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Abstract –A simple ADS-B data fusion method to 
incorporate ADS-B data in traffic control centres 
already operative is presented. The implementation of 
this solution has low-impact on the system with a quite 
acceptable performance. The goal is to make the fusion 
with the minimal intervention on the tracking filter 
already tuned and tested. 
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1 Introduction 
The widespread use of aircraft equipped with Automatic 
Dependent Surveillance Broadcast (ADS-B) lead to the 
need to integrate these data in the fusion centres with 
those from other sensors (typically secondary and 
primaries radars and, lately, Wide-Area Multilateración 
systems, WAM). These control centres have implemented 
complex data fusion algorithms that are usually highly 
optimized and have very good performance. A practical 
solution to this data fusion problem would be to introduce 
the new ADS-B data as if it would be from other radar 
(making the appropriate pre-processing and introducing 
the result in the existing data processor). This solution has 
the advantage of requiring minimal intervention in the 
existent algorithms (there is only need to introduce the 
pre-processing), preserves the performance of data 
processing system with the sensors already installed  and 
needs no add a special parallel processing to handle this 
kind of data (add a data tracking filter for ADS-B as it has 
been proposed on other references [1][2]), avoiding 
unnecessary increasing of computational load. 
In this contribution we will focus on the problem of 
integrating ADS-B data (broadcast) with the data coming 
from installed radars. This is the environment expected for 
the near-future ATC-systems in continental areas. ADS-C 
(Contract) has more specialised use in ocean areas without 
radar coverage. In the figure 1 we outline the general 
block diagram of a fusion system for ADS-B data. The 
aircraft regularly broadcast position, velocity and 
identification data, contained in the BDS records in figure 
1[3]. In the article we assume that the data are broadcasted 

using the Mode S squitter because this is the most 
extended method for commercial aviation. Messages are 
received on ground where they are marked with the 
measured time (with a method which depends on the 
synchronization capabilities of each aircraft). The position 
and speed squitters are assembled in the ground station. At 
the entrance to the control centre an ADS-B data server 
removes data received simultaneously by several stations 
and adjusts the ADS-B data updating time to that 
demanded by the tracking processor [5]. The data 
processing performs a test of consistency between radar 
data and ADS-B data, the necessary pre-processing and 
introduces ADS-B pre-processed data in the currently 
deployed tracking filter. 
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Figure 1: Block diagram of a fusion system for ADS-B 
data. 

 
In this study we want to incorporate ADS-B data to a 
multiradar fusion system already in operation. We will 
suppose that the fusion system incorporates, in addition to 
the tracking filters, a multiradar alignement. Thus, from a 
practical point of view, we can assume radar data don’t 
have systematic errors (biases). 
The paper is structured as follows: In next section we will 
present the characteristics of ADS-B measurement; in 
section 3 we will describe and justify the fusion 
architecture to incorporate ADS-B data in in the 
multiradar tracking system. In section 4 we present the 
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results for some standard trajectories defined in [8]. The 
paper finish with the conclusions section. 
 

