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Abstract: Multilateration (MLAT) system estimate aircraft position from its electromagnetic emission using time difference 
of arrival (TDOA) estimated at ground receiving station (GRS)s with a lateration algorithm.  The position estimation (PE) 
accuracy of the MLAT system depends on several factors one of which is the TDOA estimation approach.  In this paper, the 
PE performance of a minimum configuration 3-dimensional (3-D) MLAT system based on the direct and indirect approaches 
to TDOA estimation is presented. The analysis is carried out using Monte Carlo simulation with the transmitter and receiver 
parameters based on an actual system used in the civil aviation.  Simulation results show that within 150 km radius, the direct 
TDOA based MLAT system performs better than the indirect TDOA based MLAT system. Beyond 150 km radius, the indirect 
TDOA based MLAT system has the least PE error compared the direct TDOA based MLAT system. Further comparison of 
the MLAT system based on the two TDOA estimation approaches with other surveillance systems shows that the direct TDOA 
based MLAT system has the least PE error within 150 km radius while long-range aircraft PE beyond 150 km, automatic 
surveillance dependent broadcast (ADS-B) outperformed the MLAT system as it has the least PE error.  
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1. INTRODUCTION 
Multilateration (MLAT) system is a wireless positioning 
system that finds application in both the civil and military. 
In the civil application, MLAT is used by the air navigation 
service provider (ANSP) to direct and control air traffic 
within a flight information region (FIR) [1]. MLAT 
application in the military is for electronic support (ES) 
which is a subdivision of the electronic warfare (EW) 
whose task is emitter locating based on the analysis of 
incoming signals for threat recognition [2]. 

An MLAT system consists of spatially deployed ground 
receiving station (GRS)s connected to a central processing 
station (CPS) via a communication datalink [1].  The 3-
dimensional (3-D) position estimation (PE) of an aircraft 
depends on the number of GRSs deployed [1, 3].  To 
estimate an aircraft in 3-D, a minimum of four GRSs are 
used. There are two stages in aircraft PE: position 
dependent signal parameter (PDSP) estimation and 
localization [4]. The first stage which involves estimation 
of PDSP from the received electromagnetic (EM) emission 
of the aircraft detected at the spatially placed GRSs.  The 
time difference of arrival (TDOA)s estimated from GRS 
pairs are the PDSP used by the MLAT system [1, 5]. The 
second stage which is known as the localization uses the 
TDOAs estimated from the first stage with the known 
locations of the deployed GRS as input to a lateration 

algorithm to determine the position of the aircraft [4]. 
Several types of lateration algorithms has been reported [6] 
but for a passive system such as MLAT in which the 
location of the aircraft is not known, the closed-form 
lateration algorithm is used [7–9] and is adopted in this 
paper. 

Among the factor that affects the PE accuracy of the 
lateration algorithm is the TDOA estimation approach 
[10]. In general, there are two approaches to TDOA 
estimation namely: direct and indirect approach [1, 11]. 
The indirect approach involves estimating the time of 
reception (TOR) of the EM emission detected at each GRS 
and a pairwise subtraction of these TOPs is performed to 
obtain the TDOA [12, 13]. The TOP is the time at which 
the EM emission from the aircraft is detected at any of 
GRS. Several techniques for TOP estimation have been 
reported in literatures, but the leading-edge detection 
approach is the most commonly used technique [13]. Pulse 
edge detection method involves getting the time instance 
that corresponds to the overcoming of an assigned 
threshold by the first leading pulse edge of the signal 
through a clock that the GRS is equipped with. In the direct 
approach, TDOA is estimated directly using a pair of 
signals received at a pair of GRS. Several methods have 
been reported in literatures but the most commonly used 
approach is the cross-correlation (CC) [14, 15]. The CC 
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method is the earliest and straightforward method for 
TDOA estimation, particularly adopted in the case of 
constant delay, stationary process and long observation 
intervals [14]. By computing the CC function between two 
signals, the TDOA is estimated from the peak of the 
correlation function.  To improve the peak detection, 
generalized CC (GCC) method is used where the signals 
are first passed through a filter or weighting function 
before the CC method is applied [15]. Different types of 
filters or weighting functions have been reported in 
literatures but the most commonly used is the PHAse 
Transform (PHAT) [15].  The direct approach has an 
advantage over the indirect method as it can be used in a 
non-cooperative environment such as the EW where the 
signal characteristics are not known. As for the indirect 
method, prior knowledge of the signal parameters needs to 
be known and is mostly used in the air traffic monitoring 
for civil aviation. Each of the TDOA estimation approach 
will lead to different PE accuracies of the MLAT system 
lateration algorithm. In this paper, the PE accuracy of the 
MLAT system lateration algorithm with the direct and 
indirect approach to TDOA estimation is determined. The 
transmitter and receiver parameters are based on actual 
system used in the civil aviation. The approach with the 
best PE accuracy is compared with the primary 
surveillance radar (PSR) [5], automatic surveillance 
dependent broadcast (ADS-B) and air defense radar 
(ADR) [7, 16] to determine which is best suited for long- 
and short-range aircraft locating.  

