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Abstract: Time Difference of Arrival (TDOA) networks could support spacecraft orbit determination
or near-space (launcher and suborbital) vehicle tracking for an increased number of satellite launches
and space missions in the near future. The evaluation of the geometry of TDOA networks could
involve the dilution of precision (DOP), but this parameter is related to a single position of the
target, while the positioning accuracy of the network with targets in the whole celestial vault should
be evaluated. The paper presents the derivation of the MDOP (minimum dilution of precision),
a parameter that can be used for evaluating the performance of TDOA networks for spacecraft
tracking and orbit determination. The MDOP trend with respect to distance, number of stations and
target altitude is reported in the paper, as well as examples of applications for network performance
evaluation or time precision requirement definitions. The results show how an increase in the baseline
enables the inclusion of more impactive improvements on the MDOP and the mean error than an
increase in the number of stations. The target altitude is demonstrated as noninfluential for the
MDOP trend, making the networks uniformly applicable to lower altitude (launchers and suborbital
vehicles) and higher altitude (Low and Medium Earth Orbits satellites) spacecraft.

Keywords: Time Difference of Arrival; satellite; launchers; suborbital; orbit determination; tracking;
hyperbolic; TDOA

1. Introduction

The significant increase in satellite launches, alongside the rise of new mission concepts
for small satellite megaconstellations [1], launcher vehicles and even commercial suborbital
transportation [2] systems are requiring an increase in tracking and orbit determination system
capacity. The improvements to be introduced have the dual objective of maintaining a position
and orbit determination accuracy suitable for the operations of all the users and of ensuring the
sustainability of the environment by efficiently managing space traffic [3].

If, nowadays, satellite tracking data acquisition is mainly performed by active surveillance
systems, i.e., primary radars and laser ranging, often supported by optical observations [4],
the implementation of multilateration systems offers interesting perspectives for spacecraft tracking and
orbit determination [5,6]. In particular, these systems are able to achieve position determination when
deploying a network of distributed sensors. Multilateration methods are based on the retrieval of the
motion state of a target without processing any information sent by the target itself. The dependability
is thus constrained by the effective presence and well-functioning of a transmitting system on-board the

Aerospace 2020, 7, 151; doi:10.3390/aerospace7100151 www.mdpi.com/journal/aerospace

http://www.mdpi.com/journal/aerospace
http://www.mdpi.com
https://orcid.org/0000-0001-7474-5468
http://www.mdpi.com/2226-4310/7/10/151?type=check_update&version=1
http://dx.doi.org/10.3390/aerospace7100151
http://www.mdpi.com/journal/aerospace


Aerospace 2020, 7, 151 2 of 16

target, but not, for example, by the accuracy, correctness or truthfulness of the spaceborne sensor data,
which are not considered for determining the position. One of the most implemented multilateration
algorithms is the Time Difference of Arrival (TDOA [7]), aimed at reconstructing the target location
by analyzing the differences between the reception times of signals emitted by the target. The target
position is calculated by evaluating the intersection of the hyperboloids that mark a constant difference
in time of arrival between each pair of stations. The method is often used for terminal aircraft
tracking [8–10], indoor positioning [11–14] and other applications. TDOA could be easily applicable
for supporting orbit determination and spacecraft tracking, as all the operational potential targets
down-link frequencies (e.g., of the beacon or telemetry channels) are well-known and often concentrated
in a limited number of bands [15–17]. This method could also be supporting near-space flights, such as
launcher missions, stratospheric balloons [18] and suborbital flights [2]. The nature of the targets, i.e.,
high altitude vehicles, allows for a wide accessibility of their signals from the ground, thus improving
the impact of a wide baseline network for TDOA positioning and orbit determination. The set-up
of similar networks could be eased by the implementation of low-cost, flexible radio systems such
as software defined radios (SDRs), able to operate in an extended frequency range and to manage
a multiplicity of the needed tasks for acquiring the measurements and to intersect them in order to
retrieve the position [10]. In-flight experiments have already demonstrated the suitability of SDR
receivers for navigation purposes on stratospheric experiments [19,20] or spacecraft navigation [21–24].

TDOA sensor networks are usually deployed around the operational area, which is restricted and
of limited size (e.g., for the tracking of players within a football field [25,26], for wildlife tracking with
sensors around a park of interest [27,28], etc.). The novelty of the satellite application would consist of
evaluating the performance of a TDOA network with sensors deployed well within the operational
envelope, i.e., with stations restricted to a relatively short baseline and the tracked objects potentially
interesting the whole celestial vault.

