude, making air transport one of the safest modes of travel [1,2].

Traditionally, surveillance within ATC has been provided by Sec-
ondary Surveillance Radar (SSR), which uses aircraft transponders to 
retrieve position and identity information. However, SSR-based sys-
tems have inherent limitations in update rate, coverage, and scalabil-
ity [3]. To overcome these challenges, the aviation industry adopted the 
Communication, Navigation, Surveillance and Air Traffic Management 
(CNS/ATM) framework, which supports SSR with new technologies. 
A key advancement in this modernisation effort is the deployment 
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of Automatic Dependent Surveillance Broadcast (ADS-B) [3]. In ADS-
B, aircraft periodically broadcast their state vector (position, veloc-
ity, identification, and other data) over 1090 MHz using the Mode S 
protocol. This information is primarily derived from onboard Global 
Navigation Satellite Systems (GNSS) and can be received by ground 
stations and other aircraft, enabling higher update rates and more 
accurate tracking than traditional radar. These capabilities allow for 
reduced separation minima, improved situational awareness, and more 
efficient and environmentally sustainable flight trajectories [3].

Despite these benefits, conventional ADS-B systems have two major 
limitations. First, ADS-B is not an independent surveillance system; it 
relies entirely on GNSS-derived position data, making it vulnerable 
to jamming, spoofing, or onboard system failures. Second, ground-
based ADS-B infrastructure is often unavailable or impractical to deploy 
in remote and oceanic regions, limiting coverage and requiring large 
separation minima for aircraft operating in these areas. ADS-C [4,5], 
Automatic Dependent Surveillance-Contract, is widely used to provide 
surveillance in remote and oceanic airspace. However, separation min-
ima can be further reduced with space-based ADS-B, which enables 
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Fig. 1. E-MLAT architecture.
more frequent and near real-time aircraft position updates, especially in 
high-traffic transoceanic corridors, such as the North Atlantic, connect-
ing North America and Europe. An existing ADS-B via satellite solution 
is the one offered by Aireon [6], but it is still fully dependent on GNSS.

To address these challenges, the Space-based composite ADS-B and 
multilaTeration systEm validation thRough scalable simulAtions (SAT-
ERA) project [7] proposes a novel surveillance architecture: a com-
posite space-based ADS-B Enhanced Multilateration (E-MLAT) system 
using a constellation of Low Earth Orbit (LEO) satellites. The system 
combines ADS-B reception and multilateration techniques based on 
Time of Arrival (TOA), Frequency of Arrival (FOA), and Angle of 
Arrival (AOA) measurements, enabling GNSS-independent aircraft lo-
calisation and ADS-B data validation. The SATERA final goal is offering 
a robust, redundant, and global surveillance capability, supporting op-
timised, fuel-efficient routing even in remote and oceanic areas, while 
improving safety, integrity, and resilience in air traffic surveillance.

In this framework, the scope of this work is to evaluate: (i) the per-
formance advantages provided by the addition of new measurements 
on the satellites (FOA and AOA), and/or (ii) those obtained when using 
tailored receiving antennas with improved performance that allow the 
satellites to receive ADS-B messages from farther aircraft, increasing 
the number of available MLAT measurements for each aircraft.

The rest of the paper is organised as follows: Section 2 intro-
duces the concept of space-based E-MLAT; Section 3 presents the 
problem formulation; Section 4 contains the Cramér–Rao Lower Bound 
(CRLB) formulation for E-MLAT; Section 5 shows the simulation and 
performance evaluation; finally, Section 6 concludes the paper.

2. Space-based E-MLAT main concept

SATERA proposes a constellation of satellites in LEO orbit to receive 
ADS-B data from aircraft. The ADS-B information broadcasted by the 
aircraft will be received on-board each satellite of the constellation 
by specific equipment that measures one or more characteristics of 
the electromagnetic waves carrying ADS-B messages (e.g., TOA, AOA, 
and FOA). This information will then be relayed between the different 
satellites via Inter-Satellite Link (ISL) and sent through a downlink (DL) 
connection to a Central Processing Station (CPS) on the ground. As 
the space channel is harsh and quite band-limited, appropriate data 
encoding (including compression) and routing algorithms will be used 
to prevent the measured data from being affected by channel noise 
and network congestion, thus ensuring that the required information 
reaches the CPS on time to be properly processed. Once the data reach 
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the CPS, they will be processed using multilateration techniques to 
estimate the aircraft’s position [8–10]. This estimation will be com-
pared with the position reported in the ADS-B messages and an integrity 
indicator will be added to the ADS-B Target Report.

Finally, both reports (ADS-B and E-MLAT) will be integrated into 
the ATM surveillance chain for ATC purposes (Fig.  1).

In the development of space-based MLAT systems, several technical 
challenges arise that differ significantly from those encountered in 
ground-based implementations. These challenges must be addressed to 
ensure the accurate determination of aircraft positions, particularly in 
scenarios where space-based ADS-B data need to be supplemented or 
verified.

One of the primary issues is related to satellite positioning. While 
satellites can use onboard GNSS receivers to determine their own posi-
tion, highly accurate, non-GNSS-based orbit determination techniques 
are necessary. This is because GNSS-derived satellite positions may 
contain errors, and these errors could propagate into the multilateration 
process if not properly checked. For this reason, non-GNSS-based meth-
ods are needed to ensure that the MLAT data can effectively validate the 
integrity of the aircraft position information broadcast through ADS-B 
signals.

Another crucial factor is synchronisation. In ground-based MLAT 
systems, synchronisation between receivers is essential to deliver highly 
accurate position data [11]. However, achieving this synchronisation 
in space-based systems is far more complex than on ground-based 
systems. In fact, synchronisation techniques suitable for ground sys-
tems cannot be implemented directly in the space environment. As 
a result, new architectures tailored to space-based operations, poten-
tially incorporating non-GNSS synchronisation mechanisms, must be 
developed.

The communication subsystem also plays a significant role in space-
based MLAT performance. In terrestrial systems, communication la-
tency and network congestion are typically negligible unless centralised 
synchronisation mechanisms are in use. However, in space-based sys-
tems, where communication relies on ISLs, latency and congestion 
could significantly degrade system performance. These challenges are 
compounded by the fact that the same communication infrastructure 
may be used for multiple purposes, such as supporting both the ADS-B 
system and pilot-to-controller communications. Therefore, carefully de-
signed network architectures and protocols must be selected to mitigate 
these issues and ensure that communication delays do not adversely 
affect MLAT accuracy.
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Fig. 2. SATERA constellation.
Table 1
Constellation parameters.
 Constellation parameter Value  
 Inclination 86◦  
 Orbital altitude 500 km 
 Total number of satellites 200  
 Number of orbital planes 10  
 Number of satellites per orbital plane 20  
 Orbital phasing 0◦  

Additionally (and more important for this work), the inverse MLAT 
problem in space is often ill-conditioned and can suffer from numerical 
instability due to factors such as poor Dilution of Precision (DOP), 
low Signal to Noise Ratio (SNR), and uncertainty in receiver positions. 
To overcome these issues, the space-based MLAT system must deploy 
satellite constellations with sufficient coverage overlap and/or exploit 
enhanced position determination algorithms through additional mea-
surements beyond conventional TOA, such as AOA and FOA of the 
ADS-B message.

Considering these differences, E-MLAT systems have been proposed 
as a solution. E-MLAT represents an advanced form of MLAT that 
integrates additional measurements and optimised algorithms to ad-
dress the limitations imposed by the space environment. By leveraging 
these enhanced techniques, E-MLAT systems aim to provide more re-
liable aircraft position data, even under the demanding conditions of 
space-based surveillance.

