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A probabilistic methodology for separation loss probability assessments is proposed in this
paper. The key focus is on the effect of uncertainties from multiple Automatic Dependent
Surveillance-Broadcast (ADS-B) systems on the separation loss probability assessment. First,
a brief review of the ADS-B system and its associated uncertainty quantification metrics is
discussed. It is found that most existing studies focus on the individual ADS-B uncertainty quan-
tification for a single aircraft, which is not sufficient for separation loss probability assessment
when two or more aircraft are involved. Next, a probabilistic positioning model with multi-
ple aircraft is proposed and various types of uncertainties are included in the proposed model.
Numerical simulations show that a navigation satellite fault can significantly affect separation
error when individual aircraft see different satellite sets. Following this, several demonstration
examples are illustrated to show the bounds for separation loss probability estimation. Finally,
several conclusions and suggestions are discussed based on this study. One major finding is that
the separation risk significantly increases when two nearby aircraft use different satellite sets to
navigate. Real-time assessment of this risk should be performed.
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1. INTRODUCTION. The United States Federal Aviation Administration’s Next Gen-
eration Air Transportation System (NextGen) effort aims to upgrade the national air
transportation system to increase its safety, efficiency and capacity (Swenson et al.,
2006; Darr et al., 2008; Planning, 2007). One of the main technologies is Automatic
Dependent Surveillance — Broadcast (ADS-B), in which an aircraft broadcasts its infor-
mation including identification, position, speed, and trajectory intent to other aircraft and
ground stations (McCallie et al., 2011; Federal Aviation Administration (FAA), 2010). The
positioning information broadcast by the ADS-B system is provided by a Global Naviga-
tion Satellite System (GNSS) such as the Global Positioning System (GPS), Globalnaya
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Navigatsionnaya Sputnikovaya Sistema (GLONASS), Galileo and BeiDou (BDS) (Purton
etal., 2010).

One great potential of ADS-B is to detect and avoid potential collisions (Radio Tech-
nical Committee for Aeronautics (RTCA), 2009; Strohmeier et al., 2014). The collision
detection and avoidance problem also relates to aircraft separation assurance (Kelly, 1999).
The current aircraft separation standards are mainly based on the surveillance accuracy of
radar measurements (Gazit and Powell, 1996). If the separation is determined from ADS-B,
significant research is required to investigate the impact of ADS-B on the separation risk
assessment. It should be noted that aircraft position can be determined by many different
systems, such as GNSSs and Inertial Reference Units (IRU). This study only focuses on
using ADS-B systems; additional study is required when multiple systems are used together
for positioning.

The positioning of aircraft is intrinsically uncertain due to many types of randomness,
such as satellite faults, ionospheric interference, unintentional radio frequency interference
and instrumentation errors. This positioning uncertainty could lead to increased probabil-
ity of failure (for example, loss of separation). Positioning must meet the requirement of
integrity to reduce the probability of failure caused by positional uncertainty. The posi-
tioning integrity is defined as the timely provision of information to users about the level
of trustworthiness of a position (Parkinson and Axelrad, 1988; Speidel et al., 2013). An
integrity metric is broadcast so that surveillance applications can determine whether the
reported position has an acceptable level of trustworthiness for the intended operation (Ali
et al., 2014). One commonly used integrity metric is the Navigational Integrity Category
(NIC) based on the containment radius, which is denoted as R, (Jones, 2009). It should be
noted that the existing integrity metric is meant for individual aircraft and does not con-
sider the threat from others. From a probabilistic point of view, the final failure probability
assessment may be affected by the correlation and dependence among multiple system
uncertainties in addition to the individual system uncertainties (Ali et al., 2016). Thus,
uncertainty quantification for multiple uncertain random variables is required. Separation
using ADS-B systems has not been systematically investigated in open literature. Thus,
the objective of this paper is to investigate the impact of uncertainties, particularly the
correlation and dependence of multiple sources of uncertainties from different ADS-B sys-
tems, on the separation loss probability evaluation given a surveillance separation. In this
study, the separation loss probability is defined as the conditional probability where the
real separation does not meet the safe separation requirement given that the surveillance
indicates a safe separation. In addition, the separation loss probability is time-dependent
(that is, changing with respect to time) in a certain airspace. In the following sections,
a “snapshot” of the separation loss probability at a given time point is discussed first
to illustrate the proposed idea and full-time history of the separation loss probability is
discussed.

