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ABSTRACT

The location from which a signal is transmitted can be estimated using the time it takes to be detected at a receiver.
The difference between transmission time and the detection time is known as time of arrival (TOA). In this work, an
algorithm for 3-dimensional (3-D) position estimation (PE) of an emitter using the minimum receiving stations
configuration was developed. The TOA measurements estimated from three automatic surveillance dependent
broadcast (ADS-B) receivers are used to evaluate the performance of the PE algorithm. The result shows that the
triangular ADS-B receiver configuration is capable of 3-D PE for emitter locations within 190 km coverage radius and
that the altitude estimation error is 2 km higher than the horizontal coordinate estimation error. Within the 3-D PE
coverage of the ADS-B receiver, the maximum horizontal and altitude error expected are 0.12 km and 2.2 km

respectively.
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1. INTRODUCTION

Passive time of arrival (TOA) based position estimation
(PE) system for air traffic surveillance purposes,
estimate the emitter location in two stages [1]. The first
stage involves estimating the TOA of the signal at each
receiver. The TOA is the time taken by an electronic
magnetic emission to propagate from the transmitter to
the receiver. There are several techniques reported for
estimating TOA but the classical techniques used in the
air traffic surveillance system is the leading-edge
detection approach using threshold crossing [3, 4]. This
involves getting the time instance at which first leading
pulse of the signal overcomes the assigned threshold.
The time is obtained from a clock the receiver is
equipped with. Another approach is the maximum
likelihood estimator (MLE) method [5]. The use of the
MLE method with time-stamp to estimating TOA of
ADS-B packets semi-passive
presented in [5]. The received ADS-B packet is
correlated with the know preamble structure and the

in a scenario was

time at which the maximum peak occurs is recorded.
This recorded time corresponds to the TOA of the
received ADS-B packet. Other techniques for TOA

* Corresponding author tel: +234 — 806 — 925 — 4680

estimation include shift invariant technique [6] and
super resolution technique [7, 8, 9] which are based on
frequency domain deconvolution.

The second stage involves using the estimated TOA
measurements from the first stage as inputs to a PE
algorithm to estimate the emitter position. NVnumber of
ADS-B receivers will result to N number of TOA
measurement Depending on the receivers used, 2D or
3D PE of the emitter is possible. For a 3D PE, a
minimum of three receivers are required [1]. N
number of TOA measurement will result in &/ number
of circle equations equation
representing a nonlinear equation between the TOA

with each circle
measurements and emitter position. To solve for the
emitter position, there is need to have a linear
(TOA
measurements and emitter position). Several articles

relationship between the two parameters

have reported on how the linear relationship between
the two parameters is obtained which resulted in
difference PE algorithm grouped into: linear PE and
nonlinear PE algorithm [1]. The TOA based non-linear
PE algorithm
techniques to obtain the linear relationship between

involves the wuse of linearization
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the two parameters and a random initial emitter
position is inputted which is then refined using
iteration methods such as Gauss-Newton method to
obtain the final emitter position [1, 10]. This approach
suffers from convergence if the initial emitter position
is far from the actual emitter position. The TOA based
linear PE algorithm involves algebraic manipulation of
the N number circle equations to obtain a linear
relationship between the two parameters [1, 11, 12]. It
has no convergence issue as it does not require initial
emitter position to be inputted and refined. In this
work, the linear PE algorithm is adopted for the emitter
PE process. Other forms of PE algorithm used in
emitter PE are multilateration [13] and multiangulation
[14] which are based on estimating time difference of
arrival (TDOA) of the signal at receiving station pairs
and angle of arrival (AOA) respectively.

In our earlier work [15], an ADS-B receiver was
designed and its performance in decoding ADS-B
packet was determined in term of bit error rate (BER)
and packet error rate (PER). The ADS-B receiver
proposed in [15] is wused in obtaining TOA
measurements based on time-stamp. The TOA
measurements are then used in evaluating the
performance of a developed 3-D TOA based PE
algorithm using the minimum number of ADS-B
receivers. The PER performance of the ADS-B receiver
is used in determining the 3-D PE coverage of the TOA
PE system. Simulation results for analysis are obtained
using Monte Carlo with ADS-B receivers in triangular
configuration.

The rest of the paper is organized as follows. Obtaining
the TOA measurement for PE using the ADS-B receiver
is described in section 2. Section 3 gives a description
of the TOA-based PE algorithm. Simulation result and
discussion is presented in section 4 which is followed
by conclusion in section 5.