2.1. Constellation

In a space-based MLAT system, the receiving stations are integrated 
into the constellation satellites. As a result, the accuracy of the com-
puted aircraft position depends on the relative geometry and motion of 
the satellites and the aircraft—as well as the number of satellites within 
reception range of the aircraft’s ADS-B transmitter.
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To meet required performance levels, the constellation must be 
designed with orbits and revisit times that guarantee sufficient coverage 
over the area of interest for SATERA, which is between the latitudes 
70◦N and 70◦S. This design must strike a balance between position-
ing accuracy, resource efficiency (minimising satellite number), and 
network connectivity.

The proposed LEO satellite constellation (Fig.  2) follows a Walker 
Star pattern with an inclination of 86◦ and an orbital altitude of 500 
km. The constellation consists of 200 satellites distributed across 10 
orbital planes, resulting in 20 satellites per plane. The orbit phase has 
been set to 0◦. This configuration was chosen to facilitate the routing 
of data across the ISL-based network: a phasing equal to 0◦ means 
that a satellite on an orbital plane will see the satellite from the next 
orbital plane always at the same angle. Moreover, this constellation has 
been chosen to ensure that at least four satellites are in view in the 
coverage area of the SATERA system. The constellation parameters are 
summarised in Table  1.

2.2. Satellite ADS-B sensor

Each receiving station onboard the satellites is responsible for inter-
cepting ADS-B signals transmitted by the aircraft and measuring their 
physical characteristics. The stations will include a radio front-end to 
capture 1090 MHz ADS-B messages, down-convert them for digitisa-
tion, and extract parameters such as TOA, Doppler shift, and AOA. A 
core element of this architecture is the use of a phased array antenna for 
the implementation of Digital Beamforming (DBF), which allows the re-
ceiver to combine signals from multiple antenna elements in a coherent 
and adaptive manner. The implementation of DBF for a satellite-based 
ADS-B receiver is illustrated in Fig.  3. This payload consists of an 
array antenna with multiple elements feeding a coherent multi-channel 
receiver, along with the necessary Radio Frequency (RF) front-end and 
digital processing stages. The design enables precise extraction of signal 
time, frequency and angle (TOA, FOA, AOA). In the DBF configuration, 
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Fig. 3. ADS-B sensor architecture.
Table 2
SATERA Satellite main parameters.
 SATERA Satellite parameter Value  
 ADS-B Receiver instantaneous band 8 MHz  
 ADS-B Receiver sensitivity −97 dBm  
 (accounting for receiver noise, internal losses and 𝑆𝑁𝑅𝑚𝑖𝑛 = 10 dB)  
 TOA rx error (std) 15 ns  
 (𝑆𝑁𝑅 between 10−30 dB)  
 FOA rx error (std) 500 Hz  
 (𝑁𝑅 between 10−30 dB)  
 AOA rx error (std) 0.01745 rad 
 (Considering the antenna dimension and typical 10 dB SNR)  
 Antenna Gain 12–17 dBi  
 (depending on the selected antenna)  
 Satellite position error ≈0.99 m  
 Satellite velocity error ≈0.11 m/s  
 Satellite attitude error ≈40 μrad  
 Satellite clock time bias error <20 ns  
 Satellite clock frequency bias error <3 ⋅ 10−11  
each antenna element’s signal is first filtered and amplified by its 
own RF chain (including a band-pass filter and Low-Noise Amplifier, 
LNA) and then down-converted via mixers to an intermediate frequency 
or base-band for sampling. High-speed Analogue-to-Digital Convert-
ers (ADCs) digitise each channel’s In-phase, Quadrature (I/Q) signal, 
and these digitised streams are combined in the digital domain using 
beamforming algorithms. By applying appropriate phase and amplitude 
weights to each channel, the receiver can electronically form directed 
beams — analogous to classical monopulse sum-and-difference patterns 
— to focus on signals from specific directions [12]. This DBF approach 
is crucial for improving sensitivity and spatial filtering; it maximises 
gain towards the targeted aircraft and suppresses interference, thereby 
enhancing SNR and enabling angle of arrival estimation. A common 
timing reference is shared across all channels, and the local oscillator 
and clock are derived from a single stable source, so that each channel’s 
sampling and phase are aligned. This strict timing alignment ensures 
that the multichannel system remains coherent, which is essential for 
the DBF process and for tagging each message with an accurate arrival 
time. Together, the DBF architecture and its carefully timed receiver 
chain allow the satellite ADS-B sensor to form multiple beams in 
different directions and reliably determine the AOA of incoming signals 
while simultaneously decoding ADS-B messages.

In [13–16] a detailed description of possible SATERA receiver 
chains and DBF antennas, can be found. In particular:
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• the receiver chain was defined and the receiver sensitivity was 
fixed to −97 dBm (taking into account internal noise, receiver 
band, receiver configuration and losses);

• different antenna configurations were studied for the SATERA 
ADS-B receiver: truncated cone and truncated pyramid with 4 
to 6 independent sectors, each sector with at least a panel of 4 
by 4 radiation elements for vertical and horizontal beamforming, 
obtaining different performances in terms of beamwidth gain and 
antenna dimension (e.g. antenna gain between 12 and 17 dBi and 
radiation panel dimension of about 60 × 60 cm)

• TOA, AOA, and FOA measurement performance for different 
receiver and antenna configurations (instantaneous band, ADC 
number of bits, SNR) was evaluated;

The useful findings for this work are summarised in Table  2.
Beyond the core receiver chain, three additional supporting units 

are needed: the navigation unit, the timing unit, and the communi-
cation unit. The navigation unit is responsible for determining the 
satellite’s position, attitude and velocity in real-time. This unit typ-
ically integrates GNSS receivers (for example, GPS, Galileo), Inertial 
Navigation System (INS), and a dedicated Orbit Determination Sub-
system (ODS). These elements provide the satellite position, velocity 
and attitude estimates required for referencing TOA, FOA, and AOA 
measurements to a precise spatial frame. Furthermore, this unit feeds 
critical state information into the signal processing chain, allowing 
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Doppler shifts and arrival angles to be interpreted in the context of 
satellite motion.

The performance of the satellite navigation unit for satellite po-
sition, velocity, and clock synchronisation errors is derived in [17], 
assuming a GNSS receiver, INS on board the satellite and an au-
tonomous precise orbit determination exploiting sequential filtering. 
As per the attitude error, this was not considered in the mentioned 
document, but it is safe to assume that its value is negligible for the 
scope of this work, being much lower than the AOA receiver error. 
Indeed, the SATERA system includes a data network that uses laser 
ISLs. In order for these to function, star tracker-based attitude control 
is needed, which is characterised by very low errors, of the order of 
tens of μrad [18]. I.e., the AA-STR star tracker [19], already deployed 
on Iridium NEXT, could be used.

Concerning the accurate timing and synchronisation across the 
satellites, the timing unit generates all frequency and time references 
used throughout the payload. It features a highly stable oscillator, a 
reference clock, and a time and frequency estimator. This unit can 
leverage GNSS signals and/or inter-satellite synchronisation messages 
to discipline its internal time, achieving the strict coherence required 
for reliable TOA estimation, as described in [20], where it was shown 
that the clock bias error can span between 1 and 10 ns (nominal and 
faulty condition respectively) and the clock frequency bias (𝛥𝑓∕𝑓 ) can 
span between 3 ⋅ 10−12 and 3 ⋅ 10−11.

Finally, the communication unit manages data exchange between 
satellites via ISLs and with the ground segment through DL. It is com-
posed of dedicated transceivers, antennas, and modulation/
demodulation systems designed to relay decoded ADS-B messages and 
extracted signal features to the CPS on Earth. This communication 
infrastructure ensures that multilateration and integrity monitoring 
can be performed on the ground using aggregated measurements from 
multiple satellites.