2 Characteristics of ADS-B data 
The first step prior to data fusion is the statistical 
characterization of the measures. The kinematic 
measurements of in ADS-B are determined in the aircraft 
by its navigation system (fusing the measures of one or 
more position sensors and the inertial navigation system). 
Today, GPS is the sensor used for the position. Since the 
disconnection of the selective availability, GPS takes 
measures of high quality with a low error level. For the 
purposes of air traffic control systems, this error can be 
considered unbiased and characterized by the variance of 
the measure, which is codified in the navigation 
uncertainty category (NUC) for both speed and position. 
Only in the case of a breakdown of the GPS sensor or of 
the legacy systems (that fly based only  in inertial 
technology) systematic error can appear can appear in the 
ADS-B position. This case will not be considered here 
because it is now uncommon and will disappear in the 
near future. 
If the ADS-B measure would consist of unbiased position 
measures it would seem that the fusion with radar data be 
direct.  However, the ADS-B measurement has an error in 
the time stamping which have a systematic component. 
The time of the measure (TOD: time of detection) is not 
sent by the aircraft in the ADS-B message. For the Mode 
S squitter, this time is substitued by the time of reception 
in the ground station when the message arrives. 
Depending on the level of equipment, aircraft can 
synchronize the real measurement time to some concrete 
values of UTC time (multiple of 0.2 second). So the 
station is able to recover the true measurement time from 
the first UTC time multiple of 0.2 seconds previous to 
reception. This can be only done for aircraft flying in 
coverage of differential systems (local or wide area) and 
with aircraft equipped with special synchronism features. 
For most of the cases this is not the situation and 
synchronism is not perfect and time stamp on ground is 
not equal to TOD. This induces a time bias whose 
correction will be the aim of this contribution. 
The consequence of a systematic error in the TOD is an 
apparent error in position aligned with the aircraft 
trajectory. This error is proportional to the velocity. For 
commercial aircraft in cruise flight, this bias can be 
typically around to 100 meters. Since this systematic error 
is proportional to the velocity, the bias is different for each 
aircraft. Therefore, the goal is to make pre-processing that 
estimates and remove time bias from the ADS-B measure 
prior to its inclusion in the tracking filter. This 
preprocessing is done independently for each trayectory 
due the time stamp bias can depend of each aircraft 
avionics. 
This objective can be achieved processing the difference 
between radar (assuming correct alignement) and ADS-B 
measures with an estimation filter. An additional problem 

is that radar measures may have a non corrected bias 
component, dependent of the aircraft, corresponding to the 
transponder bias (up to ± 75 m). This bias is aligned with 
the radar line of sight. As it can be differently aligned with 
the corresponding ADS-B time bias, it is necessary to 
estimate the two together to make an effective correction. 
It should be noted that, depending on the angle between 
the transponder and ADS-B bias, observability is not 
complete (maximum when perpendicular and minimum 
when parallel). 
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Figure 2 : Illustration of systematic errors for ADS-B and 

radar measurements 
 

3 Data fusion system 
Figure 3 represents the block diagram of the fusion 
system. ADS-B measures are pre-processed in such a way 
that it can be processed by the IMM multiradar tracking 
filter operative already operative. This filter is capable of 
processing position and speed measures (characterized by 
the measurement covariance matrix and with the radar 
systematic biases corrected).  
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Figure 3: Block diagram of the data fusion system 

 
Processing starts with the change from meaurement 
coordinates to the tracking ones (in this case 
stereographic) and the computation of the measurement 
covariance matrix. This processing is specific depending 
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on the type of measurement. Then the association is made, 
taking into account that if the radar is not Mode S it must 
be made based on distance (because in the Mode S squitter 
messages code 3/A is not sent). Once the data is 
associated, ADS-B position and speed measures are 
passed through an integrity test to detect and eliminate 
wrong measures. For this test, the latest validated radar 
measures are compared to the ADS-B ones. If the measure 
is validated we use it for TOD and transponder bias 
estimation. Before passing the measures to the tracking 
filter, the corresponding bias (TOD for ADS-B and 
transponder for radar) is corrected. If the ADS-B measure 
has speed, due to its typical low error, we use it in the bias 
estimation process instead the speed estimated by the 
IMM filter. The output of the filter for user presentation 
are done extrapolating the trajectory to regular instants of 
presentation (in this work we will use 5scd intervals). 
Below we will explain the basic principles of operation of 
each block. 