The remainder of the paper is organized as follows. 
Section 2 provide the mathematical derivations for the 
direct and indirect approaches to the TDOA estimation. In 
Section 3, the brief derivation of the PE closed-form 
lateration algorithm is presented followed by simulation 
result and discussion in Section 4. The conclusion is 
presented in Section 5.  

2. MLAT TDOA ESTIMATION METHODOLOGY 
In this section of the paper, the mathematical derivations 
of the direct and indirect approaches to TDOA estimation 
is presented 

2.1 Indirect Approach to TDOA Estimation  
The signal transmitted by the aircraft transponder for 
instance secondary surveillance radar (SSR) (Mode A, C 
and S) and ADS-B contains flight information such as 
aircraft identification, speed, and altitude which are 
extracted from the decoded signal (packet). The packets 
are time-stamped to indicate the TOR	at each of the GRSs 
which are subsequently used for TDOA estimation. Prior 
to the time-stamping process, an error detection technique 
such as cyclic redundancy check (CRC) is carried to 
determine if all the received packets are correctly detected 
[17, 18]. Packets with error are discarded. The ability of 
receiver to carry out such validation process is measured 
through its packet error rate (PER). The PER is the ratio of 
total number of packets wrongly detected to the total 
number of packets transmitted, which ranges from 0 to 1. 
If the PER = 0, it indicates that all transmitted packets are 
correctly detected, PER = 0.5 indicates that 50% of the 
transmitted packets are correctly detected while PER = 1 

indicates that all the transmitted packets are wrongly 
detected. The TOR of a packet is used for TDOA 
estimation only if the receiver correctly detects the signal 
at all deployed GRSs. 

In this research, the approach to estimating the TOR of 
the aircraft transponder emission as presented in [12] is 
considered and will not be covered in this paper. The TORs 
are assumed to be estimated with error. Let 𝑇#$%&  and 
𝑇#$%' 	be the error free TOR of a packet detected at the i-th 
and m-th GRS. Mathematically, the TDOA of the packet is 
obtained as: 

i m
im rep repT Tτ = −      (1) 

The TOR of a received packet is not accurately estimated 
due to several factors some of which are GRS 
synchronisation error and clock time stamp resolution.  

In practical application, the time-stamping error 
depends on several factors some of which are 
synchronization error between GRSs and time-stamp 
resolution of the receiver used [11]. By modelling the TOR 
error as zero mean Gaussian random variable with a 
normal probability density function (pdf), the estimated 
TOR of the packet at the i-th and m-th GRSs respectively 
are: 

( )ˆ 0,i i
rep rep iT T N σ= +     (2) 

( )ˆ 0,m m
rep rep mT T N σ= +     (3) 

where 𝜎& and 𝜎'	in Eq. (2) and Eq. (3) respectively are the 
TOR estimation error standard deviation (SD) at the i-th 
and m-th GRS which ranges from 1 to 20 nsec [1, 19]. In 
this research the TOR error is assumed to include error due 
to imperfect clock synchronization and clock time-stamp 
resolution.  

Substituting Eq. (2) and Eq. (3) into Eq. (1), the 
estimated TDOA is:  
 

ˆ ˆˆ i m
im rep repT Tτ = −      (4) 

 
Depending on the number of GRS deployed, several 

TDOA equations in the form of Eq. (4) are generated 
which are used with the known coordinates of the deployed 
GRSs to estimate aircraft position using the lateration 
algorithm. 

2.2 Direct Approach to TDOA Estimation 
In the direct approach, the signals received at each GRS 
are transferred to the CPS where the TDOAs are estimated 
directly from the signals. Let 𝑥&(𝑡) and 𝑥'(𝑡) be the signal 
received at the i-th and m-th GRS pair, the TDOA obtained 
using the GCC-PHAT approach at the CPS is 
mathematically expressed as [15]: 
 

( )argminim imR
τ

τ τ⎡ ⎤⎣ ⎦=     (5) 

 
where 
 

( ) ( ) 2( ) j f
im p imR w f G f e dfπ ττ

∞

−∞
= ∫   (6) 
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and 𝐺&' 𝑓  is the cross-spectrum of the received signals 
and 𝑤% 𝑓  is the PHAT weighting function expressed as 
[15]: 

( )
( )
1

p
im

w f
G f

=     (7) 

Since the received signal at each GRS is corrupted with 
noise, there is error in estimating the TDOA. Apart from 
the noise in the signal, clock error due to sampling of 
received signal also contribute to the overall TDOA error. 
Modelling the TDOA error as zero mean Gaussian random 
variable with a normal pdf, the estimated TDOA in Eq. (5) 
using the GCC-PHAT method is: 
 

( )ˆ 0,im im imNτ τ σ= +     (8) 
 
where 𝜎&' in Eq. (8) is the TDOA error SD which is 
assumed to include error due noise in the signal, sampling 
clock error and GRS imperfect synchronization. 