2.3. Communications network

The communication network facilitates the transfer of data from 
each receiving station to the CPS, where signal measurements are 
correlated and aircraft positions are computed. This network consists 
of two key subsystems: ISL and DL. ISL enables data relay between 
neighbouring satellites, ultimately routing the information to a satellite 
with ground station connectivity. Given that ATC operations are time-
sensitive, the network must ensure low-latency delivery and synchro-
nised reception of signals measured from the same emission. To prevent 
data age from exceeding the thresholds set by EUROCAE ED-142 A 
and ED-129C [21,22], the ISL subsystem will implement an adaptive 
routing algorithm to find the most efficient data path through the 
constellation. Finally, DL provides a direct radio connection between 
a satellite and a ground receiving station.

Defining the routing algorithm or the encoding, error correction, 
and data compression techniques of the network is out of the scope 
of this work, but a requirement on the network latency well below 
the requirement from the standard (ED-129C) was set (500 ms, instead 
of 1,5 s) also considering that the processing time in the CPS and the 
propagation time of the signal are well below this level.

2.4. CPS

The CPS receives data transmitted from the constellation and pro-
cesses it to compute the position of the aircraft and to generate Target 
Reports (TRs) in ASTERIX Categories 20 and 21 [23,24], suitable 
for ATC use. Key CPS tasks include: correlating measurements from 
different satellites to the same aircraft emitter, solving a non-linear 
system of equations based on the most suitable set of measurements to 
independently estimate the aircraft position using advanced algorithms, 
tracking algorithms to refine position estimates, mitigate measure-
ment noise, and derive additional parameters such as velocity and 
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acceleration, and finally computing the integrity test that compares 
GNSS-reported and MLAT-derived positions. The test provides a dis-
crete scale that indicates the degree of discrepancy between the two. 
The last step is formatting of data according to the ASTERIX CAT020 
(MLAT) and CAT021/053 (ADS-B) standards.

In the following, the CPS capability to compute the aircraft position 
will be studied to evaluate the possible performance of the proposed 
solution.

3. Satellite E-MLAT problem formulation

Assuming to have 𝑀 satellites (also called anchors) that receive 
ADS-B signals from the aircraft, measure the signal parameters (e.g.
TOA, FOA, AOA) and send this information to the CPS through ISL and 
DL, the localisation problem in the CPS consists of deriving the posi-
tion of the aircraft, 𝜽, using the previously mentioned measurements. 
Assuming that it is possible to have M different measurements from 
the M satellites in known positions, 𝜽𝒊, the entire set of measurements, 
𝒎 = [𝑚1, 𝑚2,… , 𝑚𝑀 ]𝑇 , also called observables, can be represented by 
the following general expression: 

𝐦 = 𝐟 (𝜽) + 𝐧 =
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(1)

where 𝐧 represents the measurement error and N is the number of 
unknowns in the vector 𝜽.

The relationship between the position of the aircraft and the mea-
surements is indicated by the function 𝐟 (𝜽), where 𝑓𝑖𝑗 (𝜽) is a function 
that depends on the spatial distribution of the satellites, that is, on 
the system geometry and on the type of measurements. The aim is 
to determine the position of the user, represented by the vector 𝜽 =
[𝑥, 𝑦, 𝑧]𝑇  inverting the given system of equations.

More in detail, referring to Fig.  4, the positions of the satellites are 
denoted as 𝜽𝒊 = [𝑥𝑖, 𝑦𝑖, 𝑧𝑖]𝑇  for 𝑖 = 1, 2,… ,𝑀 within a three-dimensional 
fixed coordinate reference frame, while the variable 𝑟𝑖 represents the 
spatial distance between the aircraft and the 𝑖th satellite and 𝑅𝑖 is 
the distance between the centre of the fixed reference frame and the 
satellite/aircraft.

It should be noted that the aircraft parameter vector 𝜽 may also 
include additional unknowns related to the aircraft parameters that 
need to be estimated, and the final localisation performance, commonly 
referred to as localisation accuracy, depends on the accuracy of the 
measurements (i.e., the 𝑛𝑖 parameters) and the spatial distribution of 
the reference stations and the method used to solve the system for 𝜽.

When measuring the time of arrival of the ADS-B signal at satellite 
𝑖, the 𝑖th TOA measurement can be expressed as:
𝑚𝑇𝑂𝐴
𝑖 (𝜽) = 𝑇𝑂𝐴𝑖(𝜽) + 𝑛𝑇𝑂𝐴

𝑖 (𝜽) =

= 1
𝑐

√

(𝑥 − 𝑥𝑖)2 + (𝑦 − 𝑦𝑖)2 + (𝑧 − 𝑧𝑖)2 + 𝑑𝑡𝑢 + 𝑛𝑇𝑂𝐴
𝑖 (𝜽) (2)

where 𝑐 is the speed of light; (𝑥, 𝑦, 𝑧) are the aircraft coordinates; 
(𝑥𝑖, 𝑦𝑖, 𝑧𝑖) are the coordinates of the 𝑖th satellite; 𝑑𝑡𝑢 is the user clock bias 
that takes into account the fact that the aircraft clock is not synchro-
nised with the satellite clocks (assumed to be synchronised with each 
other); 𝑛𝑇𝑂𝐴

𝑖  is the TOA measurement error and it is given by the sum 
of all the error contribution in measuring the TOA, that are: satellite 
position errors, satellite synchronisation error, receiver measurement 
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Fig. 4. Representation of the reference system and localisation setup.
errors and propagation error (mainly due to the ionosphere), the TOA 
error budget, discussed later, is reported in Table  4. It follows that the 
state vector to be estimated is composed of the aircraft coordinates and 
the aircraft clock bias: 
𝜽 = [𝑥, 𝑦, 𝑧, 𝑑𝑡𝑢]𝑇 (3)

In case of FOA measurement, it is possible to recall that the mea-
sured received frequency is influenced by the Doppler effect [25]. 
The following approximation can be used to represent the received 
frequency: 

𝑓𝑅𝑋 = 𝑓0

(

1 +
𝑣𝑟𝑒𝑙(𝜽)

𝑐

)

(4)

where 𝑓0 is the transmitted frequency and 𝑣𝑟𝑒𝑙 is expressed as: 

𝑣𝑟𝑒𝑙(𝜽) =
(𝒑𝑖 − 𝒑) ⋅ (𝒗 − 𝒗𝑖)

𝑟𝑖
(5)

with 𝒑 the aircraft position in (𝑥, 𝑦, 𝑧), 𝒗 the aircraft velocity in (𝑣𝑥, 𝑣𝑦,
𝑣𝑧), 𝒑𝒊, 𝒗𝒊 the 𝑖th satellite position and velocity and 𝑟𝑖 the distance 
between the aircraft and the 𝑖th satellite.

Then, the 𝑖th FOA measurement can be expressed as: 

𝑚𝐹𝑂𝐴
𝑖 (𝜽) = 𝐹𝑂𝐴𝑖(𝜽) + 𝑛𝐹𝑂𝐴

𝑖 (𝜽) = 𝑓0

(

𝑣𝑟𝑒𝑙𝑖 (𝜽)
𝑐

)

+ 𝑓𝑏 + 𝑛𝐹𝑂𝐴
𝑖 (6)

where 𝑓𝑏 is the frequency bias due to the de-synchronisation between 
transmitter and receiver. As in the previous case, the satellites are 
synchronised with each other and the residual frequency bias error is 
taken into account in the error term 𝑛𝐹𝑂𝐴

𝑖  that is given by the sum 
of different error contributions: satellite velocity errors, measurement 
errors, synchronisation errors and propagation errors (see Table  4).

