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Abstract

Models of radar systems are required for a variety of rea-
sons. The sophistication of these models is highly depen-
dant on their purpose; for instance microwave radar models
which are designed to be integrated into existing wargam-
ing simulation frameworks will often be low-fidelity mod-
els. The development of similar models of over-the-horizon
radar is particulary challenging. This is due to the highly
variable propagation environment in which such systems
are required to operate: even the lowest fidelity model of
an OTH radar must model the environmental conditions ap-
propriately. The “base level” environmental modelling re-
quired to accurately characterise OTH radar performance is
the climatology, i.e. diurnal, seasonal and solar cycle varia-
tions. In this paper we detail a climatological model of OTH
radar (CMOR) developed using high frequency (HF) radio
wave raytracing techniques. We discuss how this model
may be integrated into low-fidelity wargaming simulations,
used to provide initial assessments of the viability of can-
didate OTH radar networks to meet particular missions and
how it may be used in highly sophisticated radar network
design methodologies. The last example is the subject of a
companion paper presented in this forum.

1 Introduction

Skywave over-the-horizon radar (OTHR) is a HF radar
technology that exploits the Earth’s ionosphere to enable
long range beyond horizon propagation of HF radar sig-
nals for the purpose of wide-area surveillance of aircraft
and maritime vessels. The ionosphere is a highly vari-
able medium and this variability greatly influences the op-
erational performance of a skywave OTHR. Considerable
care in selecting radar operating parameters is required to
achieve optimal performance for the required mission and
sophisticated modelling of OTH radar networks may be
used to this end.

The performance of OTHR is governed by many factors.
These are the propagation environment (the ionosphere),
the physical radar equipment (transmitter power, trans-
mit and receive antenna gains), the target scattering cross-
section (RCS), clutter from ground (or sea) back-scatterer
(which may be spread in Doppler due to ionospheric distur-
bances), the external noise environment of radar receiving

system, RF interference from other transmitters, the choice
of radar waveform, the signal processing and target tracking
algorithms, and the allocation of the radar resources.

In a companion paper [1], presented in this forum, we dis-
cuss the development of a Radar Network Design Method-
ology, with reference to the above factors, and detail the
associated metrics used to assess proposed OTH Radar net-
work designs. In this paper we restrict ourselves to the cli-
matological model of the environment relevant to HF radio
wave propagation which may be used to provide an initial
assessment of the suitability of an OTH radar for a partic-
ular mission. Another application is the inclusion of low-
fidelity but realistic models of OTH radar into existing war-
game simulation frameworks.

2 CMOR

The ionospheric propagation of the radar signals is mod-
elled using HF radiowave raytracing methods applied to
the International Reference Ionosphere (IRI) [2]. In our
work we use the PHaRLAP [3] raytracing toolbox devel-
oped by one of the authors. Figure 1 displays an example
of one-way ray paths calculated using PHaRLAP’s 2D nu-
merical raytracing (NRT) engine. It is possible to use 3D
NRT which includes the effects of out-of-plane ionospheric
tilts and the geomagnetic field. However, this comes with
a large speed-of-computation penalty and for our purposes
2D NRT is sufficent.

It is beyond the scope of this paper to discuss in detail the
effect of the morphology of the ionosphere on the ray paths;
however, we note that there is often more than one propaga-
tion mode to a particular ground range. In this example we
see E, F2-low and F2-high propagation modes. In general,
for a quasi-monostatic system (∼ 80 km transmit-receive
site separations are usual for OTHR to meet site isolation
requirements), if there are N propagation modes to a target
then there are a total of N2 modes that are available to return
energy to the receiver. Each of these modes will have a dif-
ferent group (or radar) range, elevation angle at the receive
array, and power.

In order to characterise the signal propagation properties of
each radar in the network we calculate propagation lookup
tables over a range of environmental conditions: this in-



Figure 1. Example of one-way ray paths for 10 MHz rays calculated by 2D numerical raytracing for a radar located in New
Zealand during day-time, Summer, Solar maximum conditions. Note the different ionospheric propagation modes and the
ionospheric penetration by the high elevation angle rays.

cludes the equinoxes and solstices at low, mid and high so-
lar activity levels. We use the Zurich smoothed sun spot
number (SSN) as measure of the solar activity[4]. Iono-
spheric propagation effects such as ray focussing [4] and
radio wave absorption are included. The ionospheric ab-
sorption model used is that due to George and Bradley [5].

The tables take the form of predicted received power from a
1 Watt (W) radiator assuming a one second (1s) coherent in-
tegration time (CIT), and a target with 1m2 radar cross sec-
tion (RCS). The tables are parameterised by radar-to-target
region range and radar operating frequency, with transmit
and receive antenna patterns and array gains included. As
noted previously, there may be several propagation modes
to a particular ground range; only the strongest mode is re-
tained for the construction of the tables.