3.1 Coordinate transforms and covariance 
matrix computing 

The coordinate transformations, due to different 
measurement coordinates, are different for radars than for 
ADS-B. For radars we will use a standard change of 
coordinates that allow us to transform from azimuth, 
distance and height (typical of secondary radars) to the 
stereographic projection. In the case of ADS-B, data 
positions in latitude and longitude are directly projected 
using the exact formula of the stereographic projection [6]. 
Calculation of the measurent covariance matrix is 
performed assuming a flat earth approximation and using 
the typical equations that transform variances in azimuth 
and distance to the covariance matrix in the horizontal 
projection plane [7]. In the case of ADS-B data, we must 
calculate a covariance matrix aligned with the trajectory 
(taking into account the possibility of error in the TOD). 
The approximate level of the measure noise is obtained 
throught the navigation uncertainty category (either by 
using the concept of NUCp and NUCr, or more recently 
the NIC and NAC [4]). The measurement error covariance 
matrix is obtained in projection coordinates as follos: 
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Where σads represents the standard deviation of the 
measure (obtained using NUCp), ∆ads represents the width 
of the TPD variation interval (0.2 scd typically in ADS-B), 
Rlon is the covariance matrix aligned with movement 
coordinates and Glon the rotation matrix associated with 
speed v . The speed v  can be obtained from the IMM 

filter or from the ADS-B measure if it is sent in the 
message. 
With regard to ADS-B measures with speed, it should be 
considered that speed must also be projected because the 
measure is given at the local plane (tangent to the Earth 
beneath the aircraft) and must be projected to the 
stereographic plane. The covariance of the speed measure 
is obtained directly from the measure NUCr, appliying an 
expansion factor and a rotation due to the stereographic 
plojection. 

3.2 Association of ADS-B and secondary 
radar data 

If the data come from Mode S radar and an ADS-B system 
the association is not a problem and can be done directly 
by code using the ICAO address. The problem arise when 
the data come from secondary radar. In this case the radar 
data comes identified by the Mode A code and the ADS-B 
by the ICAO address. In these cases it is necessary to use 
geometic distance to associate the radar and ADS-B to the 
data, using any standard methods [7]. 
 

3.3 Integrity test on ADS-B position and 
velocity 

There will be two integrity tests over the ADS-B input 
measures. The first test is performed over the speed, if it is 
not positive the information about speed is eliminated and 
the position is left, going to process the sample as if it had 
just position. The second takes place on the position. If the 
test is negative the filtering sample is removed and we 
pass to process next sample. To simplify the logic, and 
knowing that this test is designed to detect measures 
clearly wrong, we use a threshold tests with sufficient 
tolerance for not eliminate correct measures when the 
target performs manoeuvres (detecting clear faults of 
integrity: hundreds of metres in position and of +-9 m/s in 
velocity and +-4º direction, approximately). To control the 
integrity test tolerance during manoeuvres, we have added 
an ellipsoidal term aligned with the movement of the 
aircraft to the Chi-square residue test (that lets you define 
separate tolerances to manoeuvre in the longitudinal and 
tangential directions). 
Test on speed: To compare against a threshold the 
distance, statistically weighed by the covariance matrix, 
between filtered speed and the ADS-B measurement. 
Test on the position: To compare the current ADS-B 
measure with the latest validated radar measure 
extrapolated to the time of the current measure. The 
extrapolation will be performed with the estimated speed 
of the filter if the measurement speed is not present and 
with the ADS-B speed if it has passed the test of integrity. 
The reason to use radar measures as a reference for 
integrity instead the position estimated by IMM filter is to 
avoid unnecessary elimination of correct measures during 
hard maneuvers. 
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3.4 Estimation filter for ADS-B time stamp 
and transponder biases 

For the estimation of biases in TOD and transponder delay 
it will be used a standard Kalman filter with two states 
(TOD bias and transponder bias) fed by the difference 
between radar and ADS-B measures. Since the measures 
of radar and ADS-B are not simultaneous it is necessary to 
extrapolate the prior measure to the present moment to 
make the difference. Of course, covariance matrices have 
to be updated to take account of this extrapolation. The use 
of a Kalman filter has the advantage of filter gain 
adaptation to measure error covariances.  Now we describe 
the process step by step: 
 
