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Abstract 

Ship tracking is important to ensure maritime safety and security. However, with the state-of-the-art sensors and sys-
tems detecting several maritime threats is still a very challenging task. In this paper, a supportive ship tracking concept 
using range-compressed (RC) airborne radar data is proposed. Ships are tracked in the range-Doppler domain where the 
ships moving with certain line-of-sight velocity appear out of the clutter region, thus improving their detectability. Ship 
tracking in high resolution data is an extended target tracking problem, therefore the extracted centroids of the detected 
and clustered ships are tracked over time. A powerful track management system is also developed for recognizing and 
terminating the false targets. Simulated and real experimental results from the DLR’s F-SAR and DBFSAR system are 
provided to prove the concept. 
 

1. Introduction 

Frequent ship monitoring is crucial for the maritime situa-
tional awareness. Current operational surveillance sys-
tems used for the monitoring purposes are the AIS (auto-
matic identification system) and the marine radars. Air-
borne radar sensor can give additional support to these 
systems by detecting ships that are not equipped with the 
AIS transponders and also undetectable from marine ra-
dars.  
Airborne radars while flying along the azimuth direction 
transmit its pulse in the range direction. They are capable 
of collecting the data with very high resolution and with 
shorter revisit and long observation times. The perfor-
mance of these radar platforms is often limited by the air-
craft’s endurance which in future can be overcome by in-
stalling them on high-altitude platforms (HAP) or high-
altitude pseudo satellites (HAPS) which are flying in the 
stratosphere for several days, weeks, months or even 
years [1]. 
We use range-compressed (RC) data for the airborne ra-
dar-based maritime surveillance. When airborne radars or 
future HAP or HAPS are used, the signal-to-noise ratio is 
sufficiently large, therefore there is not a need to use fully 
focused radar images. This saves the additional signal 
processing efforts and enable the development of real-
time capable systems [2].  
Ships are detected in the range-Doppler domain after ap-
plying the azimuth fast Fourier transform to the RC data. 
The primary advantage of detecting ships in Doppler do-
main is that if ships even of low radar cross section move 
with sufficient line-of-sight velocity, they are shifted out 
of clutter region, thus improving their detection capability 
(cf. Figure 1(b)). 
Like detection, ships are also tracked in range-Doppler 
domain. Tracking in range-Doppler has a benefit that 
overlapping target signals in time domain are most likely 
to be separated in range-Doppler domain. This is advan-
tageous for tracking multiple targets in a dense multi-

target scenario. Target tracks are needed (1) for generat-
ing high resolution inverse synthetic aperture radar 
(ISAR) images by successively extracting the ship data 
and also, (2) for fusing with the simultaneously acquired 
AIS data by mapping the detections on ground after com-
puting additionally the direction-of-arrival (DOA) angle 
of the target. Therefore, tracking in is a pre-requisite for 
the aforementioned applications. 
In the paper, a concept of range-Doppler based ship track-
ing using RC airborne radar data is proposed. Extended 
targets in high-resolution data give more than one detec-
tion per target. Therefore, we extract the ship centroid and 
track them in range-Doppler using a suitable target mo-
tion model. The overall multi-target tracking system is 
designed using a database structure. Other associated 
challenges while tracking in range-Doppler like data as-
sociation in case of multi-target tracking, missed and false 
detections are also discussed. Simulated and real experi-
mental data from DLR’s (German Aerospace Center) air-
borne F-SAR [3] and DBFSAR [4] system are used to 
validate the proposed method. 

2. Detection and clustering  

Ships are detected in range-Doppler domain using the 
methodology proposed in [2]. In that paper the authors 
have proposed a detection algorithm suitable for detecting 
targets in range-Doppler domain. After obtaining multiple 
pixel-based detections of the ship in the data, a standard 
DBSCAN (density based spatial clustering of applications 
with noise) algorithm [5] is used to form the ship cluster. 
An example of a real ship cluster in real X-band HH po-
larized F-SAR data is shown in Figure 1. 
For tracking, the center of the clustered ship, i.e., its Dop-
pler frequency and range positions (cf. Figure 1(b)) are 
tracked at successive times. In our case the cluster center 
is the center of gravity (COG) of the cluster. Compared to 
other estimation methods like center corresponding to the 
maximum peak amplitude or the center of the bounding 



box, we found COG to be more stable for most of the in-
vestigated ships in the experimental airborne radar data 
[6]. 

 

Figure 1 (a) Real X-band HH polarized RC airborne ra-
dar data in range-Doppler domain at a specific azimuth 
time. A ship (in exo-clutter region) and the clutter band 
are shown in the figure. (b) Clustered pixel-based detec-
tions belonging to the ship with its bounding box. 