The suitability of a sensor network design for spacecraft orbit determination should be evaluated
by means of effective parameters. For the TDOA, the Dilution of Precision (DOP) is a very convenient
operator that allows the setting of the proportionality between the sensors’ time precision and the
position determination error [29]. As for the GNSS (Global Navigation Satellite System [30]) the DOP
depends on the geometry of the network and on the target position. The suitability of a network for
TDOA tracking should be calculated by taking into account the network positioning accuracy for
tracked objects in the whole celestial vault. Additionally, different altitude ranges and orbital regimes
shall be taken into account when computing the accuracy and the network performance.

This paper describes an approach to evaluate the suitability of a TDOA network for satellite orbit
determination and the tracking of launchers and suborbital vehicles. The approach is based on the
calculation of an averaged DOP value that is representative for all the possible target positions and
involves a multiplicity of mission profiles (and altitude values) to make the networks suitable for
suborbital flights, launcher missions, LEO and MEO satellites. The paper presents the derivation of
the MDOP (minimum DOP), the DOP value that will be considered as representative for the whole
network positioning accuracy, as well as its dependence on the stations number, position and on the
selected target orbit. The calculations are proposed by using a linear least square (LLS) problem for the
TDOA solution, as representative for a conservative estimation of the performance of each analyzed
network. Indeed, not only has LLS been shown to reach poorer performance, when compared to
other, iterative, methods [14,31], but the implementation of a simple method needing low calculus
power is perfectly representative with the future perspective of implementing low-cost SDR-based
networks, as already presented in this paragraph. The estimation of MDOP has thus to be considered a
worst case estimation of the potential positioning accuracy of the analyzed network. Improvements on
the performance, with respect to what is presented with the MDOP, can be introduced by adopting
a more precise hyperbolic navigation solution method (such as in [29,31,32]), or by improving the
accuracy of the sensors. While the MDOP description gives an estimation of the worst case precision
of the network, the maximum achievable accuracy can be deduced through the Cramer−Rao Lower
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Bound [31,32]. At the end of the paper, performance maps will be shown for the most convenient
configuration, in order to show indicative values of DOP, given the baseline and station number, and
indicative plots of the needed time precision for the single sensors, when assigning a given position
determination value.

2. Proposed Method

2.1. Linear Least Squares (LLS) Method for TDOA Positioning

The TDOA method is based on the evaluation of time difference measurements. All the
implemented sensors are in charge of assigning a timestamp to every received sample from the
target. The differences between the time of arrival of the samples at each station are evaluated without
any information on the effective sample transmission time. Many methods can be applied for solving
the system involving all the time difference measurements. The majority of these methods are iterative
algorithms [33,34]. A direct method based on a linear least squares (LLS) problem can be deduced from
the signal propagation time equations. A LLS method is selected as representative for a worst case
estimation of the positioning accuracy. Indeed, the method introduces an inherent approximation of the
TDOA solution, which is found through the solution of a linear system, and it has been demonstrated
as the least precise method for TDOA positioning [31]. This method is implemented to provide a
conservative estimation of the network accuracy.

The acquired measurements, the difference of reception times between a pair of stations, can be
directly related to the distance of each station from the target:

di
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2
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where di is the distance of the i-th station from the target, ∆t1i is the measured time difference between
the arrival at the first (reference) station and the i-th station, c is the speed of light, [xT, yT, zT] are the
coordinates of the target and [xi, yi, zi] are the coordinates of the i-th station.

By taking the first station as reference and by referring all the time and distance difference
calculations to the first station, it is possible to write all the TDOA equations in a linear system:
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Ax = b (3)

by renaming the matrices and vectors composing the LLS estimation of the TDOA position as in
(3), the estimation of the target position is then found through the following:

x̂ =
(
ATA

)−1
ATb (4)

where x̂ is the estimated position through the TDOA method.
The presented method requires a number of stations higher than 4 for presenting meaningful

results. The accuracy of the estimation increases with the number of receiving stations.
When an estimation of the TDOA accuracy is needed, it is convenient to introduce the DOP

(dilution of precision). As for the GNSS, DOP is related to the geometry of the network and to the
relative position of the target (while for the GNSS, the geometrical DOP, or GDOP, is proportional to
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receiver position and to the location of the GNSS satellites in line of sight) [30]. The DOP is able to
provide an easy estimation of the position accuracy, by establishing the following proportionality:

ε = DOP·σ0 (5)

where ε is the predicted TDOA estimation error and σ0 is the accuracy of each sensor expressed in
length units (and derived by multiplying its time accuracy for c, the speed of light).

