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Abstract 
 
High-frequency (HF), radars can regularly see over-the-
horizon, with this beyond-line-of-sight (BLOS) 
propagation achieved by using the reflective properties of 
the ionosphere. Coordinate registration (CR) is a critical 
step required to map HF radar measurements into 
meaningful geographical coordinates and has a large 
impact on the errors present in estimated target parameters 
such as range, azimuth, and velocity. For multi-static HF 
radars, the CR problem becomes more difficult due to the 
introduction of additional bistatic paths. Nonetheless, this 
configuration of radar has the potential to provide a 
considerably improved detection environment. We 
demonstrate an implementation of inversion-based CR for 
multi-static HF radar and assess the sensitivity of target 
parameters to the geometric distribution of multi-static 
receive sites. 
 
1. Introduction 
 
Over-the-horizon radars (OTHRs) are a novel category of 
long-range radar operating in the high-frequency band (3-
30 MHz) that can regularly see beyond the horizon, often 
out to ~3,500 km. These extreme ranges are achieved by 
exploiting the reflective nature of the ionosphere in the HF 
band to reflect radio waves back towards the ground and 
enable beyond line-of-sight (BLOS) propagation and target 
detection. The strategic advantage offered by OTHR is not 
understated, with many nations pursuing development of 
such systems.  
While most OTHRs operate in a pseudo-monostatic 
configuration, the Networked Over-the-Horizon Radar 
(NOTHR) is a proposed concept that introduces MIMO 
transmit beamforming and numerous additional receiver 
sites, offering diverse target perspectives to enable a more 
favorable detection environment in clutter-limited 
scenarios.  Multi-static OTHR with sufficient bistatic 
angles can also directly measure the velocity vector of 
targets from the additional doppler measurements. 
All OTHR must perform the crucial step of coordinate 
registration (CR) to transform and geolocate target 
measurements from the BLOS measurement space into the 
more meaningful geographical space using knowledge of 
the ionospheric propagation environment. HF propagation 
exhibits inherent multi-path due to reflection from the 
different layers of the ionosphere and the presence of 

multiple hops, meaning single targets will often produce 
multiple radar echoes. An example of this propagation is 
demonstrated in Figure 1 using homing numerical ray 
tracing (NRT). Various CR methods have been proposed to 
deal with the wide-ranging difficulties present in combined 
detection and tracking process. These range from the 
maximum likelihood mode association algorithm of Krolik 
and Anderson [1], to the Multipath Probabilistic Data 
Association tracker with uncertain CR introduced by 
Pulford [2], to more recent developments such as the mode-
aware track-before-detect algorithm of Davey et al [3]. 
 

 
Figure 1. Homing ray tracing showing multi-mode 
propagation between two given points. 

For an NOTHR type radar, the CR problem becomes more 
difficult due to the introduction of additional bistatic paths 
and hence additional propagation modes that must be 
correctly associated into a single target track. Kurien et al. 
[4] demonstrated that performing a simple track fusion of 
an OTH-B and ROTHR target tracks resulted in a lower 
accuracy than just using a single measurement, and that a 
fusion algorithm incorporating multiple modes is required. 
Furthermore, CR of the bistatic paths is reliant on a much 
poorer specification of the ionosphere on the target-
receiver paths due to the lack of Wide-Sweep Backscatter 
Ionogram (WSBI) soundings that are available for the 
monostatic geometry. This therefore requires that modern 
data-assimilation based ionospheric models such as 
AENeAS [5] or GPSII [6] be used to provide the best 
chance of achieving an ionospheric specification with 
acceptable errors in these regions. Modelling errors have 
previously been shown to cause errors in backscatter 
leading edge features in excess of 1,000 km in some cases 
[7]. 



