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Abstract— This paper deals with the problem of HF surface
wave radar. The goal is to integrate in a unique tdahe antenna
radiation and the propagation calculations in orderto make the
analysis consistent.
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I. INTRODUCTION

This paper addresses the problem of the surface (&W)
radaf. This kind of radar, usually operating in the Hand,
has a growing interest in many applications, irtipalar for
the survey of the coastal maritime sectors. Copti@athe sky
waves, also radiated by a HF radar, the surfacground
waves decay as the square root of the distandeetsdurce.
As a result, and with a reasonable transmitted powe
signal can be propagated over hundreds of kilomefuch a
propagation mode complements the sky wave pattetiFo
radars, which shows a blind zone up to the firsiogphere
reflection distance.
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of the radiating structure, this puts some constsaon the
measurement setup. Specific equipment is beingiestufbr

this purpose. The measurements will be performétyus 3D
electric probe moved over a virtual cylindrical faice

containing the antenna. The location of the sengitir be

simultaneously recorded at each measurement pdim

corresponding virtual magnetic currents distriboitiall allow

calculating the field radiated at any point in théter space.
Those measurements will be tested firstly on a 1z GEhle
model and then applied to the actual HF antenna.

The ground wave propagation over an irregular,
inhomogeneous terrain can be derived using thebphca
equation. The problem is an initial value problenthwthe
ground wave field contribution acting as a drivas, the sky
wave has no contribution in the interface plane.oTw
techniques were developed concurrently. The finst ases the
classical split step technique while the seconds wsdinite
difference scheme.

These different points are briefy commented in the

To fully characterize the problem, both the antenndollowing sections.

characterization and matching, the near field patend the

propagation problem have been addressed. The antenn

current distribution has been calculated using ititegral
equation technique [1]. Two numerical approachgzdperly
take the interface into account were developed woantly.
One advantage of the technique is to isolate tbergt wave
contribution and estimate the related radiated po@ace the
current distribution is found, the near field ame tfar field
pattern (including the ground wave contribution)nche
obtained.

Another approach to the antenna problem consistssiimg a
near field - far field transformation using measueats. An
HF antenna is usually located above the groundhaangdreach
dimensions up to 15 m height. As the ground interfes part

. THE ANTENNA PROBLEM

As derived by Michalski [2], there are three diffiet ways to
write the Lorentz gauge relationship in order toeméhe
boundary conditions on the interface. Although egl@nt
from a theoretical point of view, his formulationi€the most
convenient as regards its numerical implementatibhis

formulation has been used in the present developrivéith

respect to the Electric Field Integral Equation |BFthe new
equation, named Mixed Potential Integral EquatiMPIE),

includes additional terms to take the Green's fiamct
modification into account.

The MPIE integral terms all involve the so-callesh®nerfeld

! This study has been carried out in the frame af thintegrals. Two techniques can be used for their evical
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Complex Image Technique (CIT). These two technichese
been developed concurrently.

The phase stationary technique is the classical lbwensists

in finding the steepest descent contour in kjecomplex

plane. This contour has branch cuts as the funttiagntegrate

has branch points. The complex image technique] [(Bddes

benefit from the easiness to consider images inethoad of

moments procedure. The aim of the calculation &S

representing the MPIE integral terms by a sum wh$e each
of them being amenable to a Weyl like integral teffhe

integration is performed in thé&, complex plane. The
integration contour is linear in this plane. Figureshows a
comparison of thé&, contribution of a vertical Electric Dipole
(VED) obtained with the two techniques. The agreanis

excellent.
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Figure 1 : Comparison of the electric field vertical component
contributions due to a vertical dipole obtained with the phase
stationary and the complex image technique

In addition to the contour contribution, the reswshall
integrate the poles contribution. The correspondargis are
the surface wave radiated by the HF antenna.

Again, the comparison between the two techniquesheen
performed. For the phase stationary technique, rafnthe
poles are located inside the integration contoawélier they
are very close to it. As a result in order to mtiecalculation
numerically tractable, it is necessary to removeeirth
contribution in the integrand to get a regular fiow It is
subsequently reintroduced and calculated separatdlig is
the so-called modified saddle point calculatiorhteque. For
the complex image technique, all poles of the fiamcshould
be included irrespective to their sign. They arasitered by
pairs. The comparison is shown in figure 2.
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Figure 2 : Comparison of the electric field vertical component
contributions due to the pole contribution for a vertical dipole
obtained with the phase stationary and the complex image
technique

Summar

For its implementation in a method of moments caihe,
Sommerfeld integral terms should give accurate It®su
whatever the problem parameters such as the fregudme
distances and the electrical medium parameters Tarethis
respect, the complex image might be the most caemen
technique, as accurate developments can be usedhéor
critical values in the integration complex planamely when
k, andptend to zero.

For the surface wave contribution, an analyticalution
involving the error function, can be derived usihg modified
saddle point technique.