According to [29], the TDOA DOP can be derived by starting to define the H gradient matrix:

H =



∂∆t1
T

∂x
∂∆t2

T

∂x
...

∂∆tM
T

∂x


(6)

where x represents the state variables x, y and z.
With all the terms in the matrix expressed as:

∂∆ti
∂x

=
xT − xi

T

‖ xT − xiT ‖
−

xT

‖ xT ‖
(7)

With respect to [29], the speed of light term has been kept out of the derivative term to preserve
the nondimensionality of the DOP estimate.

DOP is then calculated as:

DOP =

√
trace(HTH)−1 (8)

which is applicable only when all the sensors in the network present a uniform σ0.
The following subsection will lead to the derivation of the MDOP term and to the MDOP

features description.
For improving the following paragraphs clarity, the key variables that will be related to the DOP

trend, such as baseline, altitude, azimuth, elevation, etc., and are depicted in Figure 1 (top view in plot
(a) and side view in plot (b)).
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Figure 1. Graphical representation of the variables and factors that will be influencing the dilution of 
precision (DOP) and minimum dilution of precision (MDOP) values in the paper. Plot (a) shows the 
top view, plot (b) shows the side view. 

2.2. Evaluation of Minimum DOP (MDOP) 

The evaluation of TDOA network configurations for satellite tracking have some peculiarities 
when compared to more common networks for multilateration tracking. The most evident difference 
stays in the relative position of the stations with respect to the target. In satellite tracking, even when 
considering a large network baseline (i.e., of hundreds of kilometers), the target is located within the 
area encircled by the network only at relatively high elevation values. In the majority of cases, the 
target ground track is located out of the area encircled by the sensors, making the TDOA tracking 
less efficient than in its usual applications and the evaluation parameters potentially less applicable 
to this case. 

Furthermore, while the DOP is applicable to a single case of position evaluation, the evaluation 
of the performance of a TDOA network for satellite tracking requires a comprehensive assessment of 

Figure 1. Graphical representation of the variables and factors that will be influencing the dilution of
precision (DOP) and minimum dilution of precision (MDOP) values in the paper. Plot (a) shows the
top view, plot (b) shows the side view.
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2.2. Evaluation of Minimum DOP (MDOP)

The evaluation of TDOA network configurations for satellite tracking have some peculiarities
when compared to more common networks for multilateration tracking. The most evident difference
stays in the relative position of the stations with respect to the target. In satellite tracking, even when
considering a large network baseline (i.e., of hundreds of kilometers), the target is located within
the area encircled by the network only at relatively high elevation values. In the majority of cases,
the target ground track is located out of the area encircled by the sensors, making the TDOA tracking
less efficient than in its usual applications and the evaluation parameters potentially less applicable to
this case.

Furthermore, while the DOP is applicable to a single case of position evaluation, the evaluation of
the performance of a TDOA network for satellite tracking requires a comprehensive assessment of all
the possible targets in all the possible positions. When computing the DOP for the range of values
(in terms of azimuth and elevation) for target tracking and TDOA from a known station (or network),
on Earth, DOP presents a wide variety of values. Figure 2 shows the trend of DOP with respect to
azimuth and elevation, on an example target at 550 km of altitude, with a network of 10 sensors
disposed on a circle of a baseline (diameter) of 100 km.
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Figure 2. Example DOP map for a 550 km high satellite, stations located on a circle at 100 km of distance.

While, as expected, DOP is poorly dependent on azimuth, being as the stations are disposed
in a circle configuration, the DOP value is greatly dependent on the elevation. A sudden decrease
of DOP, approximately of 1 order of magnitude, is observed between 0 and 4 degrees of elevation.
Another local maximum of the DOP is located around 80 degrees of elevation. The nature of this local
maximum can be investigated by plotting the DOP value with respect to elevation for different baseline
values. The plot presented in Figure 3 highlights this trend, with respect to a wider value of possible
station baselines.