The corresponding aircraft state vector shall be composed of the 
aircraft position, velocity and frequency bias: 
𝜽 = [𝑥, 𝑦, 𝑧, 𝑣𝑥, 𝑣𝑦, 𝑣𝑧, 𝑓𝑏]𝑇 (7)

Finally, AOA measurements can be taken both horizontally and 
vertically.

The 𝑖th vertical AOA measurement can be expressed as:
𝑚𝐴𝑂𝐴,𝑉 (𝜽) = 𝐴𝑂𝐴𝑉 (𝜽) + 𝑛𝐴𝑂𝐴,𝑉 (𝜽) =
𝑖 𝑖 𝑖
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= tan−1
(

𝑧 − 𝑧𝑖
√

(𝑥 − 𝑥𝑖)2 + (𝑦 − 𝑦𝑖)2

)

+ 𝑛𝐴𝑂𝐴,𝑉
𝑖 (𝜽) (8)

and the 𝑖th horizontal AOA measurement can be expressed as:
𝑚𝐴𝑂𝐴,𝐻
𝑖 (𝜽) = 𝐴𝑂𝐴𝐻

𝑖 (𝜽) + 𝑛𝐴𝑂𝐴,𝐻
𝑖 (𝜽) =

= tan−1
(

𝑦 − 𝑦𝑖
𝑥 − 𝑥𝑖

)

+ 𝑛𝐴𝑂𝐴,𝐻
𝑖 (𝜽) (9)

and the corresponding state vector is composed of the aircraft coor-
dinates 𝜽 = [𝑥, 𝑦, 𝑧]𝑇 . Also in this case the 𝑛𝐴𝑂𝐴

𝑖  term collects all the 
error contributions in measuring the angle: the satellite attitude errors, 
the measurement error in the receiver and the propagation errors (see 
Table  4).

Note that, unlike time and frequency measurements, the observed 
AOA depends on the coordinates reference frame and the above for-
mulations are given in the body frame of each satellite and not in the 
Earth-Centered Earth-Fixed (ECEF) reference frame used for a global 
surveillance system that has the origin in the centre of the Earth and 
the axis that rotate together with the rotation of the Earth.

More in details, the antenna bore-sight direction is defined in the 
satellite body frame, where it is assumed to be fixed and known. In 
principle, the relationship between the satellite body frame and any 
Earth-referenced frame is time-varying and depends on the satellite 
attitude as well as on Earth rotation effects.

Nevertheless, for the sake of simplicity, in this work we have used 
the NED frame to maintain the horizontal and vertical definition of the 
angles. This was done under the assumption that the transformation 
between the satellite body frame and the NED frame is available 
onboard. Such a transformation is assumed to implicitly account for all 
relevant effects, including satellite attitude dynamics and Earth rotation 
(e.g., through appropriate ECI-to-ECEF conversions). It can be easily 
obtained through a sequence of intermediate reference frame as: 
𝐯NED = 𝐂NED

ECEF 𝐂ECEF
ECI 𝐂ECI

B 𝐯B (10)

where 𝐯B and 𝐯NED are the vector representations in the body and NED 
frames, respectively, the rotation from the body frame to the Earth-
Centered Inertial (ECI) frame is determined by the satellite attitude: 

𝐂ECI = 𝐂(attitude) (11)
B
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and the transformation from ECI to Earth-Centered Earth-Fixed (ECEF) 
accounts for Earth rotation: 

𝐂ECEF
ECI =

⎡

⎢

⎢

⎣

cos 𝜃𝐺 sin 𝜃𝐺 0
− sin 𝜃𝐺 cos 𝜃𝐺 0

0 0 1

⎤

⎥

⎥

⎦

(12)

where 𝜃𝐺 denotes the Greenwich Sidereal Time. Finally, the transfor-
mation from ECEF to the local NED frame, defined at latitude 𝜙 and 
longitude 𝜆, is given by: 

𝐂NED
ECEF =

⎡

⎢

⎢

⎣

− sin𝜙 cos 𝜆 − sin𝜙 sin 𝜆 cos𝜙
− sin 𝜆 cos 𝜆 0

− cos𝜙 cos 𝜆 −cos𝜙 sin 𝜆 − sin𝜙

⎤

⎥

⎥

⎦

(13)

where 𝜙, 𝜆 are the NED frame’s origin latitude and longitude that, 
in case of the SATERA system, are the latitude and longitude of the 
SATERA satellite (each satellite will have a different transformation 
matrix).

Last, note that the equations above can lead to singularities in cer-
tain specific points. To mitigate this problem, the atan2 function [26] 
is used instead of the traditional atan: 

𝑎𝑡𝑎𝑛2 (𝑦, 𝑥) =

⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

𝑡𝑎𝑛−1
(

𝑦
𝑥

)

if 𝑥 > 0,

𝑡𝑎𝑛−1
(

𝑦
𝑥

)

+ 𝜋 if 𝑥 < 0 ∧ 𝑦 ≥ 0,

𝑡𝑎𝑛−1
(

𝑦
𝑥

)

− 𝜋 if 𝑥 < 0 ∧ 𝑦 < 0,

+ 𝜋
2 if 𝑥 = 0 ∧ 𝑦 > 0,

− 𝜋
2 if 𝑥 = 0 ∧ 𝑦 < 0,

𝑢𝑛𝑑𝑒𝑓𝑖𝑛𝑒𝑑 if 𝑥 = 0 ∧ 𝑦 = 0.

(14)

4. CRLB for satellite E-MLAT

A general approach to evaluating the performance of a localisation 
system is to assess its accuracy. Without committing to a specific 
estimator, it is possible to establish a lower bound for any unbiased 
estimator using the Cramér–Rao formulation [27]. The CRLB provides 
the theoretical minimum on the variance matrix of any unbiased esti-
mator of a deterministic parameter for a given problem. Specifically, 
the variance of such an estimator cannot be smaller than the inverse 
of the Fisher Information [28]. An unbiased estimator that achieves 
this bound is said to be fully efficient. Such a solution minimises 
the mean squared error among all unbiased methods, making it the 
minimum-variance unbiased estimator [28].

Given an unknown parameter 𝜃 and a likelihood function 𝑓 (𝑥; 𝜃)
function of the random sample 𝑥, the CRLB states that the variance of 
any unbiased estimator 𝜃̂ is at least equal to the inverse of the Fisher 
Information.

An example of such an estimator is the Iterative Weighted Least 
Squares (IWLS) estimator based on the Gauss–Newton method. It is 
generally biased due to the linearisation of the non-linear measurement 
model. However, under small-error conditions and with a sufficiently 
accurate initialisation, it can be considered approximately unbiased if 
the measurements themselves are unbiased or if their bias can be re-
duced by the use of models and/or calibration. In the authors’ opinion, 
these assumptions are reasonable for obtaining a first-order estimate of 
the system accuracy, as also commonly adopted in [29–31] for GNSS 
systems, which are affected by errors of comparable order of magnitude 
in satellite position and velocity, synchronisation, and propagation (due 
to the use of similar frequency bands). Concerning the angle mea-
surements, they can be considered unbiased if the antenna-receiver is 
equipped with a real-time calibration system. In fact, a DBF system can 
be calibrated by injecting a known reference signal across all receive 
channels, enabling the estimation and compensation of relative ampli-
tude and phase. Typically, this procedure is performed periodically to 
account for environmental variations affecting the system [32,33].
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Moreover, it can be easily shown that a common bias to all the mea-
surements affects mainly the estimation of the transmitter clock time 
(and frequency) bias (not useful in SATERA), and not the estimation of 
the aircraft position.