Measure of the difference between ADS-B and radar 
measures 
This process is different if the actual measurement are 
radar or ADS-B. Esentially the process is the same but 
there is a change in the signs of the difference between 
measurements. This fact must be considered previously to 
introduce the differences in the bias estimation filter. 
Below we describe the method for the case where current 
measure is ADS-B : 
 
1 – Position of first radar measure is found, prior to the 
current one. The temporary position of this measure will 
be known as m (m <k) 
2 - Extrapolation of the radar measure prior to current 
instant and calculation of the difference in measures. 
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3- Calculation of covariance of the difference between 
measures. We take into account if the ADS-B measure has 
a speed valid or not. 
3.1- Without speed measure: covariance includes the 
extrapolation term 
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3.2- With speed measure: prediction term is eliminated 
from previous expression. 

R(k)R(m))k(dtR +=  
4- Calculation of the projection matrix of the Kalman filter 
(it projects the bias estimation of the transponder over 
aircraft flight direction and the TOD bias over the radar 
line of sight). 

( )( )
( )( )





−−−
−−−

= mmcos1)(kyV
mmsen1)(kxV
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where φ represents the azimut of the radar measure and 
Xf(2,k-1) and Xf(4,k-1) are the speeds in X and Y 
contained in the IMM status vector (if there is a valid 
ADS-B speed measure, IMM speed would be replaced  by 
this). 
 
- Kalman filtering for recursive estimation of the ADS-
B and transponder time biases 

This filter finds together the bias of the transponder and of 
the time stamping of ADS-B. 
 
0- Filter variables 
 
- Status vector of biases estimation filter  





=

(m) biasr Transponde
(scd)error  stamp  timeB-ADS

(k)fDDT  

where the subscripts p o f concern to a predicted or 
filtering status. 
- Covariance matrix of the the filter state (size 2x2) 

[ ]T
fDDTfDDTEfCDT ⋅=  

where the subscripts p o f concern to a predicted or 
filtering status. 
- Covariance matrix of the measure, Rdt (calculated in the 
previous paragraph). 
 
- Plant noise matrix (is assigned a null value) due we 
consider the biases as constant. If the bias change slowly 
with time we must give a not null value to plant noise. 

[ ] 



=⋅=
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00T
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1 - Initialization: the first time that a difference between a 
ADS-B source and other radar the filter will be initialized 
as follows: 

( )T1)0k(dtH)0k(dtR1)0k(dtH)0(kfCDT
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where k0 represents the instant where the first pair of 
ADS-B and radar measures is formed. 
 
Note that the filter is initialised to the bias ideal values 
following the standard norm for Mode S squitters [3]. 
However, it also can be initialized based on the measures 
with the following expression:  

)0k(m∆
1)0k(dtH)0(kfDDT ⋅−=  

 
Due to the effect of estimated projection matrix, this 
second option has worse behaviour than the initialization 
with fixed values 
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2 - Prediction stage: calculation of predicted state vector 
and covariance matrix (coherent with the assumption of 
constant bias) 

 
DTQ1)(kfCDT(k)pCDT

1)(kfDDT(k)pDDT

+−=

−=
 

3 - Calculation of the Kalman filter, filtered estimator and 
filtered covariance matrix using the standard Kalman filter 
equations. 

3.5 Bias correction previoustly to IMM 
filtering 

Once the bias estimation filter of a track is updated we will 
do the bias correction process, different depending on 
whether the received measure is ADS-B or Radar. In 
addition, to prevent the transient of the bias estimation 
filter increases the error at the beginning of the trajectory, 
we carry out a progressive correction depending on the age 
of the track. In the experiments presented here this 
correction is linear and begins from the first sample and 
the bias correction is complete in the sample 150. Once the 
correction is done, the measurement covariance matrix is 
updated to take into account the noise added by the bias 
estimation filter. This is done adding to the measurement 
covariance matrix the one of the bias estimation filter 
properly weighed and projected. 
It should be taken into account that the correction is 
different depending on the measures being ADS-B or 
radar. For ADS-B measures, correction is aligned with the 
trajectory (using either the filtered speed or the one of the 
measure itself). For radar measures, bias correction of the 
transponder must be projected over the X-Y directions 
using the azimuth of the radar measure. 