Each curve has a global maximum at 0 degrees of elevation and its value decreases with the
baseline increase. A local maximum is observable at higher elevations. The plot clearly shows how
this local maximum decreases both in DOP value and in elevation by increasing the baseline. The
local maximum in DOP is experienced when the target is perfectly above the stations’ circle border
line. This increase is less severe when increasing the baseline value: when considering realistic values
for a spacecraft tracking network (above 100 km, as it will be also presented throughout the paper),
this appears less sharp and less significant in value.
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In order to find a suitable mean value of the DOP able to provide a performance estimation of the
considered sensor network, the following hypotheses are considered:

• Minimum set of sensors (5), disposed on a circle configuration (1 station at the circle center,
the other 4 homogeneously spaced in azimuth at 0 altitude);

• Baseline varying from 1 km to 1000 km;
• Evaluation of the DOP from 0 to 90 degrees in elevation with 5 degree steps, from 0 to 360 degrees

in azimuth with 10 degree steps;
• 1000 Monte Carlo runs executed for each error evaluation, on each position of the target in the

celestial vault;
• 0.1 µs error assumed for each single sensor, needed for computing the position estimation error.

In particular, the 0.1 µs error is assumed as a target value that is reachable by a network of low-cost
receivers. The error is assumed with a Gaussian distribution centered on the selected mean error value.
The distribution fits with the preliminary tests conducted on TDOA measurements on SDR devices for
stratospheric flight TDOA navigation [18]. The error is homogeneously assigned to each simulated
angular position (in terms of azimuth and elevation).

In the following plot, the ratio between the mean DOP and the effective error and the ratio between
the minimum value of DOP and the calculated error on the position estimation are described by using
the following two coefficients, kAVERAGE and kMIN:

kAVERAGE =
mean(DOP)·σ0·c

mean(error)
; kMIN =

min(DOP)·σ0·c
mean(error)

; (9)

The two coefficients are plotted with respect to the baseline in Figure 4.
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It is clearly visible how the kAVERAGE coefficient, based on the mean value of the DOP, does not
provide a good estimation of the effective error, while the kMIN coefficient has an almost constant trend
for the whole set of baseline values, restraining its value to between 0.1 and 0.4.

In order to provide a good prediction of the position estimation error, the minimum value of the
DOP for each simulation should be associated to a coefficient. Since the kMIN coefficient is kept between
0.1 and 0.4, the selected coefficient should stay between 3 and 10. As shown before, this coefficient
should be close to the inverse of the kMIN value to return a good estimation of the error. The coefficient
should be selected so as to provide conservativeness to the error estimation, yet allowed to follow the
error trend throughout the allowable baseline ranges. A comparison between the mean error (for a
σ0 equal to 0.1 µs) and the predicted error through the DOP and different coefficients is depicted in
Figure 5.
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The mean error stays, as expected, lower than the k = 10 curve for the whole set of considered
baselines. However, the margin of safety appears to be too high to correctly represent the trend of the
mean error through the DOP. The mean error curve is superposed to the k = 3 curve for the lowest
values of the baseline, but the k = 3 returns an optimistic expectation of the error for long baselines
(above 300 km) that might be considered during the configuration evaluation. The k = 4 curve appears
to give an optimistic estimation of the error above 400 km of baseline. Ideally, conservative estimations
should be given at least until 500 km of baseline, in order to possibly cover the realistic possible baseline
values for satellite tracking stations. The k = 5 curve is therefore selected as it returns a safe prediction
of the error. The intersection of the k = 5 curve with the calculated mean error stays over 500 km of
baseline, returning a safe value for most of the considered baseline values. The MDOP (Minimum
DOP) parameter is then defined as:

MDOP = 5·min(DOP) (10)

As it returns an efficient prediction of the mean error, the MDOP parameter can be used for
analyzing the positioning accuracy of TDOA networks with whatever typology of configuration,
both in the design phase, in order to assure maximum performance by the implementation of the
sensors, and during the operational phase, in order to plan improvements and to exploit the network
at its maximum.

For the proposed application, the initial simulations show how the approximation introduced by
the LLS method is almost negligible when compared to the positioning error introduced by the time of
arrival measurements inaccuracy. When estimating the mean positioning error while zeroing the sensors
time inaccuracy, the positioning error stays in the order of magnitude of millimeters. When considering
realistic sensors inaccuracy values (from a few nanoseconds to tenths of microseconds) the positioning
error stays in the order of magnitude of tens or hundreds of meters.

The next subsections analyze the MDOP of different configurations of TDOA networks.

3. Results: Performance Evaluation of TDOA Networks

A performance evaluation of TDOA networks with simple and general geometries is carried out
in this paragraph. The considered configurations are four:

1. Circle with center configurations: out of N stations, N-1 are disposed and equispaced in azimuth
on a circumference, the last station is placed at the circumference center;

2. Circle without center configurations: N stations disposed on a circumference and equispaced,
without a center station;

3. Star configuration: out of N stations, N/2 are disposed on a circumference of radius R (diameter
equal to the commanded baseline), the other N/2 (or the lower integer, if the stations number
is odd) are disposed and equally spaced on a circumference of radius R/2 (baseline equal to one
half of the commanded baseline). The azimuth of the inner circle stations is equal to the bisector
of the stations of the outer circle.