Figure 2 displays graphically propagation tables for a hy-
pothetical radar located in New Zealand directed at Sydney,
Australia (see companion paper [1]), over a range of iono-
spheric conditions. These figures show that the ionospheric
conditions have a great impact upon the OTH radar propa-
gation support. Indeed, pre-dawn (when the ionosphere is
weakest) during winter at solar minimum there is no prop-
agation support at all for frequencies above 10 MHz. Prop-
agation modelling (not shown here) indicates that an OTH
radar at this location would have to operate at frequencies
near 5 MHz during these conditions. This would require a
dual-band transmit array design which would increase the
complexity and cost of the system.

3 Model application

Anticipated target signal-to-noise ratio (SNR) is calculated
from the aforementioned propagation tables by scaling the
power by the radar parameters (transmit power and CIT),
using a proposed target RCS and an appropriate background
noise model. For a target ground range of interest the propa-
gation frequency which maximises the SNR is chosen. This
frequency is typically close to the “leading edge" where
skip focussing occurs [4]. We apply an additional restric-
tion; the choice of frequency is not allowed to exceed the

value 1 MHz back from the leading edge. This is to simulate
how OTHR are operated; frequencies too close to the lead-
ing edge leave the radar susceptible to losing propagation
support if the ionospheric conditions change rapidy (e.g. at
times around the dusk terminator or due to ionospheric dis-
turbances)

The target RCS is characterised using analytic estimates of
a commercial airliner over different aspect angles [6] jus-
tified using electromagnetic (EM) modelling [7]. For the
noise estimate we used a simple rural ITU median model
for the background noise at the radar sites [8] although more
sophisticated directional models can be used if desired [9].

Various signal processing losses must be accounted and are
typically 10 dB [10]. These losses are due to amplitude ta-
pering of the transmitted waveform (to reduce out-of-band
emmissions) and tapering applied during beamforming and
range-Doppler processing to reduce sidelobe levels.

We combine all the parameters so far into an estimate of
SNR of the target in the detection stage of the radar system,
as described in equation (1).

SNR(dB) = Tcit +Ptx +σrcs +Gp −L−n, (1)

where Tcit is the CIT gain relative to 1s, Ptx is the trans-
mitter power gain relative to 1W, σrcs is the target RCS rel-
ative to 1m2, Gp is the base-system propagation path and
array gains generated by raytracing as described previously
in units of dBm−2s−1, L is the signal processing losses, and
n is the noise power.

Standard radar signal processing techniques may be used to
calculate the probability of detection and false alarm rate
for the targets not obscured by clutter and a simple M de-
tections out of N observations model is used for tracking.
More sophisticated radar signal processing techniques and
trackers may be used if desired.

In order to gain an initial assessent of the suitability of an
OTH radar system for a particular mission a simple tracker



Figure 2. Example of day-time (left column) and night-time (right column) HF propagation conditions during winter, low
solar activity (top row); winter, mid solar activity (middle row); and summer, mid solar activity (bottom row). Note the lack of
propagation support during winter at low solar activity levels. The time standard for these plots is Local Solar Time (LST).



threshold may be used instead of applying target detection
and tracking algorithims. If the target SNR exceeds the
tracker threshold then the target may be considered to be
successfully detected and tracked. By way of example [11]
suggests a tracker threshold of 15 dB.

Figure 3 displays excess SNR (eSNR), the level by which
the target SNR exceeds the tracker threshold, for the hypo-
thetical New Zealand radar described above. Here the trans-
mit power is 100 kW, the CIT is 4 s, and the target a com-
mercial jet airliner (RCS ∼ 30 dB m2). If we are interested
in tracking targets in the 2000–2500 km range window (in-
dicated by the red dashed lines) then a choice of operating
frequency of ∼ 20 MHz is appropriate. The eSNR varies
from 25 dB (at 2000 km) down to 11 dB (at 2500 km).

Figure 3. Example of eSNR, red dashed lines indicate re-
gion of surveillance interest.

This style of analysis should only be the initial step in evalu-
ating or designing an OTH radar system and must be treated
with caution. Target dynamics have not been included (tar-
gets could be obscured by ground clutter), target detection
and tracking algorithms have not been modelled and radar
resource allocation has not been simulated. Another impor-
tant consideration is the day-to-day variability of the envi-
ronmental models. Our companion paper [1] decribes the
analysis which accounts for each of these aspects and de-
velops appropriate metrics necessary for a rigorous system
assessment.

For the purposes of wargaming, ground clutter must be con-
sidered and a simple model with uniform backscatter coef-
ficient (Earth RCS per unit area) is deemed sufficient. The
clutter is assumed to be confined to a Doppler band corre-
sponding to no more than ±25 knots (i.e. the ionosphere
is undisturbed and so the clutter is not spread in Doppler
beyond this equivalent velocity). If the target radial speed
is less than 25 knots then we assume it has been obscured
by the ground clutter and will not be detected.

4 Conclusion

We have described a propagation based climatological
model for OTH radar systems and have applied it to a hy-

pothetical radar. This model forms the first step of a so-
phisticated radar network design methodology (detailed in
a companion paper). Applications of the model for various
simulation frameworks were discussed.
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