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Abstract 
This paper presents a simple least squares approach to estimate an uncompensated time latency of an Automatic Dependent Surveillance-Broadcast (ADS-B) transponder while radar/ADS-B registration processing is performed. The use of ADS-B in the National Airspace System requires registration between radar reported data and ADS-B data for the same aircraft. Radar/ADS-B registration algorithm uses the ADS-B report as a reference to correct the range, azimuth and time biases in the radar reports. However, the uncompensated latency of the ADS-B report produces an along-track error and may degrade radar/ADS-B registration performance and fused track output accuracy severely. Hence, we propose a post-processing methodology to radar/ADS-B registration in order to detect ADS-B transponders with large latency, eliminate them from being used in the registration, and correct their time of applicability in the tracking. After estimating the latency in such ADS-B transponders using the proposed method, the tracking process based on Kalman filter is shown to improve significantly. Simulation results are presented to demonstrate the validity of the proposed algorithm.
1. Introduction
Automatic Dependent Surveillance-Broadcast (ADS-B) is a technology which is based on a platform broadcasting its own position information obtained from a Global Positioning System (GPS) to other platforms in the vicinity. The introduction of ADS-B data into the existing surveillance systems mandates that the new data be integrated seamlessly with the data from traditional ground based radar systems. Successful synergy between ADS-B and radar requires accurate radar registration [1], which is the process of aligning radars such that position reports from the radars of an aircraft will coincide with the position reports of its ADS-B. 
Without registration correction, radars could report an aircraft to be at a different location from that reported by ADS-B, and could result in the degradation of the track accuracy or in the erroneous target-to-track correlation that generate false tracks [2]. 
Radar/ADS-B registration uses ADS-B as a geo-reference system and estimates the radar bias parameters by aligning radar reports to ADS-B reports. The radar bias parameters include time bias, range bias, and azimuth bias. Radar/ADS-B registration is performed on a “per radar basis” and involves several tracks. Several methods have been proposed to estimate and compensate these radar biases [1-11]. 
All these radar/ADS-B registration algorithms assume that the reported positions and their time stamps in the ADS-B reports are the ground truth and the radar reports are to be aligned with them. However, the time stamps in ADS-B reports from a particular transponder type (1090ES) can be in error by up to 600 ms. It is also found that this error is consistent over time for a particular transponder (aircraft). This timing error can arise due to various reasons, including the uncompensated GPS receiver output latency, interconnection between GPS receiver and transponder, and the time to random squittering. For solicited traffic controller coupled transmissions, uncompensated ADS-B transponder latency is the total latency minus the amount of compensation performed. However, if this latency is high, it may skew the results of radar/ADS-B registration, and degrade the track accuracy of the transponder aircraft. Hence, there is a need for a post-processing to identify those transponders, eliminate them from being used in the radar/ADS-B registration, estimate their time stamp errors, and compensate the time stamp error in tracking. Therefore, in this paper, we propose a new method based on a least squares (LS) approach to collect the suitable data from the measurements to estimate the time delay of each ADS-B transponder after the performance of the radar/ADS-B registration. 
2. [bookmark: _Ref240119309]Proposed methodology for ADS-B Transponder Time Delay Estimation 
Once radar biases are corrected by radar/ADS-B registration algorithm, the ADS-B transponder time delay can be computed in the radar measurement coordinate system. The coordinate transformation from the radar domain to the geodetic domain is a nonlinear transformation. And due to the fact that radar measurements are corrupted with a larger noise, transformation from the radar coordinate system to the geodetic system will distort the Gaussian distribution assumption on the radar measurement noise. Therefore, our algorithm is developed in the radar coordinate system, and ADS-B reported positions are converted to radar coordinate system. 
Suppose there is an ADS-B report and a radar report at the time index n for the ith target. The slant range  and azimuth  obtained from its ADS-B measurements, which has a time error , can be modeled as
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, where  and  are the slant range and azimuth for the transformed ADS-B measurement, which is assumed to be the truth.  and  are assumed to be independent and Gaussian.
The bias in radar measurements (range, azimuth, time) can be considered as the global bias for the radar, and the latency due to ADS-B transponder delay, , can be considered as the local bias specific to a transponder. So the first step is to ignore the local bias in a transponder delay, and estimate the global bias in the radar using the data from all the aircraft [2]. After this correction, the time bias due to ADS-B transponder delay dominates the measurement error for a specific transponder. Therefore the difference between bias corrected radar measurement from a radar and ADS-B measurement obtained at the same time index n can be written as 
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where, is the difference in the range direction, is the difference in the azimuth direction,  and  are the slant range and azimuth for the bias corrected radar measurements, and  and  are independent Gaussian that account for both radar and ADS-B noise (since radar noise variance is much larger than ADS-B noise variance,  and  are dominated by radar noise term). 
Another assumption is that since the position difference is dominated by the time bias factor due to ADS-B transponder latency, the residual registration error remaining after the ADS-B/radar registration process is much smaller than that. Thus, we do not consider the residual registration error in this model. The detailed procedure of the transponder delay estimation is presented below.
Step 1: Since the times of applicability of ADS-B report and radar report do not normally coincide, we calculate the ADS-B report slant range and azimuth at the same time as that of a radar measurement, by interpolating the ADS-B reports adjacent to the radar measurement. The interpolation procedure is described as,
1. From radar report time t, identify the closest ADS-B report times t1 and t2 such that .
2. Obtain the geodetic coordinates of the target in ADS-B report at times t1 and t2.
3. Convert these geodetic coordinates to slant range and azimuth, (ρ1, θ1) and (ρ2, θ2), respectively.
4. Compute the slant range and azimuth at time t using linear interpolation. 
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5. Obtain the bias corrected radar measurement,  and   at time t. 
6. Compute the radial and tangential position difference components.
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7. Compute the velocity components in range and azimuth directions as
	