 
By performing a simultaneous inversion of all multi-static 
radar measurements using the existing Signal Inversion for 
target extraction and registration (SIFTER) CR algorithm 
introduced by Fridman and Nickisch [8], target parameters 
extracted from the solution space are estimated via an 
optimal mix of the information available to the system.  
SIFTER promises enhanced detection capabilities by 
processing the entire measurement space together and 
propagating the information through time via a continuity 
equation. A full inversion is performed on the measurement 
space to transform it into ground coordinates, which is 
referred to as the equivalent scattering surface (ESS) or 
solution space. An advantage of a SIFTER-like algorithm 
is that it avoids the process of peak picking or thresholding 
within the direct radar measurement space to establish 
tracks, meaning detections are possible at lower SNR 
levels. Additionally, evolving the scatterer through time 
realizes improvements in SNR as the weakly time coherent 
noise and clutter is smoothed out by the tracker, whilst 
target peaks evolve coherently. SIFTER can be logically 
extended to a multi-static configuration by adding an 
additional dimension to all vectors and matrices that 
include the measurement space to index the receiver ID. 
The difficulty in this implementation then arises from the 
computational requirements associated with efficiently 
handling the large matrices and the capacity to generate a 
representative mapping matrix. 
The estimated target parameters have an uncertainty 
associated with them due to the ‘spread’ of target peaks in 
the solution space fit, which is compounded with the 
inherent errors in the CR process. This spreading of target 
peaks has a strong relation to the geometric distribution of 
the OTHR’s transmit and receive sites, as varied aspect 
angles are needed in order to uniquely determine target 
velocity from line-of-sight doppler. Receive geometries 
with similar aspect angles to the target will not contribute 
sufficient unique information to constrain the inversion and 
will thereby result in greater uncertainty. 
In a later development of SIFTER, Fridman [9] introduces 
the use of  and  norms as an alternative to the 
standard   regularization of SIFTER to promote sparsity 
and improve target localization. Whilst this has the effect 
of reducing the apparent ‘spread’ of a target in the solution 
space for the available information, it remains useful to 
understand how the uncertainty in the target localization 
varies with the radar geometry. For example, it may be 
expected that for a multi-static radar with receivers closely 
located to the transmitter, a higher uncertainty in a targets’ 
tangential velocity estimation will exist when compared to 
a system that includes large bistatic angles in the receiver 
geometry. Tracking the solution space through time will 
help to better localize a non-maneuvering target in terms of 
tangential velocity for example, but the distribution of 
receivers will place a limit to the level of localization that 
can be expected. It is important to note that a higher degree 
of localization only suggests a lower uncertainty in the fit 
and is distinct from the actual error in the target peak.  
 

In this work, we will explore a comprehensive 
methodology for assessing the sensitivity of target 
parameters with the configuration of multi-static OTHR, 
which is important to understand prior to the hypothetical 
deployment of a NOTHR type radar. 
 
2. NOTHR Measurement Simulator 
 
As the NOTHR concept has not yet been built and so 
measurements are not available, it is essential to develop a 
measurement simulator so that synthetic datasets can be 
produced to support the implementation of the inversion-
based CR algorithm. Numerical ray tracing (NRT) is often 
paired with a suitable ionospheric model to provide 
estimates of HF propagation for an input fan of rays. The 
High Frequency Radar Model (HFRM) 2.0 is the SERENE 
groups in house toolbox used for HF modelling. HFRM is 
built around an optimized version of Coleman’s NRT 
raytracer which is based on the Haselgrove set of equations 
[10]. To determine the delay and doppler characteristics of 
target echoes, point to point ray tracing is required for the 
Tx to Target and Target to Rx paths. This ‘homing’ 
raytracing is solved as a minimization problem in ground 
range. With homing performed for all target and Rx 
combinations and the ray amplitudes determined with 
 
  

(1). 

 
The target echoes are added to the measurement space as 
exponential impulses where the background clutter is 
represented by random gaussian noise. A comprehensive 
channel model including the full signal processing pipeline 
was not implemented as the bulk propagation effects are 
the initial interest of this early work. An example multi-
static radar measurement is presented in Figure 2 for a 
system with a total of 3 receivers and five beams to 
demonstrate the fidelity of the simulator in picking up 
multiple target modes. 
 

 
Figure 2. Simulated measurements for 5 beams and 3 Rx 
sites for a set of 3 targets. Multi-mode echoes and the 



doppler variation with elevation are clearly shown. The 
simulation time was 12:00 on the 1st June 2014 at a 
frequency of 14 MHz. Each row corresponds to a distinct 
Rx site whilst the columns correspond to beams. The 
colormap represents SNR in dB.

