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High frequency radar  
High frequency (HF) radar, which is based on surface 
electromagnetic wave propagation, provides a unique capability 
to detect targets far beyond the conventional microwave radar 
coverage. HF radars use the frequency band of 3-30 MHz to 
provide a large coverage that could extend to 200NM in range. 
This large range of values is of great interest, and appears as a 
consequence of the United Nations Convention on the Law of 
the Sea, which established 200NM as the Exclusive Economic 
Zone (EEZ). 

Regular maritime surveillance of activity within a nation’s 
EEZ is a key question in protecting national security. HF radar 
systems recently became an operational tool in coastal monitoring 
worldwide for many applications including ship detection, 
tracking, and guidance; as well as search and rescue, distribution of 
pollutants, fishery and research in oceanography.

WERA (WEllen RAdar) HF radar system
The WERA (WEllen RAdar) HF radar system was developed at 
the University of Hamburg, Germany in 1996. WERA allows a 
wide range of working frequencies, spatial resolution, and antenna 
configurations in order to operate as a low-power oceanographic 
radar, providing simultaneous wide-area measurements of sea 
surface currents, waves and wind parameters. The WERA system 
transmits signal using an average low power of 30 Watts, but 
can achieve a detection range of 110NM, which is far beyond 
conventional microwave radar coverage of up to 30NM. 

The HF radar uses a frequency modulated continuous wave 
mode for range resolution, hence the transmitter and the receiver 
are operated simultaneously. This mode allows a blind range in front 
of the radar to be avoided, simplifying the radar range resolution 
modification, and reducing the impact of radio interference. The 
azimuth angle covered by WERA is ±60° perpendicular to the 
linear array of antenna receivers, which consists of 16 antenna 
elements located linearly along the coast as shown in Figure 1. 

Selecting the appropriate radar frequency 
and bandwidth
The attenuation of the electromagnetic wave traveling along 
the sea surface depends on the radar frequency, and on the 
conductivity (salinity) of the water. These factors determine 
how large the observable area is. However, the radar frequency is 
selected taking into account the use of the radio spectrum by other 
communication services. The values for the highest possible range 
resolution of the radar system are limited by the available chirp 
signal bandwidth (the width of the gaps in the radio spectrum). 

To find the optimum radar operating frequency and 
bandwidth, frequency scans are started regularly. For example, 
the operating frequency band of the WERA system is 8 MHz 
with a typical bandwidth of 100 kHz; it gives a 1.5-km range 
resolution cell. Every hour the operating frequency is selected 
adaptively according to the scan of an HF spectrum load. 
Depending on the radar operating frequency, the total HF radar 
coverage area occupies from 10,000 to 80,000km2 of sea surface.

Useful implementations of a WERA system
WERA is based on a modular design that can be easily adopted 
to the requirements of an actual application. Most of the signal 
processing steps are implemented in software and thus the system 
can be adapted to different needs in a simple way – for example, 
simultaneous oceanographic research, ship traffic monitoring, 
tsunami warning, and so on.

The dominant contribution for HF radar echoes is due to 
scattering from the sea surface. Since sea waves are moving targets, 
they cause Doppler frequency shifts while moving towards and 
away from the radar site. That is why this radar system is a tool for 
synoptic online mapping of sea surface current fields and spatial 
distribution of the wave directional spectrum simultaneously. 

Using the WERA system to monitor ship traffic
This paper describes a new approach to utilize oceanographic 
low-power HF radar in order to monitor ship traffic over long 
distances. For ship detection and tracking procedures the sea 
clutter can be considered to be an unwanted, self-generated 
interference. This interference level can ultimately limit the 
detection capability of the radar system. To evaluate the quality of 
radar detection, a data set of GPS-acquired ship locations, provided 
by the Automatic Identification System (AIS), was recorded for the 
same period of time. 