This paper is organised as follows. Section 2 provides a brief review of ADS-B and
its positioning uncertainties. Several current gaps are identified. Section 3 proposes a
probabilistic positioning model for uncertainty quantification in satellite navigation. The
quantitative separation loss probability model is also defined in this section. Section 4
presents the results of the simulation examples to illustrate the application of the proposed
method. Section 5 gives the conclusion and several suggestions based on the findings from
this study.
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2. BACKGROUND AND MOTIVATIONS. This section provides background infor-
mation on the ADS-B system and existing uncertainty quantification metrics for ADS-B
positioning. Several gaps for the uncertainty quantisation are also discussed, which leads
to the motivation of this study.

2.1. ADS-B data transmission. ADS-B data is broadcast by an ADS-B OUT unit,
which periodically broadcasts its state vector (position and velocity), as well as other
information derived from on board systems, in a format suitable for ADS-B IN-capable
receivers. The ground station collects this data from all aircraft in the airspace, processes
the data in the Air Traffic Control (ATC) system, and broadcasts the data back to the
airspace. An aircraft receives this data through ADS-B IN (FAA, 2010). The ADS-B system
architecture is schematically illustrated in Figure 1 (Strohmeier et al., 2014).

2.2.  ADS-B positioning uncertainty quantification. The broadcast position informa-
tion is derived by the on board satellite navigation receiver. Due to errors in signal
transmission, noise in satellites and receivers, and possible satellite faults, the position
information provided by the GNSS receiver has its own uncertainty that is required to be
measured and broadcast. Two types of uncertainty are provided: the Estimated Position
Uncertainty (EPU) and the integrity containment Radius (R.). These types of uncertainty
are calculated based on two performance parameters of satellite navigation: accuracy and
integrity. The EPU refers to the 95% confidence bounds of positioning error in the horizon-
tal direction with no satellite fault, which is classified by Navigation Accuracy Category
for Position (NACp). NACp is reported so that surveillance applications may determine
whether the reported position has an acceptable level of accuracy for the intended use. The
R¢ is the 99.99999% confidence level of positioning uncertainty considering satellite faults,
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Figure 1. ADS-B data link in air traffic management (Strohmeier et al., 2014).

https://doi.org/10.1017/50373463319000195 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463319000195

1182 PENG ZHAO AND YONGMING LIU VOL. 72

Table 1. ADS-B Position Information accuracy and integrity
classification (RTCA, 2006).

NACp EPU NIC Re

8 30 ~ 92-6m (0-05 nm) 7  Rc<370-4m (0-2nm)
9 10~30m 8 Rc<1852m(0-1nm)
10 3~10m 9 Rec<75m

11 <3m 10 Rc<25m

— - 11 Rc<7-5m

which is represented by the Navigation Integrity Category (NIC). The FAA specifies the
acceptable values of NACp and NIC in ADS-B data as presented in Table 1 (RTCA, 2006).

2.3. Existing separation analysis using ADS-B. The current separation standards are
based on the provisions of International Civil Aviation Organization (ICAO) document
“Doc 4444” (ICAO, 2016), which specifies minimum vertical separation for Instrument
Flight Rules (IFR) flight as 1000 ft (300 m) below Flight Level (FL) 290 and 2,000 ft
(600 m) above FL290. It also specifies five nautical miles in the horizontal direction as
the minimum separation when surveillance systems (for example, based on radar, ADS-B,
or Multi-Lateration (MLAT)) are used in en-route airspace, while three nautical miles is
specified for terminal airspace at lower altitudes. Several studies focus on the separation
analysis using ADS-B based surveillance systems in NextGen (Gazit and Powell, 1996;
Powell et al., 2005). The focus is on the increased capacity of the airspace system using
ADS-B. Other studies focus on the safety and risk analysis associated with the changing
of aircraft separation criteria (Shepherd et al., 1997; Everdij et al., 2007; Herencia-Zapana
et al., 2010). The MITRE Corporation investigated ADS-B surveillance separation error
and performed sensitivity analysis (Jones, 2009).