	and
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Unlike most registration approaches that use track velocities to shift positions to a common time in order to obtain the reports at the same instant, this procedure uses an interpolation technique to do so. An advantage of this procedure is that it does not rely on the tracker to provide velocity estimates, and therefore is independent from tracking functions, and avoids the prediction error from the tracker. In addition, the error in measurement velocities calculated using ADS-B reports is minimal due to the fact that the ADS-B report provides more accurate aircraft position. The same procedure has been used in the registration algorithm in [2].
The goal of this paper is to estimate the value of the transponder delay, , based on the above model, using the LS method,
	
	(7)


where the ratio of X(k) and Y(k) is the estimated time bias at kth sample either using the range error and velocity in range direction or using the azimuth error and velocity in azimuth direction. Next steps (2-7) explain in detail how to select the X(k) and Y(k) to be used in equation (1). K is the total number of the collected data.
Step 2: Calculate the difference between the interpolated ADS-B report and radar report, which is represented by  and .
Step 3: If  or   of a report is larger than a predetermined threshold, γ, this report is considered as an outlier and rejected. Note that γ is chosen to be 3 sec which is based on empirical study. 
Step 4: If both the range speed and azimuth speed are less than 50 knots and 50 knots/ρa, respectively, both range measurement and azimuth measurement at this time stamp t will be discarded. 
Step 5: If only the azimuth speed is greater than 50 knots/ρa, then the azimuth measurement at time t is collected such that  and . The ratio of X(k) and Y(k) is the estimated time bias at kth sample using the azimuth error and velocity in azimuth direction as defined in step 1. 
Step 6: If only the range speed is greater than 50 knots, then the range measurement at time t is collected such that  and . The ratio of X(k) and Y(k) is the estimated time bias at kth sample using the range error and velocity in range direction as defined in step 1. 
Step 7: If both range speed and azimuth speed are greater than 50 knots and 50 knots/ρa, respectively and the time delay,
, is less than the threshold γ, both the range measurement and azimuth measurement are collected such that  and ; and  and . Since we get two samples in this step from both the range and azimuth measurements, we use k index for range and k+1 index for azimuth.
Step 8: After we collect a list of “good” data samples, an LS approach is applied to find the ADS-B transponder time delay parameter. Under the assumption that range error and azimuth error are independent and have Gaussian distribution, the LS estimate is the maximum likelihood estimator. The time delay based on all the collected data can be calculated using equation (7).
To estimate the time delay, in addition to LS approach, LS or Kalman filter can be used. Due to the simplicity of the LS method and the fact that the two measurement noises are independent, the LS method is employed in this problem.
3. Experimental Results
The simulations in this paper were performed in the following steps: 1) perform ADS-B/radar registration, 2) correct the range bias and azimuth bias to the radar reports, 3) apply the algorithm described in Section 2 to calculate the ADS-B transponder delay for each target.
There are 16 targets in the scenario, as shown in Figure 1. Their initial locations, speeds, and headings are described in Table 1. Two short range radars are located at (4105 nmi, 1212 nmi) and (4119 nmi, 1209 nmi), respectively with a scan rate of 4.7 seconds. Their range and azimuth noise have standard deviations of 0.045 nmi and 0.23 degrees, respectively. The data is collected for 20 minutes. The sample size for each target is about 200. The range and azimuth biases of the radars are summarized in Table 2. 
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Figure 1. Scenario plot.
Table 1. Scenario Information.
	