4. Random azimuth configuration: stations disposed on a circumference, without the center station,
but with randomized azimuth angles.

The configurations have been obtained by generalizing the possible network geometries. From
a simple, circular geometry (already adopted in [29]), the other configurations have been obtained
by varying one of the variables (as for the radius in configuration 3) or by randomizing one of them
(as for configuration 4). It is intuitive how homogeneous performance can be reached by the network
when deploying stations on a circular configuration, but the investigation over the different stations
networks layouts will provide a better insight over the advantages of maximizing the symmetry of
the network.

The three main variables that will be taken into account when analyzing the trend of the MDOP
will be the baseline, the number of stations composing the networks and the target altitude.
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3.1. Distance

The MDOP analysis was conducted by considering a network of six stations in the various
previously described configurations. A station baseline between 1 and 1000 km was considered for the
MDOP trend. The MDOP plot is depicted in Figure 6.Aerospace 2020, 7, x FOR PEER REVIEW 9 of 16 
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Figure 6. Logarithmic plot of MDOP trend for a six station network versus baseline.

The logarithmic plot shows very clearly how, for all the considered configurations, the MDOP
decreases by one order of magnitude for each order of magnitude of baseline increase. The reported
MDOP value was related to a minimum network configuration of six stations, while the next sub-sections
report the impact of a station number increase on MDOP. Among the four considered configurations, the
lowest MDOP was offered by the second configuration, the circle without center network. The second
best result was achieved by the circle configurations, while the random azimuth and star configurations
presented a higher MDOP.

3.2. Target Altitude

The MDOP does not depend on the target altitude, as it will be shown in Figure 7. The plot shows
the MDOP versus the target altitude for different considered baselines.

The plot considered a range of target altitudes able to include suborbital flights (around 100 km
of maximum altitude), launcher vehicles in their spaceflight phase (from 100 km up to target orbit
altitude), LEO (altitude lower than 1000 km) and MEO (higher than 1000 km) satellites. It is important
to remark how the positioning accuracy of the network in terms of MDOP are not affected by the
target altitude, as shown in the plot. This makes a single TDOA network suitable for all the typologies
of potential target spacecraft, without any degradation of accuracy depending on the tracked target
mission profile or flight envelope. It is also visible how the baseline positively impacts the MDOP value.
As shown in the previous subsections, it increases the MDOP gap between the two best performing
configurations (circle with and without center station) and the other two analyzed configurations.
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3.3. Number of Stations

The MDOP trend versus the number of stations is depicted in the logarithmic plot in Figure 8.
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The increase in the number of stations led to a slight decrease of the MDOP for every configuration.
The observed reduction between 5 and 15 stations usually equaled approximately one half of the
initial value of the MDOP (for 5 stations). The baseline increase, visible through the different plots in
Figure 8, had a much higher impact on the accuracy improvement of the network. The most convenient
configuration was once again the circle configuration without center. The plot highlighted the relatively
low impact of the center station for a circle configuration. Indeed, the MDOP value of the circle without
center configuration with N stations was always close to the MDOP value of the circle with center for
N + 1 stations. This highlighted how the inclusion of the center of the circumference did not improve
very heavily the MDOP.

4. Discussion

The introduced performance parameter, the MDOP, allowed a quick evaluation of every
configuration of TDOA network addressed at satellite tracking. The first result that can be taken
into consideration from this work is the definition of the MDOP itself, which can be used whenever
designing different geometries of networks or when evaluating a site for installation of a TDOA sensor.

As an example, two example TDOA networks were evaluated within the Italian territory, with
six stations disposed on cities on the Tyrrhenian sea (Rome, Naples, Reggio Calabria, Palermo, Olbia
and Cagliari), with a maximum baseline of around 600 km, while the second configuration considered
cities in Central-Southern Italy with a lower baseline of maximum 300 km (Rome, Viterbo, Perugia,
Pescara, Campobasso and Naples). The two configurations are depicted in the two plots in Figure 9.
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shows Configuration 1, plot (b) shows Configuration 2.