Most existing studies have investigated the uncertainty quantification of individual units
(or aircraft) and its impact on the risk assessment. In classical statistics and probability the-
ory, this refers to the Uncertainty Quantification (UQ) of a single random variable. The
mean and variance parameters and Probability Density Function (PDF) are generally used
for this purpose. In the general context of Air Traffic Management (ATM), most concerns
are for the separation of aircraft (for example, avoiding mid-air collisions or runway incur-
sions). Thus, two or more aircraft will be involved in the safety metrics for ATM. If the
uncertainties are considered, this belongs to the uncertainty quantification of multiple ran-
dom variables. From a statistical point of view, the safety concern of ATM (that is, the
probability of failure) is usually related to the tail behaviour of the probability density
function. This is because most systems are designed to be safe and failure has a very small
probability (that is, the tail region). The correlation effect will change the variance estima-
tion and tail shape significantly. Thus, development of a model to systematically investigate
the correlation effect will be very valuable for future operation and decision making in
ATM. Therefore, the motivation of this study is to close this gap by providing a rigorous
model to investigate the mean and correlation effect of two or more aircraft in their sepa-
ration loss probability evaluation. To limit the discussion, this study focuses on a pair of
aircraft, but the methodology is generic and can be extended to multiple aircraft.

3. POSITIONING UNCERTAINTY MODEL. In this section, a probabilistic model for
positioning uncertainty quantification is proposed, which includes both normal error and

https://doi.org/10.1017/50373463319000195 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463319000195

NO. 5 SEPARATION RISK EVALUATION IN ADS-B 1183

satellite faults. A bound is developed to evaluate the separation loss probability between
two nearby aircraft given a safe surveillance separation.

3.1. Position error. The following equation is the basic observation equation for
satellite navigation in normal conditions:

z=Hx+v+f (1)

where z is the measurement vector whose elements are pseudoranges from viewable satel-
lites to the receiver, H denotes the observation matrix, v is a vector composed of zero
mean, unit-variance independent and identically distributed (iid) random variables and f
represents the abnormal bias in pseudoranges that is caused by a satellite fault. Each ele-
ment of v represents various normal errors, including satellite ephemeris and clock error,
ionospheric delay, tropospheric delay, multipath noise and receiver noise. All these errors
are assumed to follow independent Gaussian distributions. The element in f corresponding
to a faulty satellite is non-zero. In fault-free condition, f = 0.
The estimated position is expressed as a least square solution of Equation (1) as:

x=H'z ()
where:
H* = (H"H) ' H" 3)
Substituting Equation (1) into Equation (2), the following equation is obtained:
X=H*Hx+v+f)=x+H(v+1) @)

where x denotes the real state vector including Three-Dimensional (3D) position and clock
bias. The estimated position error is expressed as:

e=X—x=H'(v+I) (5)

For two nearby aircraft (here, aircraft A and aircraft B), their surveillance separation is
expressed as:

SAB = XA — XB
=Xa — Xa — (X — Xg) + (Xa — Xp) (6)
=ep—EptSsaB
where X, and Xp represent the positions provided by the receivers on aircraft A and air-

craft B, respectively. €4 and ep denote the position errors of aircraft A and aircraft B,
respectively. sa g represents the real separation between A and B.
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Equation (6) can be expressed as:
Equn = €A~ €B ™)
where &, , denotes the separation error between A and B, which is formulated as:
€s,5 = §A,B — SAB (®)

Substituting Equation (5) into Equation (7), the following separation error model can be
obtained:

&s,5 = Hy (Vo +15) — Hp (vp +fp) 9)

For receivers on two nearby aircraft, the satellite ephemeris and clock errors are assumed
to be identical at the same time. The errors in transmitting path, including ionospheric
delay, tropospheric delay and multipath noise are not identical, but are highly correlated.
The receiver noise of different receivers are assumed to be independent. In the condition
that the two nearby aircraft use the same satellite set to navigate, the observation matrices
H, and Hp are almost equal. In addition, the fault vector f5 equals fg when the two aircraft
see the same satellite sets. Thus, qualitative analysis shows that €, and eg should be highly
correlated when they are close to each other and see the same satellite. The same conclusion
cannot be directly extended to the case when aircraft see different satellite sets. One possible
scenario for large separation error from Equation (9) is when both Hy, fo and Hg, fg are
large. Details are explained below.

It should be noted that even two nearby aircraft could use different satellite sets to
navigate because of the following reasons:

e Users set different mask angles. Document “FAA AC 90-114A” (FAA, 2010) allows
an operator to select a proper mask angle;

e Aircraft use different navigation constellations, for example, one aircraft uses GPS
while the other uses a joint GPS and Galileo constellation;
Signal loss due to ionospheric scintillation or mountain blocking;
A satellite just emerges in the view of one aircraft but not in the other.