3. MLAT PE METHODOLOGY 
In this section of the paper, the PE of the MLAT system is 
first presented followed by the summary of reference 
selection technique adopted. 

3.1 Closed-form Lateration Algorithm  
The methodology used by the MLAT system to estimate 
the position of an aircraft given the TDOA measurement 
obtained in Section 2 is presented.  Let 𝐱 = [𝑥, 𝑦, 𝑧] be the 
coordinate of the aircraft in rectangular coordinate system 
while 𝐬& = [𝑥&, 𝑦&, 𝑧&], 𝐬𝒋 = [𝑥9, 𝑦9, 𝑧9],	𝐬𝒌 = [𝑥;, 𝑦;, 𝑧;], 
and  𝐬' = 𝑥', 𝑦', 𝑧' are the coordinate of the i-th, j-th, 
k-th, and m-th GRSs respectively. Using the GRS pair 
referencing approach as previously done in [20] with the i-
th and j-th as the reference GRS pair while k-th and m-th 
as the non-reference GRS pair, four hyperbolic equations 
that relates the TDOA measurements obtained in Section 2 
with the aircraft position are obtained as follows:  
 

( ) ( ) ( )

( ) ( ) ( )

2 2 2

2 2 2

1
îm i i i

m m m

x x y y z z
c

x x y y z z

τ = − + − + −

− − + − + −

 (9) 

 

( ) ( ) ( )

( ) ( ) ( )

2 2 2

2 2 2

1ˆ jm j j j

m m m

x x y y z z
c

x x y y z z

τ = − + − + −

− − + − + −

 (10) 

 

( ) ( ) ( )

( ) ( ) ( )

2 2 2

2 2 2

1ˆ i i iik

k k k

x x y y z z
c

x x y y z z

τ = − + − + −

− − + − + −

 (11) 

 

( ) ( ) ( )

( ) ( ) ( )

2 2 2

2 2 2

1ˆ jk k k k

k k k

x x y y z z
c

x x y y z z

τ = − + − + −

− − + − + −

 (12) 

 

where. 𝑐 = 3×10A	𝑘𝑚/𝑠𝑒𝑐, 𝜏&' and  𝜏9' respectively 
are the TDOAs of the received signal obtained using the i-
th and j-th GRS pair as reference with the m-th as non-
reference while 𝜏&; and  𝜏9; respectively are the TDOAs of 
the received signal obtained using the i-th and j-th GRS 
pair as reference with the m-th as non-reference 

Algebraic manipulation of Eq. (9) to (12) as done in [20] 
results in two plane equations as shown in Eq. (13) and Eq. 
(14). 
 
, , , , , , , ,i k m i k m i k m i k mA xB yC zD= + +    (13) 

 
, , , , , , , ,j k m j k m j k m j k mA xB yC zD= + +   (14) 

 
where the coefficients of Eq. (13) and Eq. (14) are 

function of estimated TDOAs and GRSs coordinates 
which can be found in [20]. 

The subscripts “𝑖, 𝑘, 𝑚”  and “𝑗, 𝑘, 𝑚” in the coefficients 
of Eq. (13) and Eq. (14) indicates that the parameters are 
obtained using the i-th and the j-th GRSs as references 
respectively, with m-th and k-th GRSs as non-reference. To 
solve for the aircraft position, the horizontal coordinates 𝑥 
and 𝑦 are expressed as a function of altitude 𝑧 . The two 
equations which are function of 𝑧 are substituted into one 
of the hyperbolic TDOA equations. Further simplification 
of the hyperbolic TDOA equation results in a second-order 
quadratic equation as a function of 𝑧. The solution to the 
second-order quadratic equation with the positive value is 
chosen as the estimate aircraft altitude which is then 
substituted into the earlier obtained equations for the 𝑥 and 
𝑦 to obtain the estimated horizontal coordinates.  Detail 
derivations of the procedure to obtain the aircraft position 
using Eq. (13) and Eq. (14) given the TDOA and GRS 
coordinates is presented in [20].  