The MDOP analysis returned an MDOP of approximately 24 for Configuration 1 and 72 for
configuration 2. The predicted error by the MDOP model is around 0.72 km for Configuration 1 and 2.15
km for Configuration 2, when considering a mean time standard deviation of 100 ns. A Monte Carlo
simulation with 1000 runs for each configuration confirmed the applicability of the results, with a
mean error of 0.33 km for Configuration 1 and 0.9 km for Configuration 2. Similar networks could be
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evaluated through the MDOP to provide a quick classification parameter prior to proceeding with
the Monte Carlo simulations. The MDOP can also be used for determining the minimum precision of
a single sensor needed for achieving a given positioning mean error. When setting this threshold to
1 km, for example, the MDOP analysis on the two presented configurations gives a maximum error of
150 ns for Configuration 1 and 50 ns for Configuration 2.

The same process can be carried out during the preliminary geometry evaluation, i.e., after the
analyses carried out in Section 3.2. As an example, the MDOP as the colormap of a number of stations
versus baseline map in Figure 10.
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Figure 10. MDOP value with respect to number of stations and baseline.

As for Figure 8, the map highlights how the baseline has a much higher impact on the MDOP
than the number of stations. Each point of the map is a configuration to be built. As already clarified,
the increase of an order of magnitude of the baseline leads to a one order of magnitude decrease of
the MDOP. The impact of the number of stations is visible as the color lines in the figure are slightly
decreasing with the number of stations, but it is still much less evident than the changes with respect
to the baseline.

Another convenient utilization of the MDOP is brought by inverting its derivation equation in
order to determine the needed performance (in terms of timer error standard deviation of the single
sensors) from the single stations. By fixing a target accuracy of 1 km, the needed time precision from
every sensor of the network is shown in Figure 11.
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For shorter baselines (lower than 50 km), the network needs extremely high accuracy (around
10 ns or lower) for achieving positioning within 1 km. An accuracy around 100 ns is sufficient
when considering large baselines, between 200 and 300 km depending on the number of stations.
This typology of maps could become extremely helpful in the design phase of a network, in order to
set up the baseline and number requirements prior to the discussion of the placement of the stations,
which could or could not support a circular network, depending on the area.

5. Conclusions

Time Difference of Arrival networks could support the tracking and orbit determination of
spacecraft, launcher and suborbital vehicles. TDOA is based on a distributed network of sensors
assigning a timestamp to each received signal from the target. From the evaluation of the differences
in the reception times, it is possible to retrieve the position of the target. The geometry of the TDOA
network has some peculiarities with respect to the usual implementation of TDOA and hyperbolic
tracking methods, mainly relying on the relative position of the receiving stations with respect to the
tracked object. The dilution of precision (DOP) is a potentially efficient parameter to be used for the
estimation of the network performance, but its value depends on the specific position of the tracked
object, while a general performance parameter for the network, by evaluating all the possible angular
positions of the target in the celestial vault, should be taken into account. The minimum DOP (MDOP)
parameter is derived by comparing the predicted error (by the DOP model) with the mean error
achieved through Monte Carlo simulations. The MDOP equals five times the minimum value of DOP
registered during the object tracking in all the azimuth and elevation combinations and at a fixed orbit
altitude. This value approximates efficiently the mean error when multiplied for the speed of light
and the time precision of the sensors. Being dependent on the implementation of a linear least square
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solution for TDOA positioning, the MDOP coefficient describes the worst case scenario performance of
the analyzed networks, so as to simulate the implementation of low-cost sensors and low-calculus
power data processors for position calculation. With respect to what is shown by the MDOP, precision
can be improved up to the theoretical maximum described by the Cramer−Rao lower bound.

The evaluation of the MDOP trend with respect to parameters such as the stations’ baseline
(when considering circular configurations of ground-based stations), target altitude and number of
stations has been computed. The MDOP does not appear dependent on the target altitude, while
it strongly depends on the stations’ baseline and presents a lower impact related to the number
of stations. Indeed, MDOP decreases by approximately one order of magnitude for each order of
magnitude increase of the baseline (in km), and it decreases approximately by a factor of two for every
10 additional stations deployed.

Therefore, the baseline appears to be much more impactive on the MDOP decrease than the
number of stations. Among the different configurations of networks analyzed in the paper, the most
promising is the circle configuration without any sensors located at the circle center. The derivation of
the MDOP can be used either for evaluating specific geometries of TDOA stations (an example of two
possible configurations of stations in Italy is presented in the work) or for preliminary considerations
on the networks to be implemented (with MDOP map, for example, with respect to number of stations
and distance and by calculating the needed time precision of the sensors for a target mean localization
precision).
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