3. Tracking in range-Doppler 

Figure 2 shows a schematic representation of the range-
Doppler based tracking concept using RC data.  

 

Figure 2 Illustration of the series of range-Doppler data 
used for target tracking. Detected and clustered ship at 
each CPI are shown in the figure. 

As shown in the Figure 2, the RC data is first partitioned 
along azimuth into smaller coherent processing intervals 
(CPIs). For the F-SAR data, each CPI consists has 128 

azimuth samples and with a pulse repetition frequency of 
2.4 KHz, each CPI has a duration of approximately 53 
ms. 
The length of the CPI is data and system parameter de-
pendent. Individual CPIs are then transformed into range-
Doppler domain via azimuth FFT (fast Fourier transform). 
The estimated cluster center position (cf. Section 2) of the 
target is then tracked at each CPI.  

3.1 Database structure 
We have developed a SQLite-based database structure for 
storing the detection and clustering results and also for 
doing target tracking. The database has a table where each 
row of the table represents a detected target at each CPI. 
The column of each row contains target related parame-
ters. A simplified representation of the database table is 
shown in Figure 3.  

 

Figure 3  Simplified representation of the database table. 
Typical values stored for an individual target in the data-
base table are shown. 

Figure 3 shows three exemplary targets are detected 
at CPI = 0. These targets are stored with a unique ID (or 
unique row number) which increments automatically with 
subsequent detections in the following CPIs. Other rele-
vant parameters such as the positions of the target, data 
belonging to the target for ISAR imaging are also stored 
in the database. The database also has additional columns 
like predicted flag and relation. Their significance is ex-
plained in the later sections. 
In the next section we briefly explain the target states and 
measurements used for tracking targets in range-Doppler 
domain.   

3.2 State and Measurement model 
Targets moving with constant velocity on ground have 
azimuth time dependent Doppler and range histories. This 
is because the range between the moving radar platform 
and a specific point of the target on ground changes. The 
Doppler history of the target mainly varies linearly with 
time whereas the range is proportional to the time 
squared. Therefore, the target kinematics in range-
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Doppler, i.e., the target’s Doppler frequency and range 
which is assumed to evolve over time can be approximat-
ed by constant velocity (CV) and constant acceleration 
(CA) motion models, respectively.  
The received measurements are the target’s Doppler fre-
quency and the range positions (cf. Section 2). The target 
states and the measurements discussed in this section are 
incorporated in the framework of the Kalman filter (KF) 
[7]. It uses the current measurement, the estimated state 
and its uncertainty from the previous CPI in order to esti-
mate the true state at the current CPI.  
Tracking can even be performed without using any mo-
tion model. This is valid only when the targets are detect-
ed at every time step and the time steps are relatively 
small (53 ms in our case). However, without a motion 
model, target position due to missing detections cannot be 
predicted and hence large gaps cannot be bridged. 

3.3 Maximum manageable gap as motion 
model performance measure 

In real scenarios, it is expected that there will be missing 
measurements at certain azimuth times. This could be due 
to the low backscatter received from the moving target or 
when the target is not illuminated by the antenna beam. In 
such situations a motion model gives the predicted posi-
tion (cf. Section 3.2). However, inaccurate predictions of 
the missed measurements may lead to a track loss. There-
fore, we have investigated and compared “CV only” and 
(CV+CA) motion models of the KF to assess their per-
formance in the presence of missed measurements. The 
(CV+CA) motion model was already briefly discussed in 
Section 3.2. In the “CV only” based motion model along 
with the Doppler, the range history is also modeled as CV 
by assuming it as piecewise linear due to the small-time 
intervals.  
For the investigations gaps were artificially introduced in 
the data (cf. Figure 4). The gap time was successively 
increased to a point after which the target track is lost. 
The performance achieved from the motion models are 
compared with the one where no motion model is consid-
ered.  The results are shown in Table 1 together with the 
position accuracies achieved using the methods.  

 

Figure 4 Range history of the moving target shown in 
range-time domain. Increasing artificially introduced gaps 
are shown in the figure. 

Table 1 shows that in terms of position accuracy all 
methods perform similar. However, the (CV+CA) motion 

model is able to maintain the track when the target was 
invisible for 9.5 s. 

Table 1 Analysis of different methods in terms of gap 
time in seconds after which the target tracks are lost and 
the position accuracy in Doppler and range. The results 
are from a real ship signal in real X-band F-SAR airborne 
radar data. 

 
Methods Maximum 

gap time 
[s] 

Position accuracy 
Doppler RMSE 

[Hz] 
Range RMSE 

[m] 
No motion 
model 

1.6 14.61 0.72 

CV 3.4 9.52 1.07 

CV+CA 9.5 12.98 0.67 

In the next section, we explain the use of relations and 
unique IDs (cf. Figure 3) to form the tracks of arbitrary 
number of targets. 