4 Results and discussion 
To measure the influence of the incorporation of ADS-B 
measures to the radar tracking filter performance we have 
done simulation experiments over two representative 
trajectories: a turn with constant speed and a constant 
longitudinal acceleration. These trajectories have been 
extracted from [8] and are depicted in Figures 4 and 5. 
Their characteristics are: 

Trajectory 1 :  Initial segment with uniform motion: 
|Vx|=|Vy| ; |V|=555 Km/h ; segment with a uniform turn 
of 98 seconds, starting at a range of 150 Km and with 
tangential acceleration at=4 m/s2 ; final uniform segment 
Trajectory 2 :  Initial segment with uniform motion: 
|Vx|=|Vy| ; |V|=555 Km/h ;  segment with uniform along 
track acceleration of 1 m/s2, starting at 100 Km and with 
a duration of 100 seconds; final uniform segment 

Both trajectories have been simulated in a TMA 
environment with two radars (rotation period: 4 s, azimuth 
and range standard deviation: 0.09º and 70 m). We have 
considered the ADS_B measurement rate as a parameter in 
the experiments (experiments are done for 2 and 4 scd). 

We have also consider different experiments for the cases 
where the aircraft sends the speed and for those where not. 

 
Figure 4: Trajectory 1. Radars are situated along the YY 

axis in positions ±28 Km. 

 
Figure 5: Trajectory 2 

 
For the tests we have assumed an aircraft with GPS-based 
navigator without differential corrections (with  a NUC for 
position of 7 and NUC for velocity of 3). The ADS-B 
measures have been generated with 30 m and 0.5 m/s erro 
standard deviation for position and speed (independent for 
the two Cartesian coordinates).  
In the tests we have measured the average error and the 
root mean square error with respect to the ideal positions 
in the moments of the output filter presentation 
(asynchronous with the measurement times). With respect 
to the time stamp error for ADS-B data we have assumed a 
typical case with equally-distributed error between 0.2 and 
0.4 seconds. Bias transponder is assumed equal to its 
maximum value of 75 m. 
In Figures 6 to 10 we represent the average error and mean 
square errors for the two trajectories and ADS-B update 
time 2 sec. For the scenarios in figures 6 to 9 speed is not 
processed. In the figure 10 we represent results for 
trajectory 2 when speed is processed. Finally, we present a 
table that compares the performance of IMM filter with 
and without processing ADS-B measurements. This is 
done for two ADS-B data rates (2 and 4 scd) and the cases 
of measures with and without speed are considered. Also 

920



in this tables we present the minimum requirements 
suggested by Eurocontrol for this kind of systems [8].  
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Figure 6: Mean error for trajectory 1. 
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Figure 7: Root mean square error for trajectory 1. 

 
The main conclusions that can be obtained from these 
results are: 
 
 1 - The inclusion of ADS-B measures improve 
substantially performance of the system and make it to be 
quite below from that recommended in [8](see Table 1). 
2 – Cross track errors, after filtering, are almost reduced to 
the prediction error. This is due to the ADS-B time 
stamping error only affects the aligned component with 
the trajectory and not the transversal. Since the transversal 
error of the measures for ADS-B is low, the filter reduces 
it to a level almost negligible.  
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Figure 8: Mean error for trajectory 2. 
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Figure 9: Root mean square error for trajectory 2. 
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Figure 10: Root mean square error for trajectory 2 with 

speed processing. 
 