Due to external noise, radio frequency interference and 
different kinds of clutter, special techniques of ship detection 
using the WERA system have to be applied. In the case of 
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Figure 1. a linear array of Wera HF radar receiver antennae.
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ship monitoring, the main interference contribution for the 
WERA system is due to the sea surface echo signals. In a range-
Doppler frequency map the sea surface reflections are observed 
permanently, and limit the target detection performance. The 
technical challenge is to detect targets in this strong interference 
environment and to control the false alarm probability.

A set of processed HF radar data in range, Doppler frequency 
(i.e. radial velocity), and azimuth angle is collected for each 
snapshot in time. The detection algorithm was applied to the 
range-Doppler frequency power spectrum map for each azimuth 
beam direction. The range-Doppler map statistics may vary from 
snapshot to snapshot, therefore we have to detect ships against a 
background signal, which has an unknown distribution of echo 
signal amplitudes.

Detection of a target echo signal can be expressed with statistical 
hypotheses testing. Constant false alarm rate (CFAR) methods 
usually formulate a test statistic for each radar cell of interest 
and compare it to some power threshold. The CFAR threshold 
calculation is usually based on the Neyman-Pearson criterion, with 
a fixed probability of false alarm and a maximum probability of 
target detection. A detection decision must be processed for each 
range-Doppler cell individually. The detection scheme is based 
on the conventional curvilinear regression analysis and CFAR 
detection technique. 

The measured range, azimuth, and radial velocity form a plot 
for each detected ship during a measurement scan. These plots 

enter the tracking filter, which includes three main steps for a 
single iteration: measurement, prediction, and update. After each 
update step, a test to delete false targets is made. 

Signal processing techniques for ship detection
The proposed signal processing techniques for detection and 
tracking of ships have been tested using the data measured by the 
WERA HF radar system located in Portugal. The WERA system 
has been in continuous operation for several months. 

The data shown in this paper have been acquired during a 
period when ship locations have been reported by their AIS. 
The detection scheme has been delivering plots to the tracking 
algorithm every 33 seconds to form a tracking history of each 
ship detected by the radar. The results of the tracking procedure 
are shown in Figure 2. Here the detections and tracks of real 
moving ships can be observed. The single colorful bullets 
in the figure show the ship locations observed at the tracker 
output, where the color indicates the ship radial velocity 
measured by the HF radar. The blue tails behind each ship show 
recorded tracks for the last 30 minutes of ship movement. The 
black crosses correspond to the AIS data, indicating the ship 
movement in the observed radar coverage. There are also some 
cases when the radar detected ships that were not equipped with 
AIS. These are probably smaller ships, for example, fishing boats. 

The AIS ship information is very useful to understand the 
limitation of the low-power HF radar for ship traffic monitoring. 
To verify the detection and tracking results obtained by the radar, 
ship locations reported by AIS have been recorded for a 12-hour 
period. In total, 131 ships of different sizes, which were equipped 
with the AIS, have been observed in the radar coverage. 

The AIS information about the ship position, speed, heading and 
type (recorded as a MMSI code) was superimposed on the measured 
radar range-Doppler frequency spectra. Using the measured radar 
spectra, the signal-to-noise ratio of these ships was derived to 
study the detectability performance of the radar. The AIS speeds 
were recalculated to the radial components observed by the radar 
using the additional information about ship heading and course. 
The deviation between AIS and radar detected locations was below 
1.5km (one range resolution cell) for 87% of these comparisons. 

Conclusion and recommendations
Beyond any doubt there is a space left for future research 
activities. Preliminarily, it can be said that using an average 
transmittance power of 30W, in case of the ship broadside view 
towards the radar, the maximum HF radar detection range for 
very large and large cargo vessels can be up to 110NM, for the 
medium-sized vessels up to 85NM, for the small-sized vessels 
up to 75NM, and for the vessels of very small size up to 65NM. 
The ship detection and tracking results based on the radar data 
processing show a good performance of the oceanographic HF 
radar system to monitor ship traffic.

Figure 2. detection and tracking results of the Wera radar system (circles) and 
ais records (crosses).
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