In this condition, the difference between H, and Hp can be large. This is one contributor
to the large separation error in the proposed model (Equation (9)). Another contributor for
the large separation error is satellite faults. A GPS satellite fault is an event with a relatively
frequent occurrence. The GPS Standard Positioning Service (SPS) Performance Standard
(US DoD, 2001) provides a major service failure rate of three times per year lasting no
longer than six hours. This rate can be converted to a fault probability of 10> for each
GPS satellite. In the condition that the two aircraft use the same satellite set to navigate,
a satellite fault will not influence the separation error as the faults are cancelled in the
separation error calculation.

In practice, one aircraft cannot know what satellite set the other aircraft (intruder) is
using and the GNSS receiver must carry out fault detection to mitigate the impact. A fault
can be detected by hypothesis tests. A fault occurring in the i-th satellite is one of the
hypotheses, being denoted as H;. When setting the i-th satellite corresponding row to zero,
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the observation matrix becomes:

Hyi = (1- AA)H' (10)
where 4, is an x n; matrix with I,,, occupying the first n; rows and columns. Other elements

of A; are zero. Thus:
T

Ai = I, Onyxnm ] (an
The position estimation without the i-th satellite is expressed as:
X; = Hj;z (12)
where:
. —1

HG; = (HgHo)  Hg; (13)

The difference of the positions with and without a satellite fault is expressed as:
A)A(i = )A(() — )A(i = (H* — Hgi)l (14)

where x¢ denotes the position solution determined by using the full-set satellite. Extracting
the interested state of AX;, for example, a state in an axis direction of a coordinate used to
formulate the observed matrix H is:

Xssi — edTAf(i (15)
where d = 1,2, 3 denotes three dimensions of position, eg denotes a m x 1 vector whose
d-th element is one and whose other elements are zeros.

In normal condition, X ; follows a Gaussian distribution (Pervan et al., 1998):
Xssi ~ N (0 o2 ) (16)

> Vss,i

where oy, ; denotes the standard deviation and can be calculated as (Joerger et al., 2014):
-1 -1
o2 =eh (HiHy) ™ — (H"H) ') eq (17

The threshold for fault detection is expressed as (Blanch et al., 2012):

Tss,i = Kfa,iUss,i (1 8)
where
P a,i
Kai=Q' (%) (19)

and Q is the cumulative distribution function of a standard Gaussian distribution. Py, ; is
the continuity budget (false alarm probability) allocated to the i-th fault hypothesis.
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3.2. Separation loss probability evaluation. The above discussion focuses on the
uncertainty quantification in a probabilistic position error model. This section focuses
on the estimation of separation loss probability using these quantified uncertainties. The
FAA specifies the safe separation requirement. For example, the five nautical miles rule is
applied laterally in en-route environments. Risk occurs when the positioning system indi-
cates the requirement is satisfied and the actual separation is not. In this study, we define
a separation loss probability to quantify this risk level. The separation loss probability is
defined as a conditional probability that the real separation of an aircraft pair is smaller
than the safe separation but the surveillance separation (based on ADS-B information) is
greater than the safety rule without an alert. The separation loss probability is formulated
as:

Pyi =P(s < D,q < th|s > D, H;) (20)

where s is the real separation between the two aircraft, D is the safe separation specified by
the FAA in the corresponding flight phase, ¢ is the fault detection test statistic (¢ equals to
X5, using solution separation method (Pervan et al., 1998)), § is the surveillance separation
based on ADS-B data, H;(i =0, 1,...,n) is the fault hypothesis as discussed in the last
section and H, denotes the hypothesis of no fault occurring. Because the probability of
simultaneous fault of multiple satellites is very small, we just consider the single fault case
in this paper. The total separation loss probability is bounded by the following inequation:

n
Psr < Z Psr,iP (Hl) + Pnot_monitored (21)
i=0
where P(H;) is the probability of hypothesis H;.
The terms of real separation and surveillance separation in Equation (20) have the
following relationship:

s=8—¢ (22)

where e denotes the separation error. The GPS position error follows a Gaussian distribu-
tion for every single aircraft if the independent identical distribution (iid) noise is assumed
in measurements. The separation error equals the difference of position errors of aircraft A
and aircraft B:

E=&40 — EBO (23)