One example of results is presented hereafter usieg
software developed [2]. The case considered is pacaly
biconical antenna of 7 meters height placed ondgiwmind
(relative dielectric constant 15 and conductivitp® S / m).
The calculation provides the VSWR, the currents &mel
fields (near field, far field and ground wave). Thatenna
current distribution is shown in Fig. 3.
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Figure 3 : Currents distribution on the HF antenna

Figure 4 shows the near field pattern on a cyloalrsurface
containing the antenna. The major contribution cerfrem
the ground wave. It decreases very rapidly with attgude
and as the inverse of the square root of the ratiésnce to
the antenna for an observation point at the airumgglo
interface.
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Figure 4 : The near field radiated by the antenna on a
cylindrical surface of radius 100 meters with the antenna at its
base centre.

[Il. NEAR-FIELD TO FAR-FIELD (NF/FF) TRANSFORMATION IN THE
HF BAND

The proposed method is based on a source idetitifica
assuming that the antenna under test (AUT) carepkaced
by a set of equivalent dipoles radiating the saardfiéld as
the AUT. This approach, based on the equivalenoeipte,
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Figure 5: Geometry corresponding to the method.

D
Equations (1) can be solved by inversion of therimz[bﬂ in

order to compute the vectBps. The accuracy of the inversion
depends on the actual number of dipoles contrigutinthe
radiation. More precisely, the idea is to unselbet dipoles
that have a non-significant contribution to thealtdteld. To
achieve that goal, this inversion is carried ouapplying the

singular value decomposition (SVD) to the matliﬁ;

has been already described by several authors [3hssociated with a threshold power criterion (Fig. 6

Nevertheless, the innovative point brought by e/ method
is the use, as dipole’s radiation functions, of Hmealytic
formulations developed by Norton and extended bgrigser
[4] to the very near field zone. These formulati@osnprise
the sky wave, which is the sum of the direct aniiected
waves, as well as the surface wave contribution thef
electromagnetic field radiated by each elementgyld.

A. Description of the method

Consider an AUT located at the plane horizontaérfiace
between air and
electromagnetic field are measured in the nead-feelne (in
order to acquire the surface wave) on a virtuafaserS,
surrounding the AUT (Fig. 5). The number of meadypeints
is Ny. Consider now a second virtual surfaSg included

inside the surfac&, (Fig. 5). The number of mesh points is

Np. At each point, three elementary electric dipok®
arranged in order to form an orthogonal basis aligwith the
cylindrical basis vectors. The method states tagach point

of the surfac&, the electromagnetic field, is equal to the sum

of all the contributions coming from each of thep3dipoles
distributed over surfac®,. This leads to the following matrix
equation:

pelies] = [ ®

whereE; andHg, denote the electric and magnetic vectors

of size Ny, measured at each point on the surfageDg and
Dy are respectively the electric and magnetic raolati
matrices (issued from the Norton/Bannister formatat), of
size 3Ny x 3Np, concerning theSNp electric (horizontal and
vertical) dipoles located at each point of the &tefS,. Pgp is
the unknown vector, of siz8Np, containing the electric
moments of the previous dipoles.

real ground. The components of th

.......

_______ s —Power criterion
T ---Equivalent dipoles

3
o
\,

Normalized radiated power
3
i

a(

10|

© [¢] 200

400 60 800

Number of s?ngular values 1000

1200

e
Fig. 6 Power radiated by the equivalent dipoles vs. singular
values.

This criterion is linked to the total power radidtby the
AUT, in the near field zone, and is calculated frahe
measurement of the electromagnetic field on surScd hen,
the singular value matrix is scanned and truncalgd
decreasing order until the corresponding calculgtesver
reaches this power criterion. Once the vec®gp Iis
determined, the electric far field can be easilynpated. In
order to perform the SVD, we need to know bothdhetric
and magnetic fields. However, to avoid measuring th
magnetic field, it is possible to approximate iasbd on the
plane wave assumption, and still apply the powiernon.

B. Results

Let us consider a quarter-wave monopole working at
10 MHz and located above moist soile, £13 and
0 =0.05S.ii1). The near-field data are obtained from CST
MWS. Fig. 7 shows the amplitude and phase of teetet
field extracted from CST MWS and the one calculdtethks
to the NF/FF transformation. As we can see, thetiédenear
field is well reconstituted.
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Fig. 7. Electric near field over a generating line of the
cylinder: (a) magnitude, (b) phase.

Now, we discuss about the far field results. Unfoately,
CST MWS does not take into account the surface viatiee
far field zone, but the results obtained by meanthe SVD
method have already been compared to the resultsned
with NEC/SOMNEC [5-6] and are satisfactofy, is the far
field component of the electric field determinedeafa SVD
considering both electric and magnetic near fietdglE,’ is
the far field component of the electric field detared after
the SVD, from the electric near field only. At sw@ince of 10
from the antenna, we can see in Fig. 8 that thlEaseirwave
(0= 90 °) is predominant [6]. But at 100rom the antenna,

the sky wave is predominant, and reaches its maximu

magnitude ab = 70 ° (Fig. 9).
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Fig. 9. Radiated electric field at 100.

The two radiation patterns depicted in Fig. 8 amgl B
have a shape which evolves with respect to theintist as
expected, and it can be concluded that the SVD odeth
accurate enough in order to compute the radiatedidid
thanks to the sampled data of the electric neft, fanly.