Most surveillance system display aircraft positions in 
terms of range(𝑅), bearing (𝜃) and altitude 𝑧   which 
corresponds to the cylindrical coordinate system. In the 
remainder of the paper, aircraft positions will be defined in 
cylindrical coordinate system that is 𝑅, 𝜃, 𝑧  and 
conversion from the cylindrical coordinate to Cartesian 
coordinate system is done using the following equations: 
 

( )cosx R θ= ×                 (15a) 
 

( )siny R θ= ×                 (15b) 
 
z z=                  (15c) 
 

3.2 Adopted GRS Reference Selection Technique 
Besides the TDOA error, another factor that contributes to 
the accuracy at which the position of the aircraft is 
obtained using Eq. (14) and Eq. (15) is the choice of 
reference GRS used to generate the TDOAs in (9) to (12). 
In this paper, the reference selection technique proposed in 
[20] is adopted. A matrix 𝑄&9 is derived that has as its 
entries only the TDOA measurements as shown in Eq. (1). 
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( )

( )

1 0
ˆ ˆ

10
ˆ ˆ

im ik
ij

jm jk

τ τ

τ τ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

×
=

×

Q    (16) 

 
With four deployed GRSs and GRS pair as reference for 

estimating the TDOAs, six possible combinations of 
reference GRS pairs are obtained. Let the deployed GRSs 
be labelled GRS-1, GRS-2, GRS-3 and GRS-4, the 
summary of all possible GRS reference pair combinations 
is presented in Table 1. 
 

Table 1. Possible combinations of reference GRS pair 

GRS pair 
Reference pair 

i-th j-th 
Pair 1 GRS-1 GRS-2 
Pair 2 GRS-1 GRS-3 
Pair 3 GRS-1 GRS-4 
Pair 4 GRS-2 GRS-3 
Pair 5 GRS-2 GRS-4 
Pair 6 GRS-3 GRS-4 

 
Each of the GRS pair combinations in Table 1 is used in 

generating the TDOAs which are substituted into the 
matrix in Eq. (16). The condition number of the matrix is 
calculated using Eq. (17).  
 

( )
2

2

1
det( )ij ij

ij
K = ×(Q ) Q

Q
   (17) 

 
The GRS pair combination whose TDOAs resulted in 

the least condition number value using Eq. (18) is chosen 
as the reference GRS pair for the lateration algorithm for 
PE. 

4.  SIMULATION RESULT AND DISCUSSION  
In this section, the simulation parameters used to evaluate 
the PE performance of the lateration algorithm with the 
different TDOA estimation approaches is first presented. 
This is followed by the relationship between the effective 
signal to noise ratio (SNR) and aircraft position in Section 
4.2. The relationship between the TDOA error SD, packet 
error rate (PER) and the effective SNR of the signal at GRS 
pair is presented in Section 4.3 followed by the PE error 
comparison of the lateration algorithm with the different 
TDOA estimation approaches in Section 4.4. Finally, the 
PE comparison of the MLAT system with primary 
surveillance radar (PSR), Air defense radar (ADR) and 
automatic dependent surveillance broadcast (ADS-B) is 
presented in Section 4.5. 

4.1 Simulation Parameter  
The position root mean square error (RMSE) is the 
performance measure used to evaluate the PE performance 
of the direct and indirect TDOA MLAT system. 
Mathematically, the horizontal coordinate and altitude 
RMSEs are expressed as: 
 

( )
( )

2

2
1

ˆˆ cos( ) cos( )1 
ˆˆ sin( ) sin( )

N n n

rmse
n

n n

R R
H

N R R

θ θ

θ θ=

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

−
=

+ −
∑

 (18) 

 

( )2
1

1 ˆ 
N

rmse n
n

Z z z
N =

= −∑    (19) 

 
where 𝑅, 𝜃, 𝑧  is the known aircraft position and 
𝑅O, 𝜃O, 𝑧O 	is the estimated aircraft position at the n-th 

Monte Carlo simulation realizations (𝑁 = 500).  
For the analysis, the square GRS configuration is 

considered which is shown in [21] to produce the best PE 
performance. The distribution of the GRSs is shown in 
Figure 1.  
 

 
 

Figure 1. Distribution of the GRS with 10 km separation 
in a square configuration 

 
The transmitter and receiver parameters used for analysis 
are based on actual system used in the aviation industry 
which are presented in Table 2.  
 
Table 2. Transmitter/Receiver simulation parameters [1, 

22, 23] 
 

Parameter Value 

Transmit power 250 Watt 

Carrier frequency 1090 MHz 

GRS receiver sensitivity -90 dBm 

GRS antenna gain 12 dBi 

Transmitter antenna gain 3 dBi 

 

4.2 Effective SNR versus Aircraft Position Analysis 
In this section of the paper, the relationship between the 
effective SNR of the signal received at GRS pair and 
aircraft position is established. To perform 3-D PE, the 
aircraft must be at line of sight (LOS) with all four GRSs. 
The LOS very much depends on the curvature of the earth. 
For example, the LOS at an altitude of 1 km (3,000 ft.) is 
available for all GRSs up to range of 130 km while at 7 km 
(~23,000 ft.) and 15 km (~49,000 ft.), LOS is available up 
to a range of 330 km and 500 km respectively [24]. Thus, 
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the free space path loss propagation model is assumed for 
calculating the signal attenuation at each GRS and its 
effect on PE. The effective SNR between two SNR values 
is the SNR with the minimum value [25]. Using the 
transmitter and receiver parameters in Table 2, the 
effective SNR between a GRS pair with 10 km separation 
for aircraft positions within horizontal range of 0 km to 300 
km, bearing of 00 to 3590 and at 7 km altitude is presented 
in Figure 2. 
 