It follows that, in the case of a multivariate Gaussian distribution 
with zero mean, the covariance is compared to the Fisher Information 
Matrix [27]: 
𝑪𝒐𝒗(𝜽) = 𝑰(𝜽)−1 (15)

where the Fisher Information Matrix 𝑚, 𝑘 element is: 

𝑰𝑚,𝑘 = 𝑯𝑇
𝑚𝑵(𝜽)−1𝑯𝑘 +

1
2
𝑡𝑟
(

𝑵(𝜽)−1 𝜕𝑵(𝜽)
𝜕𝜽𝑚

𝑵(𝜽)−1 𝜕𝑵(𝜽)
𝜕𝜽𝑘

)

(16)

When the covariance matrix of the measurement errors does not 
strongly depend on the state vector 𝜽, the Fisher Information Matrix 
can be expressed as: 
𝑰(𝜽) = 𝑯𝑇𝑵(𝜽)−1𝑯 (17)

where 𝑵(𝜽) is the covariance matrix of the measurement errors and 𝑯
is the Jacobian matrix of the function 𝒇 (𝜽). Note that 𝑯 is a 𝑀×𝑁 ma-
trix and 𝑵 is a 𝑀×𝑀 matrix, where 𝑀 is the number of measurements 
and 𝑁 is the length of the state vector (or the number of unknown 
parameters), that changes depending on the chosen measurement types.

To derive a formulation for computing the CRLB, the 𝑯 and 𝑵
matrices are needed for each measurement type; their descriptions 
follow.

The Jacobian matrix for TOA measurements contains a row for each 
measurement or for each visible satellite: 

𝑯𝑻𝑶𝑨 = 1
𝑐

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑥−𝑥1
𝑟1

𝑦−𝑦1
𝑟1

𝑧−𝑧1
𝑟1

𝑐
𝑥−𝑥2
𝑟2

𝑦−𝑦2
𝑟2

𝑧−𝑧2
𝑟2

𝑐

⋮ ⋮ ⋮ ⋮
𝑥−𝑥𝑀
𝑟𝑀

𝑦−𝑦𝑀
𝑟𝑀

𝑧−𝑧𝑀
𝑟𝑀

𝑐

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(18)

where 𝑟𝑖 is the distance between the aircraft and the 𝑖th satellite.
The measurement error covariance matrix is assumed to be di-

agonal, implying statistical independence among the measurements: 

𝑵𝑻𝑶𝑨 =

⎡

⎢

⎢

⎢

⎢

⎣

𝜎2𝑇𝑂𝐴1
0 ⋯ 0

0 𝜎2𝑇𝑂𝐴2
⋯ 0

⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝜎2𝑇𝑂𝐴𝑀

⎤

⎥

⎥

⎥

⎥

⎦

(19)

where each 𝜎2𝑇𝑂𝐴𝑖
 is the total measurement error variance of the TOA 

measurements and it takes into account for all the error contribu-
tions previous mentioned (receiver measurement error, ionospheric and 
tropospheric delay, satellite position error and satellite clock error).

This assumption simplifies the analysis but does not fully reflect 
the actual scenario, where TOA, FOA, and AOA measurements may 
exhibit common or highly correlated error sources. For example, propa-
gation delays induced by the ionosphere and troposphere are typically 
correlated. However, the common additional bias affecting TOA and 
FOA measurements, introduced by the propagation medium, is in-
distinguishable from clock bias and clock frequency bias. Therefore, 
these effects mainly impact the estimation of such parameters, which 
are not exploited in the SATERA system, and thus have a negligible 
impact on localisation performance. Concerning the residual errors, 
due to correlated measurement conditions, they should be modelled by 
including off-diagonal terms in the covariance matrix.

Nevertheless, due to the complexity of accurately modelling the 
combined spatial effects of ionospheric and tropospheric variations, as 
well as satellite position and velocity errors, a first-order performance 
assessment can be obtained by approximating the covariance matrix 
as diagonal. This approach is, for example, consistent with standard 
practices in GNSS performance evaluation, where DOP or weighted 
DOP metrics are commonly adopted [29].
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Substituting the above matrices in Eq.  (17), it is possible to obtain 
the Fisher information matrix and, inverting it, the CRLB for the 
position estimation problem.

The Jacobian matrix for FOA measurements contains a row for each 
measurement, i.e., for each visible satellite. The full Jacobian matrix is 
composed of the partial derivatives of Eq.  (6). The partial derivative 
with respect to coordinate 𝑥 is (the derivatives with respect to 𝑦, 𝑧 can 
be easily derived in a similar way): 
𝜕𝐹𝑂𝐴𝑖
𝜕𝑥

(𝜽) = 𝑓0 ⋅
1
𝑐

[

(𝑣𝑥𝑖 − 𝑣𝑥)
𝑟𝑖

−
𝑣𝑟𝑒𝑙,𝑖(𝑥 − 𝑥𝑖)

𝑟2𝑖

]

(20)

The partial derivative with respect to the velocity component 𝑣𝑥 is (the 
derivatives with respect to 𝑣𝑦, 𝑣𝑧 can be easily derived in the same way): 

𝜕𝐹𝑂𝐴𝑖
𝜕𝑣𝑥

(𝜽) = 𝑓0 ⋅
1
𝑐
⋅
(𝑥𝑖 − 𝑥)

𝑟𝑖
(21)

The partial derivative with respect to the frequency bias 𝑓𝑏 is: 
𝜕𝐹𝑂𝐴𝑖
𝜕𝑓𝑏

(𝜽) = 1 (22)

Finally, the full Jacobian matrix becomes: 

𝐇𝐅𝐎𝐀 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝜕𝐹𝑂𝐴1(𝜽)
𝜕𝑥 … 𝜕𝐹𝑂𝐴1(𝜽)

𝜕𝑓𝑏
𝜕𝐹𝑂𝐴2(𝜽)

𝜕𝑥 … 𝜕𝐹𝑂𝐴2(𝜽)
𝜕𝑓𝑏

⋮ ⋱ ⋮
𝜕𝐹𝑂𝐴𝑀 (𝜽)

𝜕𝑥 … 𝜕𝐹𝑂𝐴𝑀
𝜕𝑓𝑏

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(23)

Concerning the Error covariance matrix, with the same assumptions 
done before for TOA measurement, it can still be assumed diagonal, as 
measurements are statistically independent: 

𝑵𝑭𝑶𝑨 =

⎡

⎢

⎢

⎢

⎢

⎣

𝜎2𝐹𝑂𝐴1
0 ⋯ 0

0 𝜎2𝐹𝑂𝐴2
⋯ 0

⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝜎2𝐹𝑂𝐴𝑀

⎤

⎥

⎥

⎥

⎥

⎦

(24)

where each 𝜎2𝐹𝑂𝐴𝑖
 is the total measurement error variance as the sum of 

the frequency error contributions, i.e., errors due to satellite velocity, 
propagation, measurement errors and synchronisation errors.

Substituting the above matrices in Eq.  (17), it is possible to obtain 
the Fisher information matrix and, inverting it, the CRLB.