	Initial Location (X(nmi), Y(nmi), Altitude(ft))
	Speed
(knots)
	Heading
(degrees)

	A1
	(4095, 1210, 13000)
	180
	0

	A2
	(4110, 1210, 13000)
	180
	0

	A3
	(4095, 1270, 10000)
	270
	180

	A4
	(4110, 1270, 10000)
	360
	180

	A5
	(4130, 1270, 10000)
	270
	180

	A6
	(4145, 1270, 10000)
	360
	180

	A7
	(4130, 1210, 13000)
	180
	0

	A8
	(4145, 1210, 13000)
	200
	0

	A9
	(4160, 1255, 13000)
	270
	270

	A10
	(4160, 1240, 13000)
	180
	270

	A11
	(4160, 1220, 13000)
	180
	270

	A12
	(4160, 1205, 13000)
	360
	270

	A13
	(4100, 1255, 15000)
	270
	90

	A14
	(4100, 1240, 15000)
	360
	90

	A15
	(4100, 1220, 15000)
	180
	90

	A16
	(4100, 1205, 15000)
	180
	90



Table 2. Radar biases and standard deviations.
	
	Radar 1 
	Radar 2 

	Range biases (nmi)
	-0.10 
	0.15 

	Azimuth biases (ACP*)
	4.00
	2.00

	Range standard deviation
 (nmi)
	0.04
	0.04

	Azimuth standard deviation (degrees)
	0.23
	0.23


* 1 ACP = 360/212 degrees
In order to evaluate the performance of the proposed algorithm, we performed 100 Monte Carlo runs of the scenario, and calculated the average of the estimated latencies.
In this example, we injected latencies of 0.3 seconds and 0.25 seconds to transponders 8 and 12, respectively. All the other transponders have zero latency. As shown in Figure 2, it is observed that our proposed method provides the accurate estimated latencies for the transponders, specifically for aircraft 8 and 12 with the large latency. We suggest here that if the estimated latency is smaller than 0.1 second, it be neglected.
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Figure 2. Transponder delay estimation results based on 100 simulations in experiment 1. 

In another example, we evaluated the tracker performance with the proposed algorithm. We injected a latency of 0.4 seconds only to the 4th transponder, and looked at the tracker output accuracy of the 4th target. We implemented a Kalman filter based multi-sensor tracker. The tracking processes with/without the latency estimation and compensation are implemented separately. 
The tracker position and speed RMSE performance with and without the latency correction are compared in Table 3 for target 4. The true values of radar bias parameters are the same as the previous example. It is observed that after applying the proposed algorithm, the position error of tracker output is improved by 8% and the speed error of tracker output is improved significantly.
Table 3. Comparison of tracker performance without and with applying our algorithm for target 4.
	
	Position Error (nmi)
	Speed Error (knots)

	Without applying our algorithms
	0.0398
	0.0089

	With applying our algorithms
	0.0369
	0.0008


4. 	Conclusion
In this paper, we presented an algorithm to estimate the latency of an ADS-B transponder. This is performed in conjunction with a typical radar/ADS-B registration algorithm. Simulation results demonstrate that our proposed algorithms can successfully estimate the delay and hence improve the performance of the tracker output significantly. 
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