 
Figure 2. Effective SNR distribution within 300 km 

coverage area.  
 

From Figure 2, the effective SNR varies with only the 
aircraft range. It increases with aircraft range from 0 km to 
300 km. At a fixed bearing of 300, the effective SNR at 
aircraft horizontal ranges of 50 km, 100 km, 150 km, 200 
km, 250 km and 300 km are 30 dB, 25 dB, 21 dB, 19 dB, 
17 dB, and 16 dB respectively. The effective SNR at each 
aircraft position is used in obtaining the TDOA error SD 
in the case of the direct approach to TDOA estimation. As 
for the indirect approach, it is used to determine if the all 
transmitted packets are correctly detected at each GRS to 
enable for TDOA estimation using the TOR. 

4.3 Effective SNR versus TDOA Error SD and PER 
Analysis  

The relationship between the TDOA error SD and effective 
SNR for the direct approach and PER versus effective SNR 
for the indirect approach to TDOA estimation is presented 
is this section. 

4.3.1 Effective SNR versus PER for the Indirect Approach 
TDOA MLAT System 
As stated earlier in Section 2.1, the TOR of a packet is used 
for TDOA estimation only if the receiver correctly detects 
it at all GRSs.  Figure 3 presents the relationship between 
the PER and SNR as presented in [26] for an ADS-B 
packet length of about 112 bits [17] 
 

 
Figure 3. PER versus SNR performance 

 
From Figure 3, the PER decreases with SNR increase 

from 10 dB to 20 dB. The PER is 1, 0.5 and 0 at SNR of 
10 dB, 16 dB and 20 dB respectively.  Only at SNR above 
20 dB that all transmitted packets are correctly detected, 
and the resulting TORs are used for TDOA estimation.  
The TOR error SD of 1 nsec is considered in this paper as 
presented in [19]. The TDOA and TOR error SDs are 
related as follows [27]: 
 

2
_ _ _ _ 2TDOA error sd TOR error sdσ σ= ×   (19) 

 
where 𝜎RSTU_$##W#_XY and 𝜎RTZ[$##W#[XY respectively are 

the TDOA and TOR error SDs.  
 
Using Eq. (19), the TOR error SD of 1 nsec at a single 

GRS corresponds to TDOA error SD of about 1.41 nsec 
between GRS pairs. The 2-D or 3-D PE capability of the 
MLAT system depends on the number of GRSs that 
receive at least one error free packet. 3-D PE of an aircraft 
requires that at least one error free packet is received by 
four different GRSs while for 2-D by at least three different 
GRSs. Based on the effective SNR distribution with 
aircraft position in Figure 2, PER performance of the 
receiver in Figure 3 and the assumption of 10 transmitted 
packets, a summary of the aircraft ranges and number of 
packets error free packet received simultaneously at all 
four GRSs is presented in Table 3. Detail derivation of the 
result presented in Table 3 can be found in Appendix A. At 
SNR of 15 dB, 1 error free packet is received by 3 GRSs. 
This means that within 340 km, there is at least 10% 
probability of 2-D PE of an aircraft. At SNR of 17 dB, 2 
error free packets are received by 4 GRSs and 6 by at least 
3 GRSs. This means that there is at least 20% and 60% 
probability of estimating the location of an aircraft in 3-D 
and 2-D respectively within 270 km radius. A 90% and 
100% probability of estimating the aircraft position in 3-D 
and 2-D respectively is achievable within 213 km system 
coverage.  
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Table 3. Aircraft range and number of error free packet 
received at each GRS for PE. Green shade indicates 

aircraft range within which at least one error free packet 
is received at all four GRSs for 3-D PE. 