An aircraft (aircraft A) receives the position information of the other (aircraft B) air-
craft through the ADS-B IN system, including NACp (EPU) and NIC (R.). NACp (EPU)
indicates the accuracy of the other aircraft’s position at the 95% confidence level in the
fault-free assumption. NIC (R.) represents the integrity information of positioning, which
is the protection level to quantify the much higher level (for example, 1-10~7) positioning
uncertainty considering the fault condition. In other words, this high-level uncertainty (that
is, integrity risk probability), denoted as Pj,, refers to the probability of the true position
exceeding the protection level. We use the following conservative assumption:

2
ego ~ N (—RCB, (EP2UB> ) 24)

The probability of the condition that is worse than the above assumption is 0-5P;,.. The
other conservative assumption is made that the measurement noises of the two aircraft are
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statistically independent. Then the separation error is:

2
e~N <g (f) + Reg, 0f + <EP2UB> ) (25)

where g (f) represents a function of the fault vector f, oy denotes the position error stan-
dard deviation of aircraft A, and EPUp is the accuracy parameter of aircraft B received by
aircraft A. For aircraft A, when it receives the ADS-B data, the real-time separation loss
probability is bounded as the following expression:

n
Poa <y max P(e > § =D, q < thi3 > D, H)P(H) + Pro_moniorea + 0-5Pin (26)
=0
The above bound can be obtained using a search method to find the fault vector f that

maximises the right term of the above inequation. In order to reduce the computational
complexity, we further simplify it as follows:

E—q=¢&40 — 4 — EB0
= €40 — Xiss — €BRO
=& — €Ro (27)

where the ¢&; denotes the error of X; expressed in Equation (12). Then we have a
transformation for the first inequation:

& —é&py>85—D—th (28)

In the fault hypothesis, H;, and under the assumption of independent measurement noise
of both the aircraft, the term ¢; — ep is denoted as ¢; in the following distribution:

EPUg\’
e~ N (RCB,aiz + <TB> ) (29)

where o represents the variance of %;. The upper bound of the separation loss probability
can be expressed as:

Psr,A < ZP(gs > 3‘ —D— th|§ > D, HI)P(HI) +Pnotfmonitored + O'SPint (30)
i=0

The above upper bound is computationally efficient and is conservative for separation loss
probability evaluation.

Other metrics might be more convenient for practical use, such as the protection
distance, pd:

pd=5—D 31)

The protection distance can be calculated by solving Equation (30) if the separation
loss probability is known. The protection is defined so that a pilot will be aware of how
much extra distance is needed to keep a low separation loss probability. Figure 2 illus-
trates the relationship between separation requirement, protection distance and surveillance
separation.
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Figure 2. Illustration of relationship among separation requirement, protection distance and surveillance
separation.

4. SIMULATION EXAMPLES. In this section, several simulation examples are given
to illustrate the proposed method for the separation loss probability evaluation caused by a
GPS satellite fault. The simulated GPS data is based on the MATLAB toolbox called the
constellation toolbox that was developed by Constell Inc (Constell Inc, 1998 https://www.
mathworks.com/products/connections/product_detail/constellation-toolbox.html), which
has been verified in Tetewsky and Soltz (1998). There are two main reasons simulated data
is used. First, the loss of separation is a rare event and it will be very difficult to directly
observe this event in realistic data. Second, this study will need the position of satellites
which is not available in the current ADS-B data. Thus, simulated data is used where the
satellite position is known.

4.1. Separation error analysis when aircraft are using the same satellite set to nav-
igate. It is likely that two nearby aircraft use the same satellites in navigation. In this
condition, the position errors of the two aircraft are highly correlated and we expect that
the separation error will not be significant. A simulation example is used to present the rela-
tionship between separation loss and fault magnitude when the two aircraft are using the
same set of GPS satellites, which includes one aircraft at point B, C, D and E, respectively.
Another aircraft is fixed at point A that is close to the Sky Harbor International airport of
Phoenix, Arizona (see Figure 3). The main parameters used in the simulation are illustrated
in Table 2. As mentioned before, the clock and ephemeris error, tropospheric delay, iono-
spheric delay, multipath error and receiver noise are assumed to be Gaussian distributions.
The same random variables are used to represent satellite ephemeris and clock errors (rep-
resented by oyge and opry) at the same time for the two aircraft. The other error sources
are assumed to be independent for the aircraft for conservative consideration.