3. The Mapping Matrix

The core part of the signal inversion-based CR 
implementation is the matrix. This is required to 
contain all mappings from measurement to solution space 
and be regularly updated to account for the spatially and 
temporally varying ionosphere in addition to operator 
changes to radar parameters. Calculation of this matrix is 
performed using the multi-static geographical coverage 
modelling code that forms the core part of HFRM 2.0. Ray 
landing point data is used to form the mapping matrix by 
applying the data as an exponential impulse in 
measurement space and step function in solution space.
Figure 3 provides an example of geographical coverage 
simulated for a south facing 3-receiver OTHR, showing the 
differences in relative SNR and coverage area from the 
receive perspective.
Two methods exist in HFRM 2.0 for calculating coverage 
data depending on the use, either an approach based on the 
interpolation of ray pairs propagated from each tx or rx site
to find intersects, or a direct homing method to find the ray 
paths linking the tx and rx locations with points on a pre-
determined coverage grid. Homing is preferable for CR due 
to the greater reliability in finding complex ray modes but 
includes the caveat that compute time scales linearly with 
the number of grid points, hops, and receivers and is thus 
slower than the interpolation-based approach.

Figure 3. Simulated radar coverage at 12 MHz for each Rx 
using the interpolation based HFRM 2.0 module. The 
simulation time was 12:00 on the 1st June 2014. Data from 
these simulations form the basis of the mapping matrix.

4. Multi-static, Multi-beam Inversion

To demonstrate the capacity of the SIFTER algorithm to 
perform simultaneous inversion of all available radar, a 
synthetic radar measurement is simulated in Figure 4 for a 
3-receiver OTHR including two distinct single-mode target 
returns that are observed across 5 beams. The targets 
exhibit a high SNR of up to 15 dB and include a tangential 
velocity component. This example case is distinct from the 
case in Figure 2 as a lower resolution was desired with only 
a single propagation mode.

Figure 4. Simulated multi-static radar measurement 
including two distinct target returns propagating via a 
single-mode. The simulation time was 12:00 on the 1st

January 2001. Each row corresponds to a distinct Rx site 
whilst the columns correspond to beams. The colormap 
represents SNR in dB.

The variant of SIFTER was applied to a total of 6 
consecutive radar dwells with the regularization matrix set 
equal to the identity matrix. After tracking the solution 
through each radar dwell, the resulting 4D ESS is presented 
in Figure 5 for a limited set of tangential velocity slices.
The simultaneous inversion successfully combines the 
measurements into a common geographical space (ground 
range and bearing) with the two distinct target peaks seen 
at 1500 km and 1800 km. While the targets are well-
localized in range and radial velocity, their localization in 
the tangential velocity dimension is poor. This is expected, 
as the receivers are positioned relatively close to the 
transmit site, resulting in small bistatic angles. Velocity 
determination is not exclusive to the multi-static case, 
however, as target returns from neighboring beams provide 
some information on tangential velocity due to minor 
Doppler differences. However, in this case, the 7.5° 
resolution of the azimuthal beams is insufficient to 
constrain the tangential velocity within a reasonable 
degree.



 
Figure 5. SIFTER solution in geographic coordinates after 
tracking through a total of 6 radar measurements. Each row 
corresponds to a slice through the tangential velocity 
dimension of the ESS, whilst the columns correspond to 
beams. The colormap represents RCS in m-2. 

5. Future Work 
 
Using the CR tools demonstrated in this work, we are 
conducting a sensitivity analysis of the relative uncertainty 
present in the SIFTER solution peaks with respect to 
varying multi-static OTHR geometries. Cell-averaging 
CFAR is applied to extract peaks, which are then clustered 
using DBSCAN to identify the peak of each target in the 
4D solution. Gaussians are fitted in each dimension to the 
target peak within the local vicinity, and their widths are 
used to determine the uncertainty of the target parameters. 
This analysis is performed across a range of bulk errors in 
the ionospheric model to further confirm that the expected 
level of spread in the target peaks is not only limited to the 
unlikely case of a perfect ionospheric specification. 
 
6. Conclusion 
 
The impact of multi-static radar siting on target localization 
performance is essential to understand prior to any 
hypothetical radar deployment and may provide insights 
into unique configurations that maximize the expected 
level of localization that can be achieved with the available 
radar resources. We have demonstrated an extension of the 
existing SIFTER algorithm to the case of 4D multi-static 
radar measurements and present the NRT simulators 
required to assess the sensitivity of the SIFTER solution 
peaks. This work will continue to provide a comprehensive 
assessment of the geometric impacts on inversion-based 
CR. 
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