 

SNR 
(dB) 

Range 
(km) PER 

Number of correctly 
decoded packets 

3-D PE 2-D PE No PE Total 

10 >500 1.00 0 0 10 10 

11 >500 0.99 0 0 10 10 

12 480 0.98 0 0 10 10 

13 430 0.95 0 0 10 10 

14 380 0.88 0 0 10 10 

15 340 0.75 0 1 9 10 

16 300 0.50 0 2 8 10 

17 270 0.25 2 4 4 10 

18 240 0.10 3 3 4 10 

19 213 0.05 9 1 0 10 

20 185 0.00 10 1 0 10 

21 150 0.00 10 0 0 10 
 

4.3.2 Effective SNR versus TDOA error SD for the Direct 
Approach TDOA MLAT System 
The GCC-PHAT method is used for TDOA estimation in 
the direct approach as mentioned in Section 2.2. Figure 4 
shows the TDOA error SD versus effective SNR of the 
receive signal at GRS pairs based on 100 Monte Carlo 
realization. The TDOA error SD exponential decreases 
with effective SNR from 10 dB to 22 dB. At effective 
SNRs of 12 dB, 16 dB and 22 dB, the TDOA error SDs are 
21.73 nsec, 7.97 nsec and 0 nsec respectively. At effective 
SNR of 21 dB or more, the TDOA error SD has a zero 
value. This means that the locations of aircraft whose 
signal is received at all GRSs with effective SNR of 22 dB 
or more are estimated with no error by the lateration 
algorithm.   Compared with the indirect TDOA method, 
the TDOA error SD is constant with a value of 1.41 nsec 
at all aircraft positions within the 90% probability of 3-D 
PE that is 213 km radius. 

The relationship between the TDOA error SD and 
aircraft position within aircraft horizontal bearing of 00 and 
900 is shown in Figure 5. It increases with aircraft range 
from 0 km to 300 km. Within 150 km horizontal range, the 
TDOA error SD is 0 sec. Beyond the 150 km radius, the 
TDOA error SD increases but not linearly with the 
horizontal range. For instance, at ranges of 200 km, 250 
km and 300 km, the TDOA error SDs are 1.99 nsec, 4.66 
nsec and 7.73 nsec respectively. For each GRS pair, the 
TDOA error SD is estimated from the effective SNR using 
the relationship presented in Figure 4. The TDOA error SD 
is substituted into Eq. (4) or Eq. (8) to obtain the estimated 
TDOA. This is substituted into the plane equations in Eq. 
(13) and Eq. (14) to obtain the aircraft position 

 
 
Figure 4. PDE error versus effective SNR using GCC-

PHAT TDOA estimation approach. 
 

 
 
Figure 5. TDOA error SD within aircraft bearing of 00 

to 900 and range up to 500 km. 
 
4.4 PE Error Comparison 
In this section of the paper, the position RMSE of the 
MLAT system based on the direct and indirect TDOA 
estimation approaches are compared.  In Section 4.2, it was 
concluded that the effective SNR that determined the 
TDOA error SD value at GRS pairs is independent of the 
bearing. However, 90% probability of 3-D PE of an 
aircraft is achieved only within 213 km radius (see Table 
3, Section 4.3.1). For this reason, the PE accuracy 
comparison is carried out for aircraft within 200 km, 
bearing from 00 to 900 and at 7 km altitude with the GRS 
configuration as shown Figure 1. The suitable GRS 
reference pair to generate the TDOA measurement set at 
each aircraft position within the system coverage is 
obtained using the technique presented in Section 3.2.  

Figure 6 and Figure 7 respectively shows the horizontal 
coordinate and altitude RMSE based on Eq. (18) for the 
TDOA MLAT system based on indirect approach 
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presented in Section 2.1 and direct approach presented in 

  
(a) Direct Approach (b) Indirect Approach 

Figure 6.  Horizontal coordinate RMSE comparison for direct and indirect TDOA MLAT system 
 

  
(a) Direct Approach (b) Indirect Approach 

Figure 7. Altitude RMSE comparison for direct and indirect TDOA MLAT system 
 
 

Table 4. Horizontal coordinate and altitude RMSE comparison at selected aircraft positions. Green shade indicates the 
TDOA estimation approach of the MLAT system with the least position RMSE.  

 
Aircraft 
position 

Position RMSE (km) 
Horizontal coordinate  Altitude  

Range  
(km) 

Bearing  
(0) 

Altitude 
(km) Direct approach Indirect approach Direct approach Indirect approach 