3.4 Relation generation using database 
For tracking targets, it is essential to establish a relation 
between the detected targets at a given CPI and the al-
ready existing detections and tracks from previous CPIs.  
Figure 5 shows an example of the concept of relation 
generation for three targets.  

 

Figure 5 Principle of the relation generation. Arrows of 
the same colour indicate the link between the unique IDs 
of same target at each CPI. 

As shown in the table, at CPI = 0 there are three detected 
targets. These targets have unique row numbers. If the 
same targets are detected in the next CPI, i.e., at CPI = 1, 
unique row numbers are again generated and the relation 
column of each target is now updated with the unique row 
number of the same target from the previous CPI (see re-
lation columns at CPI = 1 and unique ID column in 
CPI = 0 in Figure 5). After the tracking is over, a link 
between the unique rows belonging to the same target is 
established (arrows of the same colour in Figure 5). A 
relation of -1 indicates that the target is detected for the 
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first time and has no relation with any previously existing 
tracks.   
In Figure 5 it is shown that unique IDs 7-4-1 (green ar-
row) belong to the same target and likewise for the other 
two targets.   

3.4.1 Data association 

In order to create the link between the unique row num-
bers of the same target at different CPIs, the target detec-
tion at current CPI has to be associated with the tracks 
from the previous CPI. An example is shown in Figure 6. 
     

 

Figure 6 Illustration of the data association concept in 
range-Doppler domain. Detections in the previous and the 
current CPI are marked in the figure. 

In Figure 6 at CPI = � − 1, only one detection (true tar-
get cluster center position) is observed which is denoted 

as �(�)(� − 1). At CPI = �, two detections are available 

(see  �(�)(�) and  �(�)(�)). Data association is per-
formed as a two-step procedure. First the position of the 
target at CPI = � − 1 is predicted at CPI = � 

(�� 
(�)(�|� − 1) is the KF based prediction of  �(�)(� −

1)). Second a validation region around the predicted posi-
tion is created. Detection falling with the gate of the track 
is used for updating the track (cf. Figure 6 where 

 �(�)(�) lies in the gating region of �� 
(�)(�|� − 1).  

The rectangular gating criteria shown in Figure 6 are 

mathematically expressed as  

����(�) − ����(�|� − 1) � <  ∆������ (1) 

���(�) − �� �(�|� − 1) � <  ∆������ (2) 

where ����(�) − ����(�|� − 1) � is the offset between the 

detected and predicted Doppler frequency and ���(�) −

���(�|� − 1) � is the offset between the detected and pre-

dicted range. The terms ∆������ and ∆������ are the width 
(along Doppler) and length (along range) of the rectangu-
lar region, respectively.  
Before determining the extents of the rectangular gate, it 
is first necessary to investigate how the offsets shown in 
the left-hand side of (1) and (2) vary so that reasonable 
values of gate extents can be set. An example of these off-
sets (also known as innovations) estimated for a real mov-
ing ship in real X-band radar data is shown over azimuth 
time in Figure 7. 
From Figure 7, the maximum observed offsets in Doppler 
and range are approximately 40 Hz (almost twice the 

Doppler bin size) and 4 m (almost 14 times the range bin 
size), respectively.  
 

 

Figure 7 Plots corresponding to the left-hand side of (1) 
and (2) of a real moving ship, respectively. In KF termi-
nology, these offsets are called innovations or residuals. 

The factors that contribute to the instability of the cluster 
centers are the ship dimensions, their amplitude fluctua-
tions in the data and the Doppler and range bin sizes 
which for the investigated F-SAR data are approximately 
20 Hz and 0.3 m, respectively. The Doppler bin size of 20 
Hz corresponds to a resolution of approximately 20 m in 
cross range. 
For the relation generation, the size of the rectangular 
window must be larger than these maximum observed 
offsets. A wise choice for the extents of the search win-
dow can be set three times the maximum offsets. This will 
prevent the track loss even if the maximum offsets are a 
bit larger than what was observed in Figure 7.  
Note that when there is more than one measurement in the 
validation region of the track, data association methods 
based on GNN (global nearest neighbour) or more ad-
vanced methods like JPDAF (joint probabilistic data as-
sociation filter) are recommended [8]. A detailed descrip-
tion of these methods is out of scope of the paper.  
 