The Jacobian matrix for AOA measurements contains a row for each 
measurement. When both the vertical and horizontal AOA is measured, 
there will be two rows for each visible satellite: 

𝐇𝐀𝐎𝐀(𝜽) =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

− (𝑥−𝑥1)(𝑧−𝑧1)
𝑟3𝐻1

− (𝑦−𝑦1)(𝑧−𝑧1)
𝑟3𝐻1

1
𝑟𝐻1

⋮ ⋮ ⋮

− (𝑥−𝑥𝑀 )(𝑧−𝑧𝑀 )
𝑟3𝐻𝑀

− (𝑦−𝑦𝑀 )(𝑧−𝑧𝑀 )
𝑟3𝐻𝑀

1
𝑟𝐻𝑀

− 𝑦−𝑦1
𝑟2𝐻1

𝑥−𝑥1
𝑟2𝐻1

0

⋮ ⋮ ⋮

− 𝑦−𝑦𝑀
𝑟2𝐻𝑀

𝑥−𝑥𝑀
𝑟2𝐻𝑀

0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(25)

where the first 𝑀 rows are related to the vertical AOA and the last 𝑀
rows are related to the horizontal AOA. 𝑟𝐻𝑖

 is the horizontal distance 
between aircraft and 𝑖th satellite defined as 𝑟𝐻𝑖

=
√

(𝑥 − 𝑥𝑖)2 + (𝑦 − 𝑦𝑖)2.
Since each satellite measures the AOA according to its own NED 

reference frame, the transformation matrix shown in Eq.  (13) has to be 
applied, different for each satellite: 

𝐇AOA𝐸𝐶𝐸𝐹
=

⎡

⎢

⎢

⎢

⎢

⎢

𝐇AOA,𝑛𝑒𝑑1 ⋅ 𝐂
NED1
ECEF

𝐇AOA,𝑛𝑒𝑑2 ⋅ 𝐂
NED2
ECEF

⋮
NED𝑀

⎤

⎥

⎥

⎥

⎥

⎥

(26)
⎣𝐇AOA,𝑛𝑒𝑑𝑀 ⋅ 𝐂ECEF ⎦

532 
Assuming again that the measurement errors covariance matrix is 
diagonal, as measurements are statistically independent, it can be ob-
tained by combining both vertical and horizontal measurement errors 
variances:

𝐍𝐴𝑂𝐴(𝜽) =
[

𝐍𝐴𝑂𝐴,𝑉 (𝜽) 0
0 𝐍𝐴𝑂𝐴,𝐻 (𝜽)

]

=

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝜎2
𝐴𝑂𝐴𝑉

1
0 ⋯ ⋯ ⋯ 0

⋮ ⋱ ⋮ ⋮ ⋮ ⋮
0 ⋯ 𝜎2

𝐴𝑂𝐴𝑉
𝑀

⋯ ⋯ 0

0 ⋯ ⋯ 𝜎2
𝐴𝑂𝐴𝐻

1
⋯ 0

⋮ ⋮ ⋮ ⋮ ⋱ ⋮
0 0 ⋯ 0 ⋯ 𝜎2

𝐴𝑂𝐴𝐻
𝑀

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(27)

Substituting the above matrices in Eq.  (17), it is possible to obtain 
the Fisher information matrix and, inverting it, the CRLB. Also in this 
case each element of the matrix 𝐍𝐴𝑂𝐴 take into account the propagation 
errors, the satellite attitude errors, and the measurement errors.

Last, but not least, multiple measurement types can be combined 
in the same system to improve accuracy and availability. To combine 
several measurements together, it is possible to stack the different 
measurement vectors in a final larger vector: 

𝑚 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑇𝑂𝐴1
⋮

𝑇𝑂𝐴𝑀
𝐹𝑂𝐴1

⋮
𝐹𝑂𝐴𝑀
𝐴𝑂𝐴1

⋮
𝐴𝑂𝐴2𝑀

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

+

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑛𝑇𝑂𝐴
1

⋮

𝑛𝑇𝑂𝐴
𝑀

𝑛𝐹𝑂𝐴
1

⋮

𝑛𝐹𝑂𝐴
𝑀

𝑛𝐴𝑂𝐴
1

⋮

𝑛𝐴𝑂𝐴
2𝑀

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(28)

The Jacobian is now obtained by computing the partial derivatives 
with respect to every unknown parameter, i.e., TOA measurements 
involve the clock bias 𝑑𝑡𝑢, which was not present in FOA or AOA. 
Obviously, the partial derivatives with respect to parameters not orig-
inally present in a measurement definition are equal to 0. When all 
measurement types are combined, the resulting state vector is: 
𝜽 =

[

𝑥, 𝑦, 𝑧, 𝑣𝑥, 𝑣𝑦, 𝑣𝑧, 𝑑𝑡𝑢, 𝑓𝑏
]𝑇 =

[

𝒑, 𝒗, 𝑑𝑡𝑢, 𝑓𝑏
]𝑇 (29)

where 
𝒑 = [𝑥, 𝑦, 𝑧]𝑇 , 𝒗 = [𝑣𝑥, 𝑣𝑦, 𝑣𝑧]𝑇 . (30)

The final Jacobian matrix is:

𝑯𝑇𝑂𝐴,𝐹𝑂𝐴,𝐴𝑂𝐴 =
⎡

⎢

⎢

⎣

𝑯𝑇𝑂𝐴

𝑯𝐹𝑂𝐴

𝑯𝐴𝑂𝐴

⎤

⎥

⎥

⎦

=

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝜕𝑇𝑂𝐴1(𝜽)
𝜕𝒑 0 𝜕𝑇𝑂𝐴1(𝜽)

𝜕𝑑𝑡𝑢
0

⋮ ⋮ ⋮ ⋮
𝜕𝑇𝑂𝐴𝑀 (𝜽)

𝜕𝒑 0 𝜕𝑇𝑂𝐴𝑀 (𝜽)
𝜕𝑑𝑡𝑢

0
𝜕𝐹𝑂𝐴1(𝜽)

𝜕𝒑
𝜕𝐹𝑂𝐴1(𝜽)

𝜕𝒗 0 𝜕𝐹𝑂𝐴1(𝜽)
𝜕𝑓𝑏

⋮ ⋮ ⋮ ⋮
𝜕𝐹𝑂𝐴𝑀 (𝜽)

𝜕𝒑
𝜕𝐹𝑂𝐴𝑀 (𝜽)

𝜕𝒗 0 𝜕𝐹𝑂𝐴𝑀 (𝜽)
𝜕𝑓𝑏

𝜕𝐴𝑂𝐴1(𝜽)
𝜕𝒑 0 0 0
⋮ ⋮ ⋮ ⋮

𝜕𝐴𝑂𝐴2𝑀 (𝜽)
𝜕𝒑 0 0 0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(31)

Finally, the position error is typically given in a local reference 
frame centred on the aircraft. The horizontal and vertical Root Mean 
Square (RMS) error shall be calculated by convention, assuming a local 
ENU (East-North-Up) system. The previously formulated CRLB, related 
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to the covariance matrix in the ECEF coordinates, can be converted to 
ENU applying the following rotation matrix: 

𝑪𝐸𝐶𝐸𝐹
𝐸𝑁𝑈 =

⎡

⎢

⎢

⎣

−𝑠𝑖𝑛𝜆 𝑐𝑜𝑠𝜆 0
−𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜆 −𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜆 𝑐𝑜𝑠𝜙
𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜆 𝑠𝑖𝑛𝜙

⎤

⎥

⎥

⎦

(32)

where 𝜙, 𝜆 are the ENU frame’s origin latitude and longitude that, in 
the case of the SATERA system, are the latitude and longitude of the 
aircraft. Finally, the following formulation is used: 
𝐂𝐨𝐯(𝜽𝒆𝒏𝒖) = 𝐂ECEFENU 𝐂𝐨𝐯(𝜽𝒆𝒄𝒆𝒇 )𝐂ECEF

𝑇

ENU (33)

The horizontal (H), vertical (V) and 3D RMS can be finally com-
puted [29]: 
𝑅𝑀𝑆𝐻 =

√

𝐂𝐨𝐯11(𝜽𝒆𝒏𝒖) + Cov22(𝜽𝒆𝒏𝒖) (34)

𝑅𝑀𝑆𝑉 =
√

𝐂𝐨𝐯33(𝜽𝒆𝒏𝒖) (35)

𝑅𝑀𝑆3𝐷 =
√

𝐂𝐨𝐯11(𝜽𝒆𝒏𝒖) + 𝐂𝐨𝐯22(𝜽𝒆𝒏𝒖) + 𝐂𝐨𝐯33(𝜽𝒆𝒏𝒖) (36)

Note that the 3D RMS does not depend on the reference frame and that 
the result is the same if calculated using ECEF coordinates.