50 
30 

7 

0 0.04 0 0.01 
45 0 0.03 0 0.01 
60 0 0.04 0 0.01 

100 
30 0 0.14 0 0.04 
45 0 0.12 0 0.04 
60 0 0.14 0 0.04 

150 
30 0 0.32 0 0.10 
45 0 0.27 0 0.10 
60 0 0.31 0 0.10 

200 
30 1.13 0.54 0.53 0.16 
45 1.03 0.49 0.50 0.17 
60 1.19 0.56 0.53 0.17 
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Section 2.2. Irrespective of the TDOA estimation 
approach, the position RMSE of the MLAT system varies 
with the aircraft position. It increases with the aircraft 
range from 0 km to 200 km but relatively invariant with 
aircraft bearing.  Table 4 shows the position RMSE 
comparison between the direct and indirect TDOA MLAT 
system at some selected emitter positions.  Despite 
constant TDOA error SD of the indirect TDOA MLAT 
system, the position RMSE changes.  This is due to the 
changes in the condition number value of the two plane 
equations (Eq. (14) and Eq. (15)) due to changes in aircraft 
position [20]. Within 150 km horizontal radius, the direct 
TDOA MLAT system has a zero position RMSE value 
making it outperformed the indirect TDOA MLAT system. 
This is because the TDOA error SD for the direct approach 
is 0 nsec within the150 km coverage radius and 1.41 nsec 
for the indirect TDOA approach.  Beyond 150 km 
coverage radius, the indirect TDOA MLAT system has the 
least position RMSE. This is because the TDOA error SD 
of the indirect approach is less than that of the direct 
approach. For instance, at aircraft position (𝑅 = 200	𝑘𝑚,
𝜃 = 30°, 𝑧 = 7	𝑘𝑚), the horizontal coordinate and altitude 
RMSE are 1.30 km and 0.53 km respectively for the direct 
TDOA MLAT system while it is 0.54 km and 0.16 km 
respectively for the indirect TDOA MLAT system. At this 
aircraft position, the TDOA error SD for the direct 
approach is 4 nsec which is 2.8 time than that of the 
indirect approach with TDOA error SD of about 1.41 nsec. 

On the average, for aircraft positions within 150 km 
radius, the direct TDOA MLAT system outperformed the 
indirect TDOA MLAT system. As for aircraft positions 

beyond 150 km radius, the indirect TDOA MLAT system 
has the best performance as it has the least position RMSE.  
It produces horizontal coordinate and altitude RMSE that 
are of 53% and 68% respectively less than that obtained by 
the direct TDOA MLAT system. 

The position RMSE obtained by each of the MLAT 
systems is compared with the standard set by the 

International Civil Aviation Organisation (ICAO) and 
Federal Aviation Administration (FAA). The horizontal 
coordinate RMSE must be less than or equal 1 km (~3,000 
ft.) according to the FAA standard [28] while the altitude 
RMSE must be less than or equal to 0.1 km (~300 ft.) 
according to the ICAO [29]. The direct TDOA MLAT 
system is in compliance with the FAA horizontal 
coordinate RMSE within 150 km. As for the indirect 
TDOA MLAT system, it is aircraft bearing dependent. 
Within a bearing of 00 to 150 and 750 to 900, the horizontal 
coordinate RMSE is in compliance within 150 km radius 
while within a bearing of 160 to 740, compliance is 
increased to about 200 km radius. As for the altitude 
RMSE, both direct and indirect approaches are in 
compliance with the ICAO standard within 150 km and 
120 km radius respectively 
 
4.5 MLAT PE Accuracy Comparison with PSR, ADS-

B and ADR 
In this section, the PE accuracy of the direct and indirect 
TDOA MLAT system is compared with the PSR, ADR and 
ADS-B system. Table 5 show the position RMSE 
comparison at the selected aircraft positions in Table 2. 
The range, horizontal bearing and altitude error are 
represented as δR, δθ_az and δθ_el respectively. The PSR 
estimate aircraft position only in 2-D that is range and 
horizontal bearing. The ADR is a 3-D radar system used 
by the military as an early warning device and enemy 
aircraft or missiles tracking at great distances. It provides 
accurate measurement of targets range, bearing and 
elevation. 

From the Table 5, the following can be concluded: 
i. For horizontal range estimation of an aircraft, the 

direct TDOA MLAT system has the least error at 
about 0 km within 150 km radius while ADR has the 
least error at about 0.01 km for aircraft positions 
beyond the 150-km radius. 

 

Table 5. MLAT Position RMSE comparison with PSR and ADR  [5, 7, 16]. Green shade indicate approach with the least 
horizontal range error (𝛿𝑅), blue shade indicate approach with least bearing error (𝛿𝜃`a) and yellow shade indicate 

approach with the least altitude error (𝛿𝜃$b). 
 

Aircraft position 

Range 
(km) 50 100 150 200 

Bearing 
(0) 30 60 30 60 30 60 30 60 

Altitude 
(km) 7 

𝛿𝑅 
(km) 

MLAT direct 0 0 0 1.24 1.33 
indirect 0.02 0.08 0.16 0.30 

PSR 0.18 0.18 0.18 0.18 0.18 
ADR 0.01 0.01 0.01 0.01 0.01 

𝛿𝜃`a 
(km) 

MLAT direct 0 0 0 0 
indirect 0 0 0 0 

PSR 0.13 0.18 0.39 0.53 
ADR 0.16 0.31 0.47 0.62 

𝛿𝜃$b 
(km) 

MLAT direct 0 0 0 0.56 0.60 
indirect 0 0.03 0.07 0.13 

ADR 0.16 0.30 0.45 0.61 
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ii. For horizontal bearing estimation, both the direct and 
indirect TDOA MLAT system has the least error at 
about 0 km within the 200 km radius.  

 
iii. As for altitude estimation, the direct TDOA MLAT 

system has the least altitude estimation error within 
the 150 km radius. Beyond the 150 km radius, the 
indirect TDOA MLAT system has the least error at 
about 0.13 km but only up maximum of 270 km. This 
is because the indirect TDOA MLAT system only 
estimate aircraft in at 20% probability in 3-D within 
270 km radius. 