Faults of magnitude from 0 to 1,000 metres were added to the visible satellites. The
position errors of points A to E are presented in Figure 4, which indicates that satellite fault
can cause considerable error at each point. The separation error (difference between surveil-
lance separation and real separation) of the four scenarios were calculated from points B
to E, which is shown as Figure 5. Note that the positive value representing the surveillance
separation is greater than the real separation.

The results indicate that satellite fault has little effect on separation error of the two
aircraft when one aircraft is close to the other, for example, at point B. The satellite fault
effect increases when the distance between the two aircraft increases. Note that large errors
up to 1,000 metres are extreme scenarios that can be easily detected and excluded by the
navigation receiver. The simulation in Figure 5 is to illustrate the effect of a satellite fault on
separation error when the aircraft use the same satellite set to navigate. Such a large error
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Figure 3. Locations of the two aircraft that use the same satellite set to navigate. One aircraft is located at
point A and the other is located at point B, C, D, E respectively to represent four scenarios.

Table 2. Parameters for simulation.

Parameter Value
OURE 2
OURA 25
1-001

Otrop 0-12 | ———

/0-002001 + sin(6)
Oiono 0(dual frequency)
Omp 0-13+0-53¢10
Orecv 0-15+ 0~4366ig
Mask angle 5°
Location of point A Lat.: 33-434167° Lon.: —112-011667° Alt.: 10,000 m
Location of point B Lat.: 33-434167° Lon.: —112-111167° Alt.: 10,000 m
Location of point C Lat.: 33-434167° Lon.: —112-310367° Alt.: 10,000 m
Location of point D Lat.: 33-434167° Lon.: —112-609067° Alt.: 10,000 m
Location of point E Lat.: 33-434167° Lon.: —113-007467° Alt.: 10,000 m
Time 00:00:00, May.01.2018

Note: 0 is the elevation angle from receiver to the corresponding satellite

is not realistic and is only used to demonstrate that even a large fault does not introduce
a large separation error of the two aircraft (for example, all less than 20 m in the current
simulation example).

4.2. Separation error analysis when aircraft use different satellite sets. Nearby air-
craft may use different satellite sets for navigation due to various reasons. For example,
some satellites may be blocked for one aircraft by terrain but can be used by the other
aircraft that flies nearby. Figure 6 illustrates an example of this in the San Francisco
terrain. The terrain data was developed by HUMUSOFT s.r.o. and The MathWorks,
Inc (https://www.mathworks.com/help/sl3d/examples/terrain-visualization.html). The key
parameters of this example are shown in Table 3.

The contour lines of elevation angles for the terrain in this scenario are shown in
Figure 7, which indicates that the terrain does not block positive elevation angles of aircraft
A but blocks up to 10° elevation angle of aircraft B. As a result, satellite #2 is blocked by
the terrain in the view of aircraft B. The sky-plots are shown in Figure 8, where satellite #2
appears in the view of aircraft A but disappears from the view of aircraft B.
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Figure 4. Separation loss versus magnitude of fault in each visible satellite
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Figure 5. Separation loss versus magnitude of fault in each visible satellite.

Figure 6. Illustration of how terrain could cause different satellite sets to be used by two nearby aircraft.

Table 3. Parameters for simulation.

Parameter Value
OURE 2
OURA 2-5
0-12 ( 1-001 )

0 . v

trop /0:002001 + sin (9)
Oiono 0(dual frequency)
Gmp 0-13+0-53¢T0
Orecv 0-15 +O-43e6%
Mask angle 5°
Location of aircraft A Lat.: 37-7367° Lon.: —112-3982° Alt.: 1,000 m
Location of aircraft B Lat.: 37-6877° Lon.: —112-4092° Alt.: 1,000 m
Time 00:00:00 (GPS time)
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Contour lines of elevation angles for the two aircraft.
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Figure 8. Sky-plots of aircraft A and aircraft B.

Fault magnitudes from 0 to 200 m were added into every visible satellite respectively to
present the different effect on position errors of the two aircraft. The results of horizontal
position error represented by east direction error and north direction error are shown in
Figures 9 and 10, respectively.