Last, a brief discussion of the contribution of different types of 
measurement on the final accuracy can be done observing the previous 
mentioned Fisher information matrices. In fact, using the chain rule, the 
Fisher Information Matrix (FIM) of the mixed mode can be decomposed 
as 
𝐈 = 𝐈TOA + 𝐈AOA + 𝐈FOA. (37)

and relevance of each measurement modality can be assessed by com-
paring the minimum eigenvalues of the corresponding FIM contribu-
tions. For TOA measurements, the FIM scales as 

𝐈TOA ∼
∑

𝑖

1
𝜎2TOA𝑐

2
𝐮𝑖𝐮𝑇𝑖 , (38)

where 𝐮𝑖,𝐮𝑖 are the eigenvectors, which yields: 

𝜆min(𝐈TOA) ∼
1

𝜎2TOA𝑐
2

(39)

with 𝜆min the minimum eigenvalue. For AOA measurements, the FIM 
scales as 
𝐈AOA ∼

∑

𝑖

1
𝜎2AOA𝑟

2
(𝐈 − 𝐮𝑖𝐮𝑇𝑖 ), (40)

which yields 

𝜆min(𝐈AOA) ∼
1

𝜎2AOA𝑟
2
. (41)

Finally, for FOA measurements, assuming Doppler sensitivity along the 
radial direction, the FIM scales as 

𝐈FOA ∼
∑

𝑖

1
𝜎2FOA

(

𝑣𝑟𝑒𝑙𝑓0
𝑟𝑐

)2
𝐮𝑖𝐮𝑇𝑖 , (42)

which yields 

𝜆min(𝐈FOA) ∼
1

𝜎2FOA

(

𝑣𝑟𝑒𝑙𝑓0
𝑟𝑐

)2
. (43)

Comparing each contribution with TOA, we can define the sensitivity 
ratios:

𝛼AOA ∼
𝜆min(𝐈AOA)
𝜆min(𝐈TOA)

=
𝜎2TOA𝑐

2

𝜎2AOA𝑟
2

(44)

𝛼FOA ∼
𝜆min(𝐈FOA)
𝜆min(𝐈TOA)

=
𝜎2TOA𝑐

2

𝜎2FOA

(

𝑣𝑟𝑒𝑙𝑓0
𝑟𝑐

)2
(45)

and imposing 𝛼AOA ≳ 1 and 𝛼FOA ≳ 1 yields the conditions: 

𝜎 ≲ 𝑐 𝜎 , 𝜎 ≲
𝑣𝑟𝑒𝑙𝑓0 𝜎 . (46)
AOA 𝑟 TOA FOA 𝑟 TOA
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These expressions show that AOA and FOA measurements are ben-
eficial only when their induced transverse and Doppler-based local-
isation accuracies are comparable to or better than the radial accu-
racy provided by TOA. Note that this analysis is based on order-of-
magnitude scaling arguments and assumes a well-conditioned geometry 
and statistically independent measurement modalities, it follows that 
comparison of minimum eigenvalues is intended as a heuristic metric 
to assess relative information content rather than an exact equality.

In the following section, different combinations and scenarios will 
be evaluated to assess the performance of the SATERA e-MLAT locali-
sation.

5. Simulation and performance evaluation

In order to evaluate the performance of the proposed system, two 
different simulations were performed emulating different combinations 
of system parameters. The parameters of the simulated constellation are 
those listed in Section 2.1.

In the first evaluation, two trajectories covering the areas of interest 
of SATERA, the North Atlantic (NAT) corridor and the Europe to 
South America (EURSAM) corridor were evaluated. For the first, the 
trajectory connects New York, USA, to Madrid, Spain. For the second, 
the trajectory connects São Paulo, Brazil, to Milan, Italy. The EURSAM 
corridor, in particular, is more relevant for the purpose of this work, as 
it crosses the equator and the low latitudes. In this area, the satellites 
are farther apart, and coverage is poorer than in higher latitudes, 
affecting the overall system performance. For this reason and for the 
sake of brevity, only the EURSAM results are reported in Fig.  5.

A second simulation was performed, not considering a single tra-
jectory but an entire area, to highlight the patterns of availability 
due to the constellation’s motion; see Fig.  6. Note how the results 
are symmetrical with respect to the equator, so the figure only shows 
the northern half, up to 70◦N. Indeed, the area of interest in SATERA 
comprises the latitudes between 70◦S and 70◦N.

For the system to be considered available, the horizontal accuracy 
is taken into account: the horizontal position error shall be lower 
than 350m, according to the ATC requirements for en-route applica-
tions [21].

To determine which satellites are within the aircraft’s field of view 
and can be used for measurements, the simulator employs a link budget 
analysis.

The power received on the satellite is defined as 
𝑃𝑅 = 𝑃𝑇 + 𝐺𝑇 + 𝐺𝑅 − 𝐿𝐴𝐷𝐷 − 𝐴0 (47)

Accounting for path loss, the chosen model is the Free-Space Path 
Loss (FSPL), where it is assumed that there are no obstacles between the 
satellites and the aircraft, except for the atmosphere. The FSPL equation 
is given by: 

𝐴0𝑑𝐵 = 20 log
(

4𝜋𝑅𝑓
𝑐

)

(48)

where: 𝑅 is the distance between the aircraft and the satellite, 𝑓 is the 
ADS-B frequency (1090 MHz) and 𝑐 is the speed of light in vacuum.

In the considered link budget, the additional loss parameter 𝐿𝐴𝐷𝐷
accounts for all the additional unmodelled losses due to the propaga-
tion (the multipath fading component has been assumed negligible, 
as reflections from atmospheric layers or the aircraft structure are 
considered irrelevant for this scenario, consequently, it is primarily 
determined by the propagation effects, such as ionospheric and tro-
pospheric attenuation, possible multipath on the aircraft and Faraday 
rotation).

The gain of the receiver antenna 𝐺𝑅 is reported as a range, as 
different options are currently under studies, as previously mentioned.

The gain of the transmitter antenna 𝐺𝑇  was fixed at 3 dBi, knowing 
that, typically, two ADS-B blade antennas (approximatively equivalent 
a quarter-wave monopole on a ground plane) are installed on the 
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Table 3
ADS-B receivers parameters.
 Contribution Value  
 TX antenna power (PT) 57 dBm [36]  
 RX antenna gain (GR) 12−17 dBi [14–16] 
 TX antenna gain (GT) 3 dBi  
 Additional losses (LADD) 3 dB  
 RX Sensitivity (S) −97 dBm [13]  

aircraft, one on the top and one on the bottom [34–36], and assuming 
that at least one is experiencing good geometry.

Having two antennas on board also significantly reduces the effects 
of aircraft manoeuvres (such as banking) on satellite visibility. For this 
reason, this problem is not taken into account at this stage.

Finally, if 𝑃𝑅 ≥ 𝑆, and the satellite is over the horizon, it is 
considered in view.

Note that the receiver sensitivity 𝑆 is derived taking into account 
the minimum signal to noise level useful for TOA, AOA and FOA 
estimation and to decode the ADS-B signal with a low BER and takes 
into account also for the internal losses of the receiver [13].