3- Longitudinal and ground speed errors during the first 
uniform motion segment have a level only slightly below 
to the original filter, working only with radars. This is due 
to uncertainty in the ADS-B time stamp (0.2s) and to the 
convergence time of the filters for bias estimation. 
Simultaneously, the average error (bias) is reduced to a 
negligible value for all scenarios except longitudinal 
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manoeuvres. The error will decrease with time due to the 
convergence of bias estimation filter, so that at the end of 
the trajectory the longitudinal error has a very low value. 
 
Table 1: Performance comparison with primitive system 

  

MOF 
transitions 

error 

T2, V T4, 
No V 

T=4, 
V 

T=2, 
No V 

Radar [8] 

Lonj (m) 50 45 55 36 30,00 50,0 

Tran (m) 10 10 11 7,5 33,00 50,0 

|V| (m/s) 0,4 0,4 0,35 0,4 0,58 0.6 
Uniform 

Rum. (º) 0,16 0,16 0,15 0,15 0,57 0.5 

Lonj (m) 52 50 54 36 69,00 100 

Tau -- -- -- -- -- -- 

Tran (m) 24 80 40 50 133,00 165 

Tau 23 32 28 40 111,00 152,5 | 17 s 

|V| (m/s) 0,4 2,1 0,8 1,6 4,40 5 

Tau -- -- -- -- -- -- 

Rum. (º) 1,4 7,5 2,7 7,5 11,20 12 

Uniform-
Standard 

turn 

Tau 1,6 2,5 2 3 6,10 10,5 | 17 s 

Lonj (m) 20 27 30 23,5 46,00 80 

Tau 14 22 15 16 44,00 58,0 | 46 s 

Tran (m) 18,5 55 26 56,5 74,00 130 

Tau 9 18 12,5 11 30,00 63,0 | 46 s 

|V| (m/s) 0,45 1,8 0,7 1,55 4,37 4 

Tau 0,35 0,8 0,4 0,4 1,60 1,0 | 46 s 

Rum. (º) 1 6,3 2 6,2 7,60 6,5 

Standard 
turn – 

uniform 

Tau 0,15 0,35 0,15 0,2 0,80 1,15 | 46 s 

Lonj (m) 33 145 64 95 123,00 220 

Tau 35 114 59 81 98,00 147,0 | 35 s 

Tran (m) 9,5 9,5 14,5 6,5 53,50 85 

Tau 12 9,5 13 6,5 40,00 58,5 | 43 s 

|V| (m/s) 1 17 2 13,3 16,50 19 

Tau 1 14 1,2 11 13,60 14,9 | 35 s 

Rum. (º) 0,2 0,16 0,2 0,18 2,50 1,80 

Uniform- 
long. 

Accel. 

Tau 0,2 0,16 0,12 0,12 0,80 1,18 | 46 s 

Lonj (m) 38 120 59 91 104,00 125 

Tran (m) 14 9,5 15 7 41,00 50 

|V| (m/s) 0,6 14 1,5 11 14,00 13 

Long.  
Accel.-

Uniform  

Rum. (º) 0,2 0,12 0,2 0,11 0,80 1 

 

4 - The worst performance occurs when the trajectory has 
longitudinal manoeuvres and the ADS-B measures are of 
position only. The deterioration occurs naturally in the 
longitudinal components and in the speed module. The 
cause of this behaviour lies in the difficulty of detecting 
longitudinal manoeuvres (with slow acceleration: 1 m/s2). 
Error during longitudinal manoeuvres decreases notably 
when the ADS-B measures also incorporate speed. In this 
case, the dominant component is the extrapolation error. 

5 Conclusions 
The paper has presented an approach for the inclusion of 
ADS-B measurements in multiradar tracking systems 
already operative. The method, based on pre-process 
ADS-B measures so they can be merged using the same 
tracking filter, is easy and economical to implement. 
Furthermore, the inclusion of ADS-B measures, even with 
low data rates, improves spectacularly the tracking 
performance. 
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