The simulation results demonstrate that if two aircraft see different satellite sets, then a
fault occurring in a satellite could cause very different position errors on the two aircraft.
The difference in positioning error could lead to a separation error. The results are illustrated
in Figure 11 with different fault magnitudes.
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Figure 11. Separation error versus fault magnitude in each visible satellite.
Table 4. Separation loss probability evaluation simulation parameters.
Parameter Value
Mask angle 5°

Position information of Aircraft A (from GPS receiver)
Position uncertainty of aircraft B (from ADS-B in)

Safe separation D
Satellite fault probability

5NM
1073

Lat.: 37-7367°, Lon.:—122.3982°, Alt.: 10000 (feet)
NACp=10, EPU=10m NIC=10, Rc=25m

Figure 11 indicates that the fault in most of the visible satellites could cause a separa-
tion error. The largest loss is caused by satellite PRN # 2. It is dangerous if the error is
positive because the surveillance separation is larger than the real separation between the
two aircraft. This simulation example demonstrates that the satellite information is critical
in evaluating the separation error and should be broadcast.

4.3. Time-dependent separation loss probability assessment. The previous discus-
sion was focused on the risk assessment in a “snapshot” manner. Due to the complex
movement of satellites and aircraft, the separation loss probability is time-dependent in
nature. An extension of the previous discussion is performed in this section for a 24-hour
period. To simplify the discussion, we only consider the movements of satellites and focus
on a specific location risk. Key parameters of the simulation are shown in Table 4. It is
assumed that the satellite fault probability is 10~>, which is widely used in GNSS integrity
analysis. This probability is based on the notion that there are “three service failures per
year lasting no more than six hours” as specified in the GPS Standard Positioning Ser-
vice Performance Standard (US DoD, 2001). The separation loss probability was evaluated
under the assumption that the two aircraft used different satellite sets for navigation.

Figure 12 shows the simulation results for different protection distance between aircraft
A and aircraft B over a 24-hour period. The separation loss probability varies at different
times of the day, and it decreases with the increase of protection distance.
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Figure 12. 24-hour time varing probability of separation loss for different protection distance.
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Figure 13. 24-hour time varing protection for different separation loss probability limit.

Another metric is used to illustrate the same results. Separation distance with a certain
allowable risk level (that is, separation loss probability) is plotted with respect to time.
As expected, a very high protection distance is required if the separation loss probability
level needs to be maintained at a very low level (see Figure 13 for the probability level
of 1e-7). This metric will be helpful for future decision making when the ADS-B signal is
used for collision avoidance systems. It is shown that the high-risk scenarios only happen
for a sparse number of time slots. It is too conservative to use these extreme cases to set the
separation clearance. Thus, real-time separation loss probability assessments and dynamic
separation clearance will be the ideal case for NextGen operation with the ADS-B system
and its associated collision avoidance system.
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5. CONCLUSION AND FUTURE WORK. A general probabilistic separation loss
probability assessment methodology and uncertainty quantification of ADS-B positioning
error has been proposed in this study. Several numerical examples are used to illustrate the
proposed methodology with representative air traffic operation conditions. Several major
conclusions can be drawn based on the proposed study.

e The correlation effect of positioning error from ADS-B systems among multiple
aircraft may have an impact for separation loss probability assessments and should
be considered in future operations;

e The largest impact of the correlation effect happens when aircraft see different
satellite sets for navigation;

e Satellite fault combining with different satellite-sets for navigation for two aircraft
will cause the largest separation error based on the current study;

e If nearby aircraft see the same satellite sets, the separation loss probability is small,
irrespective of fault or health satellite conditions and the correlation effect can be
ignored in this case.

To reduce this separation loss probability in NextGen, we have the following sugges-
tions based on the work performed in this paper;

e The same mask angle should be used in satellite navigation receivers to reduce the
possibility of seeing different satellite sets for nearby aircraft;

e An aircraft should broadcast which satellites are used in its navigation to others
through ADS-B data and the proposed method or a similar method should be used
to quantify the correlation effect;

e Time-dependent separation loss probability analysis shows a very sparse pattern and
it is too conservative to design the separation using the maximum failure probability.
Real-time analysis is desired to adaptively evaluate the separation loss probability
for a future ADS-B-based collision avoidance system.

The developed methodology is for a pair of aircraft. Extension to multiple aircraft needs
further investigation, especially near terminal regions. In addition, the developed method-
ology has the potential to evaluate the impact of positioning uncertainties for Unmanned
aircraft Traffic Management (UTM) systems, where the separation distance is much smaller
than the traditional NAS and significant impact of positioning uncertainties are expected.
Significant theoretical and experimental study is required for the separation loss probabil-
ity assessment for UTM. In addition, other uncertainties can also cause separation error,
such as interference and GNSS receiver failure. These uncertainties should be considered
in future work.
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