The parameters considered in the link budget are summarised in Ta-
ble  3. They were derived from previous SATERA outputs, as discussed 
in Section 2.2.

The standard deviations of the measurement errors used to build 
the 𝐍 matrix, as mentioned before, come from previous results of 
the project (receiver measurement errors [13], and satellite position 
and velocity errors [17] and synchronisation error [20]) or from the 
literature (atmospheric errors) [29–31,37] and their values reflect the 
contributions of different sources of error affecting each measurement, 
as shown in Table  4. Note that, for the scope of this work, the mea-
surement error standard deviations are assumed to be constant. This 
greatly simplifies the CRLB computations at this stage and is a com-
mon assumption done for a first stage evaluation. Moreover, previous 
SATERA results [13] demonstrate that the TOA and FOA measurements 
are not significantly affected by variations in SNR if it is larger than 
10 dB. More in detail, the position, the velocity and the attitude of 
the satellite are derived from typical values obtained using precise 
orbit determination exploiting inter satellite link, ground link, GNSS 
and on-board sensors such as the AA-STR star tracker [19]. Concerning 
the tropospheric and ionospheric errors standard deviations, they are 
obtained with the same assumption usually made for GNSS systems that 
operate on the same frequency band.

The presented scenarios were evaluated for three different operative 
configurations: using only TOAs; using TOAs plus additional FOAs and 
AOAs; and, finally, using only TOA while exploiting a higher antenna 
gain. The first two cases use a 12 dBi antenna, while the latter increases 
of only 2 dB, to a minimum of 14 dBi. Please note that we are simulating 
the change from 12 dBi to 14 dBi to evaluate the effect of the minimum 
gain that allows the capability to see always at least 4 satellites also 
taking into account the link budget. This means that introducing the 
best possible antenna configuration gives an additional 3 dB margin 
that can be useful to contrast not modelled losses (such as a lower GT 
due to the line of sight geometry).

The first test (classic MLAT system using only TOA measurements) 
was carried out using the parameters described above and, in partic-
ular, considering the receiver’s antenna gain equal to 12 dBi and only 
TOA measurements were used. In this scenario, the number of visible 
satellites is often lower than 4, the minimum for TOA-based MLAT to 
work, causing the non-availability of the system.

The system was available (horizontal positional error lower than 
350 m) 91.8% of the time over the NAT corridor and 57.4% of the time 
over the EURSAM corridor. See Table  5 for the availability comparison.

Fig.  5(a) shows the horizontal CRLB over the EURSAM trajectory. 
There are a high number of points in which the number of satellites is 
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lower than 4, not allowing a solution. When the satellites are 4 or more 
instead, the performance is well within the requirements.

The availability map (Fig.  6(a)) shows that the critical areas are 
those at lower latitudes as expected, explaining the lower performance 
over the EURSAM corridor.

The second test was carried out using again the same configuration, 
but this time also FOA and AOA measurements were used. The addi-
tional measurement types make it possible to compute a solution for the 
position estimate, even when the number of visible satellites is lower 
than 4.

In this case, the performance improved slightly, with the system 
available 92.8% of the time over the NAT corridor and 60.0% of the time 
over the EURSAM corridor. See Table  5 for the availability comparison.

Fig.  5(b) shows the horizontal CRLB over the EURSAM trajectory: 
where the satellites number is lower than 4, the use of FOA and AOA 
measurements allows to have a solution, but the error is almost always 
higher than the requirements. Moreover, when the satellites are 4 or 
more, the performance is the same as when using just TOA measure-
ments. These results are also confirmed by Eq.  (46), which for the 
specific case of SATERA yields the following maximum values for 𝜎𝐴𝑂𝐴
and 𝜎𝐹𝑂𝐴 to be useful for the position estimation (well below the actual 
value): 𝜎𝐴𝑂𝐴 ≈ 20 μrad and 𝜎𝐹𝑂𝐴 ≈ 91 Hz. These values were computed 
in the best case scenario, that is, the smallest possible distance for 
AOA (500 km), and the largest possible distance for FOA (3000 km), 
considering a satellite velocity of approximately 7600 m/s. Given that 
the system cannot achieve this precision, these measurements do not 
contribute significantly to localisation accuracy.

The availability map (Fig.  6(b)) shows that many of the critical areas 
are now covered (i.e., it is possible to compute the aircraft location), 
but the errors are high and the requirements are still not met.

The third test was carried out using again only TOA measurements, 
but considering the receiver’s antenna gain improved from 12 dBi to 
14 dBi. Thanks to the more favourable link budget configuration, more 
satellites are visible in all locations, almost always in a number of 
at least 4. The performance improvement is strong, with the system 
available 100.0% of the time over both the analysed trajectories. See 
Table  5 for the availability comparison.

Finally, Fig.  5(c) shows the horizontal CRLB over the EURSAM 
trajectory. As the visible satellites are always 4 or more, the system 
seems to be always performing well. The estimated CRLB is almost 
always well below the requirements.

The availability map (Fig.  6(c)) shows that the requirements are met 
almost everywhere.

6. Discussion and conclusions

This paper presents a space-based MLAT system as part of the 
SATERA project, to be used as a GNSS-independent localisation system 
for aircraft. This can be used in remote areas, where ground-based 
MLAT is not available. The system is deployed on LEO satellites and 
was tested with TOA, FOA and AOA measurements. FOA and AOA 
measurements were added to improve the performance of the system, 
especially when the number of visible satellites is lower than 4, when 
TOA measurements alone cannot produce an estimate of the aircraft 
position. To test and compare the performances of the proposed solu-
tion with different configurations, the CRLB was used as an indicator 
of the achievable positioning accuracy. The evaluation showed that no 
relevant advantages were achieved in localisation accuracy with the 
addition of FOA and AOA measurements, as these are affected by much 
higher errors compared to the more precise TOA measurements. What 
has shown a much higher impact was the use of an enhanced receiver 
antenna to improve the available number of satellites for each position 
of the aircraft.

It is worth mentioning that while FOA and AOA measurements do 
not seem to improve the localisation performance, they offer other 
advantages, such as providing additional protection against spoofing 
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(a) TOA: 57.4% availability.

(b) TOA+FOA+AOA: 60.0% availability.

(c) TOA with improved receiver: 100.0% availability.

Fig. 5. CRLB over EURSAM corridor.
Table 4
Measurement errors standard deviations.
 Measurement TOA (ns) FOA (Hz) AOA (◦)  
 Error sources (std.) Ionosphere: 21

Troposphere: 3
Receiver: 15
Satellite position: 15
Satellite clock: 20

Ionosphere: 0.1
Troposphere: ≈0
Receiver: 500
Satellite velocity: 0.4 
Satellite Clock Freq. Bias: ≈0

Ionosphere: <10′′
Troposphere: ≈0
Receiver: 1
Satellite attitude: ≪1

 

 Total (std.) ≈𝟑𝟑 ≈𝟓𝟎𝟎 ≈𝟏  
535 
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(a) TOA.

  
(b) TOA+FOA+AOA.

  
(c) TOA with improved receiver.

 

Fig. 6. CRLB over area.
Table 5
Availability of the system with different scenario configurations, over the NAT 
and EURSAM trajectories.
 Availability NAT EURSAM 
 TOA 91.8% 57.4%  
 TOA+FOA+AOA 92.8% 60.0%  
 TOA+2 dB 100.0% 100.0%  

or jamming attacks and improving resilience to both self and external 
interference.

To conclude, in this particular scenario, an improvement in the link 
budget configuration, such as exploiting a higher-gain antenna, has a 
much greater impact than the inclusion of multiple measurement types 
based on the frequency or angle of the received signal.
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