2. ADS-B TOA MEASUREMENT FOR PE

When an ADS-B packet is received, the time at which
the packet is received is time-stamped on the ADS-B
packet. If the transmission time is known and there is
perfect time synchronization between the emitter and
all the ADS-B ground receiving station (GRS)s, the TOA
of the signal is calculated as:

T~ |Tstamp - Tt‘rasmit| €Y
where Ts¢qmp is the time-stamp on the ADS-B packet
and Tirgnsmic 1S the transmission time on the ADS-B
packet. Since the time-stamp approach is used for TOA
estimation, error in TOA measurement is related to the
receiver time-stamp resolution. Time-stamp resolution
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varies for different receiver manufacturer and ranges
from 2 nsec to 20 nsec [16, 17].

After the ADS-B packet is received, a cyclic redundancy
check (CRC) is carried out to validate the correctness of
received packet [15, 18,19]. The ability of an ADS-B
receiver to carry out such validation process of ADS-
packet is measured through its PER which ranges from
0 to 1. The PER value 0 means there is no error in the
ADS-B packet while 1 PER value mean there is error in
the ADS-B packet. An ADS-B packet is valid if the
receiver decodes the packet with a PER value of 0. If the
PER = 0, timestamp on an ADS-B packet can be used
for TOA estimation and PE. Therefore, for 3-D PE to be
performed, all 3 ADS-B receivers must decode the ADS-
B packet with PER of 0. The estimated TOA
measurements are used to determine the position of
the emitter in the next section.

3. TOA-BASED PE ALGORITHM

In this section, a detail description of the TOA PE
localization algorithm is presented. The TOA
measurement from Eq. (1) at each ADS-B receiver is
assumed to contain error. Let 7; be the estimated TOA
measurement at the /#th ADS-B receiver with
coordinates(x;, y;,z;). The estimated TOA at the ith
ADS-B receiver is related to the emitter positionx =
(x,v,2) as shown in Eq. (2).

, Na=x)P+ G —y)i+ (2 - 2)?
1= c (2)
where c¢ is the speed of light in vacuum given as

3 X 105 km.

From Eq. (2), the estimated TOA (f)and the emitter
position (x) have a non-linear relationship. By taking
the square of both side in Eq. (2), the resulting
expression is
@G- =C-x)+0-y)i?+E-2)* (3
Eq. (3) can be further simplified resulting to
(#; — )2 = (x2 + y% + z2) — (2xx; + 2yy; + 22z;)
+ (& v+ 7)) )
Let
Ri=({#;xc)%.R=x?>+y?+2% K, = x? +y? +z7 (5)
Substituting Eq. (5)
expression is
R? =R —2(xx; + yy; + zz)) + K; (6)
To performance 3-D PE using TOA measurements, a
minimum of 3 ADS-B receivers are needed. Therefore,
the TOA equations for 1 < i < 3 are

into Eq. (4), the resulting

R? =R —2(xx; +yy, +zz)) + K; (7a)
R2 =R —2(xx, + yy, +2z2,) + K, (7b)
RZ2 =R —2(xx3 +yy; + zz3) + K, (7¢)
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Subtracting both Eq. (7b) and Eq. (7c) from Eq. (7a) to
eliminate the variable R as it is a function of the emitter
position which is unknown for a passive PE system.
This results into two equations, according to [12],
which are:

R\lz - ﬁ% = 2xX21 + sz21 + 2Z221 + Klz (8)
ﬁ% - ﬁ% = ZxX31 + ZyY31 + 22231 + K13 (9)
where

Xii=x;—x,Y1 =Y —Y1,Zj1 = Z; — Z; and Ky
=K —Kjfor2<;<3

Using Eq. (8) and Eq. (9), the emitter positionx =
(x,v,2) can be obtained given the TOA measurements
and ADS-B receiver coordinates. To solve for the
emitter position, make y subject of formula in Eq. (8),
which results to
0.5(R? — R% — Ky5) —x&—zé (10)
Y21 Y21 Y21
Substitute y in Eq. (10) into Eq. (9) and making x
subject of the formula results into

x=ZxA+B 11

y:

Where
A= (221Y31 - Y31Y21)
X31Ya1 — Xo1Ya1/'
(05Y,4(R? — B3 — K13)) — (0.5%3, (R} — R} — Ky))
X31y21 - X21Y31
Eq. (11) shows the xcoordinate of the emitter as a
function of the altitude z. Substituting x in Eq. (11) into
Eq. (10), the resulting expression after simplification is
y=C—2zD (12)

B =

Where
0.5(R? —R?-K X X Z
¢RI R—Ke) Koy ap-ptn i
Y21 Y21 Y21 Y21
Eq. (12) shows the zcoordinate of the emitter as a

function of the altitude z. Substituting x and y in Eq.
(11) and Eq. (12) respectivelyinto Eq. (7a),
simplification results into a second order quadratic
equation as a function of the emitter altitude zas
shown in Eq. (13).
Z’P+2zQ+R=0 (13)

Where
P=D?*+B%*+1,Q

=2AB —2DC — 2x,B — 2y, D

+ 2z, and R

=A%+ C? — 2x;A — 2Cy, + K; — R?
Solving for z in Eq. (13) gives

—Q+yQ*—-4PR
zZ =
2P

Since the altitude of the emitter cannot be a negative
value, thus, the altitude of the emitter is

_Q+JO74PR
7z =
2P

(14)

(15)
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Using the solution of z from Eq. (15), substitute into Eq.
(11) and Eq. (12) to obtain the corresponding
x =zA+ B coordinate andy =C —zD coordinate
respectively which are:

4. SIMULATION RESULT AND DISCUSSION

Position root mean square error (RMSE) is used as the
PE performance measure. The horizontal and altitude
RMSE respectively are mathematically expressed as

o J (G = %)+ 5= 90D

N (16a)
/ N —2.)2
Altymse = # (16b)

where (x,y,z)is the known emitter position and
(%;, 91, 2;) is the emitter position at the /~th Monte Carlo
realization. Monte Carlo simulation results were
obtained after 200 realizations.
Surveillance system used in aircraft monitoring
displaces the position of emitters in cylindrical
coordinate systems, that is, range (R)bearing (6)and
altitude (z) [20]. Conversion from cylindrical
coordinate system to the rectangular coordinate
system can be done using Eq. (17).
x = R X cos(0) (17a)

y = R X sin(0) (17b)
The distribution of the ADS-B receivers for PE analysis
are shown in Figure 1.

15
. ADS-B receiver 1
B ADS-B receiver 2
107 *  ADS-B receiver 3
o s5¢f [ J
©
£
S
S or
o
o
> 51 | *
-10 |
-15 : . . : .
-15 -10 -5 0 5 10 15

x coordinate
Figure 1: Triangular distribution configuration of ADS-
B receivers [5 km separation]

Figure 1 shows the triangular distribution
configuration of the three ADS-B receivers. Each ADS-B
receiver is placed at a vertex of an equilateral triangle
with a side length of 5 km. According to Chan et al. [21],
simple configurations such as squares and equilateral
triangles result in better PE accuracy. Based on what
was suggested in [21], the triangular configuration as
shown in Figure 1 is adopted and the PE accuracy of the
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TOA-based PE
configuration.

system is determined for this

4.1 ADS-B receiver PER Versus Signal to Noise Ratio
(SNR) Relationship

In this paper, the ADS-B receiver proposed in [15] is
used for the TOA estimation. The performance of the
receiver in terms of PER versus SNR is shown in Figure
2. It is seen that the PER decreases with increase in the
SNR from 11 dB to 20 dB. At SNR of 10 dB, the PER is 1
meaning that the ADS-B packet received at that SNR
value contains an error. At SNR above 20 dB, the PER is
equal to 0 meaning that the ADS-B packet contains no
error. Therefore, if the received SNR of an ADS-B
packet is known, it is possible to know if the time-
stamp on the packet can be used for PE or not. Based
on the simulation result in Figure 2, the time-stamp on
ADS-B packet can be used for PE only if it is received at
SNR above 20 dB.

f T . 1 ' !
| i i PER sim
08p-------- ST Pt il + PERsim CRC []
[VE:]
 — S S SN S—
¥ : : : : :
) et S L s St
5 : : : : :
£ 05f---o-oo-d R Rtd SECEEEREE e oo ooos S
% ! ! ! . :
B ooafred b N
b ' ' ' ' '
o ' ' ' ' '
S p3p-----o--d oo bomeooaons et L WOt e
N N— IS DN a—
! ! ! : &
LR demmeees bovomenned e T TP
o i i i i i
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SAR_,
Figure 2: PER versus SNR performance for the ADS-B
receiver [15]
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Figure 3: Effective SNR at each emitter position [5 km
separation]
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4.2 Effective Snr Versus Emitter Position:

The ADS-B packets were received at difference ADS-B
receivers with slight differences in the SNR value. Thus,
the effective SNR was obtained by taking the minimum
SNR from all the ADS-B receivers [22]. For each emitter
position, the received SNR was calculated based on
emitter transmit power of 250 watts, receiver
sensitivity of -90 dBm, transmitter and receiver
antenna gain of 3 dBi and 12 dBi respectively assuming
a free space path loss model. The transmitter/receiver
parameter are selected based on actual system used in
the aviation industry [23, 24]. Figure 3 shows the
effective SNR for emitter positions within a 300 km
coverage from the center of ADS-B receivers in a
triangular configuration at altitude of 1 km. From
Figure 3, the effective SNR depends on the emitter
range at which the ADS-B packet is transmitted from
the center of the ADS-B receiver configuration. It
decreases with increase in emitter range from 0 km to
200 km. At constant emitter range, there is no
significant difference in the effective SNR between
emitter at altitude 1 km and 15 km. From Figure 2 and
Figure 3, it can be concluded that 3-D TOA based PE is
possible using the minimum number of ADS-B receiver
if only the emitter is located within a coverage range of
190 km.

4.3 Emitter PE Error:

In section 4.2, it was established that using the ADS-B
receiver in [15], 3-D TOA based PE is possible only for
emitter within 190 km coverage radius from the center
in the TOA
measurement results to error in estimating the emitter

of the ADS-B configuration. Error
position. Using a time-stamp resolution of 18 nsec (5.4
meters) [17], the TOA based position error at each
emitter position is determined.

Figure 4 shows the PE RMSE of the TOA based system
for emitter at altitude of 1 km using the ADS-B receiver
triangular configuration shown in Figure 1. It can be
seen that the PE RMSE is position dependent. For both
the horizontal and altitude PE, the error increases with
increase in emitter range from 0 km to 200 km. At
emitter position (R =50km,0=90%z=1) in
cylindrical coordinate system which corresponds to
(x=0km,y=50,z=1) in the rectangular
coordinate system using Eq. (17), the horizontal and
altitude RMSE are 0.025km and 0.75 km respectively.
At emitter position(x = —145 km,y = —145,z=1),
the horizontal and altitude RMSE respectively are 0.11
km and 2.1 km. Comparison between the horizontal
and altitude RMSE shows that the altitude RMSE is
about 2 km higher than the horizontal RMSE. This is
1165
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due to the use of the second order quadratic, Eq. (13),
that results to square magnitude error in estimating
the altitude of the emitter. The use of additional ADS-B
receiver for the PE process eliminates the square
magnitude error as it results in four TOA equations.
Further simplification of these equation will result in 3
equations having 3 unknowns which are the emitter
positions (x,y,z). Least square (LS) method can then
be used in solving for the emitter position thus,
eliminating square magnitude error. Based on the ADS-
B receiver in section 4.1, the maximum horizontal and
altitude error expected are 0.12 km and 2.2 km
respectively within the 190 km coverage.

Horizontal RMSE (km)

0.14

0.12

0.1

0.08

y coordinate (km)

0.06

x coordinate(km)

(a) Horizontal RMSE error

Altitude RMSE (km)

y coordinate (km)

-200  -150 -100 -50 0 50 100 150 200

x coordinate(km)
(b) Altitude RMSE

Figure 4: TOA based PE RMSF for emitter at 1 km
altitude with ASB-B in triangular configuration

6. CONCLUSION

In this work, a 3-D linear TOA based PE algorithm for
an emitter using the minimum number of receiving
station was developed. Using an ADS-B receiver at the
receiving station, the emitter PE accuracy of the TOA
based system was determined with the ADS-B receivers
in a triangular configuration. The ADS-B receiver can
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receive and validate ADS-B packet sent from an emitter
within 190 km coverage radius that is PER = 0. The
result also shows that the PE algorithm using the
minimum number of ADS-B receivers for the 3-D has
altitude estimation error 2 km higher than the
horizontal PE which is due to the use of the second
order quadratic equation for the altitude estimation
process. Increase in the number of receiving stations
will increase the accuracy in both the horizontal and
altitude estimation.
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