4. Track management 

Every unassigned detection initiates a tentative track. If 
this detection belongs to a real target then the target is ex-
pected to be detected in several subsequent CPIs. Such a 
track then becomes a confirmed track. Once the target 
moves out of the antenna beam, it is no longer detected 
and therefore should be terminated. To do this, we em-
ploy a track management scheme in the tracker which up-
date the confirmed tracks and terminate the finished 
tracks and false targets. Track management runs periodi-
cally. For the F-SAR data, the tracks are checked for e.g., 
after every 2 s. An example of tracking a single real ship 
target in X-band HH polarized F-SAR data with and 
without using track management is shown in Figure 8. 
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Figure 8 (a) Real single moving ship in real X-band F-
SAR radar data. Tracking results without (b) and with (c)  
track management. Target ID_0 is the trajectory of a real 
moving ship. For visualization purposes, the tracks are 
shown in time domain rather in range-Doppler where the 
detection and tracking were actually carried out. 

Track management works in the following way: after eve-
ry 2 s, individual target tracks are extracted and the pre-
dicted flags of each track are checked (cf. Figure 3 where 
predicted flag equals zero means, the target is detected or 
else it is only predicted but not detected). We then calcu-
late a prediction percentage i.e., if the target is predicted 
more than 70% of the time it is either a false target or has 
left the antenna beam and therefore is terminated.  
As shown in Figure 8, Target ID_0 belongs to a real ship 
target, whereas Target ID_1 and Target ID_2 are the false 
targets, which are also termed as “ghost targets”. With 
track management it is possible to terminate such target 
tracks after a short time.  

5. Simulation and real experimental 
results  

This section provides some simulation and real experi-
mental results from an F-SAR X-band radar data. In the 
simulation we considered three moving targets where the 
effects of missing data and false detections are artificially 
included. The targets have overlapping range histories. 

The simulation results are shown in Figure 9. For visuali-
zation, the trajectories are projected back to time domain. 
The absolute ground velocity and moving direction of 
each target are also shown in Figure 9(b). 
It is now clear that by using a suitable motion model and 
track management, the number of targets is reduced from 
10 to 3 (plus 2 artificially introduced false detections).  

 

Figure 9 Simulated tracked range histories of three tar-
gets (a) without and (b) with considering the motion mod-
el and the track management. Artificially introduced gaps 
and false detections are marked in the figure. 

Figure 10 shows the experimental results of real moving 
ships in real X-band HH polarized airborne radar data. In 
November 2019, a multi-channel flight campaign using 
DLR’s DBFSAR system was carried out in North Sea 
near Cuxhaven, Germany. More details related to the ra-
dar sensor and the multi-channel data can be found in [4]. 
The aircraft was flying at an altitude of approximately 
2400 m above ground and was also equipped with a dual-
channel AIS receiver. 
As shown in the Figure 10 (b), there are more than just 2 
targets in the ocean data as revealed by the tracking algo-
rithm. In total the tracker tracked 21 targets. Since there is 
also the track management running in parallel within the 
tracker, false target tracks like ID_4, ID_6 etc. are termi-
nated after a short time. Using the tracking information, 
the ship data is also extracted for generating high resolu-
tion ISAR image sequences. For demonstration purposes, 
one of the ISAR image sequences of target ID_15 is 
shown in Figure 10 (c). The ISAR image is generated by 
applying the ISAR processor proposed in [9]. The ship 
name is HAM 316, which is a dredger of dimensions 129 
m x 22 m. This ship contains several cranes and booms on 
the deck, one of them causes a strong multipath reflection 
which is clearly recognizable in the ISAR image. 



 

Figure 10 Real RC X-band radar data acquired over the 
North Sea. Two very bright ships are visible in the figure. 
(b) Tracking results after applying the proposed algorithm 
in range-Doppler domain. Ships with individual IDs are 
shown in the figure. (c) ISAR image of the ship track cor-
responding to ID_15 from (b).  

Since the data shown in Figure 10(a) were acquired using 
multiple receiving channels, the target tracks shown in 
Figure 10(b) can directly be mapped on ground after an 
additional estimation of the DOA angles of the targets.  
A detailed investigation on the ISAR imaging, multi-
channel data pre-processing, DOA estimation and ge-
ocoding techniques are out of scope of the paper. 

6. Conclusion 

In the paper we have presented some preliminary range-
Doppler based ship tracking results using simulated as 
well as real experimental range-compressed X-band air-
borne radar data. The algorithm due to the use of mainly 
azimuth FFTs is expected to have real time capability. 
The multi-target tracking framework is developed using a 
SQLite database as core. The database is designed for 
storing and tracking an arbitrary number of targets, lim-
ited only by the available memory and the SQLite limita-
tions. The tracker not only bridges the gaps in the target 
missing detections but also is able to update the con-
firmed tracks and terminate the ghost and finished tracks. 
Although not discussed in detail, when multiple receiving 

channels are used, the target tracks in range-Doppler as 
shown in Figure 10(b) can be projected on ground after 
using the estimated DOA angle. 
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