 
A surveillance system targeted for global civil aviation 

is ADS-B system. It is the result of the initiative by the 
FAA under the Next Generation program to improve air 
navigation safety. An aircraft determines its position via 
global navigation satellite system (GNSS) which 
periodically broadcasted to the air traffic control centre. 
The accuracy of the ADS-B positional information 
(horizontal coordinates) depends on the position source 
used which is mostly the global positioning system (GPS). 
The GPS positioning error depends of several factors. At 
about 95% availability, the error is about 30 m [30]. Based 
on simulation result shown in Table 3, ADS-B can provide 
90% probability of 3-D PE within 240 km radius. In terms 
of PE accuracy shown in Table 5, ADS-B system 
outperformed the PSR, ADR and indirect TDOA MLAT 
system for aircraft PE at a radius beyond 150 km. Within 
150 km radius, the direct TDOA MLAT system has a 
comparable PE performance with the ADS-B system. The 
accuracy of the ADS-B for altitude estimation depends on 
the accuracy of the on-board barometric altimeter which is 
about 38 m (125 ft.) [31]. Within 150 km radius, the direct 
TDOA MLAT system outperformed the ADS-B in terms 
of altitude estimation. Beyond 150 km, the ADS-B has the 
least altitude error compared to the MLAT and ADR. 

The issue with the ADS-B system is that the signal 
transmitted by the aircraft to the ground based station is not 
encrypted and unauthenticated making it easily to spoof or 
insert fake aircraft [17, 32]. It is  suggested that a hybrid of 
ADS-B and MLAT should be used such that MLAT 
validates the information provided by the ADS-B [33, 34].  
Furthermore, if there is a possibility of GPS outage, ADS-
B system is unable to report any horizontal position. Thus, 
it is still possible with MLAT to continue tracking the 
aircraft position. 

5. CONCLUSION 
In this paper, the PE accuracy of a 3-D minimum 
configuration MLAT system based on the direct and 
indirect approach to TDOA estimation is presented. The 
analysis assumed an aircraft within a range of 200 km at 
an altitude of 7 km (~23,000 ft.)  from the GRSs. Both the 
transmitter and receiver parameters used in accordance 
with the actual civil aviation application. The PE accuracy 
of the MLAT system is compared with the PSR, ADR and 
ADS-B. Monte Carlo simulation result shows the direct 
TDOA MLAT system within 150 km has the least position 
RMSE. Beyond 150 km radius, the indirect TDOA MLAT 
system has the least position RMSE. Comparison with 

PSR, ADR and ADS-B shows that the direct TDOA 
MLAT system performs better than the ADS-B, PSR and 
ADR within 150 km radius. However, ADS-B 
outperformed MLAT, PSR and ADR for radius above 150 
km.  Due to the limitations of the ADS-B such as spoofing 
and GPS outage, hybrid ADS-B/MLAT system could be 
used such that MLAT validates and complements the 
ADS-B system.  
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APPENDIX 
Methodology for estimation the number of correctly 
detected packets at all four GRSs 
 
Let 𝑃%$#  which is the PER be the probability that at least a 
packet is correctly detected and 𝜇 be the process average 
mathematically obtained as: 

perNPµ =                 (A.1) 

where 𝑁 = 4 is the number of GRSs deployed.  
 
The probability distribution used to determine the 
probability at which a packet is correctly detected at 𝑟 
number of GRSs depends on 𝜇. If 𝜇 ≥ 1, the probability 
distribution has a binomial distribution given as: 
 

( )
( ) ( )! 1
! !

N rr r
per per

NP R r P P
r N r

−
= = −

−
          (A.2) 

 
If 𝜇 < 1, it has a poison distribution given as: 
 

( )
!

reP R r
r

µµ −

= =                (A.3) 

 
where 𝑒 = 2.71828.  
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To perform 3-D PE, all four GRSs must correctly detect 
one packet that is 𝑟 = 4. Let 𝐾 = 10 be the total number 
of packets received within an observation window, then 
the total number of packets	 𝐾lW##$lm  correctly detected at 
all four GRSs are: 
 

( )4correctK K P R= × =                                        (A.4) 
 
In which 𝑃 𝑅 = 4  is obtained using either Eq. (A.2) or 
Eq. (A.3) depending on the process average given in Eq. 
(A.1). 

 
 