IV. PROPAGATION

Two techniques have been developed to address the
propagation problem. The first one uses a multiptase
screen technique while the second one uses a @liffe¥ence
technique. This double approach was implementextder to
allow cross checking of the results. The main mowit each
one of the two techniques are commented hereafter.

The two techniques are based on a resolution of the
parabolic equation. This equation is obtained frdhe
Helmholtz equation, assuming that the field vaoiatalong
the line of sight (LOS) is weak as compared tov/étgation in
the plane transverse to this direction. This hypsith referred
as the paraxial approximation, is only valid fogkes with the
LOS lower than about 15°. This equation was usetthéntwo
approaches developed. The main features, namelgdiee
term, the boundary conditions and the algorithmpaiesented
for the two techniques. In the two cases the algoris a 2D
algorithm, marching on in space from the sourcation to a
given observation point. The field is calculated \@rtical
lines with respect to the mean tangent plane.

The initial field, on the first vertical, is dedutdérom the
antenna analysis problem. It shall be noticed thdy the
surface wave shall be considered as it can be detmated
that the sky wave has no contribution in the aigreund
interface plane. The antenna analysis integral temua
technique allows isolating this contribution. Innmiple either
the SW near field radiated by the antenna or thefiéd
expression of the SW can be used as inputs, inldbtscase
using a Fourier inverse transformation to get thaiwalent
aperture source. The near field calculation is havéound to
be the most accurate as the SW far field involves large
argument approximation of the Hankel function, ttesidition
is not obviously met in the HF domain.

The multiple phase screen technique takes advarthge
the fact that the parabolic equation reduces toomtinary
differential equation when using a Fourier transfation from
the space domain to the kz domain where kz is #écal
component of the wave number. The algorithm altesha
consequently two calculations at each space steg Fourier
transform calculation and the differential equatiahculation.
The first one allows considering the scatteringef and the
second one the field modification due to the prepag along
the LOS. There remains the problem of the boundary
conditions. On the upper altitude of the space dioman
absorbing boundary condition shall be implementsdna
field shall be reflected. This is done using an digation
function. At the air - ground interface, the Leonth
conditions are implemented. Following Dockery & Kr#7],

a complementary function has been used allowing to
implicitly meet the boundary conditions. This isifaated by
using sine Fourier transforms. The overall algonitts very
efficient allowing considering arbitrary terraingfifes and
ground impedance discontinuities. The CPU time éyv
small, typically a few tenths of seconds for a wave
propagation over 300 kilometers.
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Figure 10 : HF propagation; impedance discontinuity at
86 km

Figure 10 shows an example of the field attenuaitoa
2D window calculated using the MPS technique. Tidilp
has an impedance discontinuity 86 km away fromsthérce.
After this distance the propagation, which was fmesly over
land, is over sea. The field attenuation at the-aiground
interface is shown on Figure 15.

The finite difference technique on the other hasdsua
centre finite difference scheme as shown on Figlren this
case, the center point is located between two catrtines.
This scheme leads to a tridiagonal matrix.
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Figure 10 : Finite differences scheme

The upper boundary condition is an adaptation ef RiML
first introduced by Berenger [8]. An efficient wayintroduce
the PML in the FD grid is to use stretched coortding9] in
the vertical direction. Such an approach allowsviley the
equation to be solved into the PML region. To thstvalidity

The lower boundary condition implements, as in MBS
technique, the Leontovich condition. In additiore thround
surface roughness can be super imposed on thdeproio
techniqgues have been developed to do this. Thé dine
consists in the generation of a white noise, malarigpurier
transform, filtering and coming back in the spati@imain.
The characteristics of the filter have to be chdeeagreement
with some statistical parameters of the real groendrelation
length and root square means of the height. Fig@rehows
two realizations with two different correlation fttions.

2

Figure 12 : Results of the statistical methods. Exponential
white noise filtering (left panel), Gaussian white noise filtering
(right panel)

The second technique uses a fractal model. The @idm
square approach has been adapted to model theesuilthe
terrain roughness can be controlled by means ofivang
parameter, named h as shown on Figure 13

$ » ¥ 3
ol
E
h=0,25 h=0,5 h=0,75
Figure 13 : Surface roughnessrealization using a fractal
technique

of the implementation, a 10 layers PML medium and a

parabolic profile of conductivity were considerédGaussian
bunch of rays is launched with a tilted angle ia tlirection of
the PML (upper boundary direction) chosen accordnghe
narrow angle parabolic equation limitation (aboQitdegrees).
The result plot on Figure 11 shows that there igeaflection
on the upper boundary.
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Figure 11: Smulation of a beam launched towards a PML
boundary condition.

Figure 14 shows an example of propagation in a 2lew
using a profile extracted from a fractal surfacaization.
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Figure 14 : Propagation over an irregular surface



Comparison of results obtained with the MPS and th&D  To perform the Doppler calculation, a profile igraxted from
technigues the realization shown on Figure 17. This profilapwn on

The consistency between the results provided by tine Figure 17 is introduced in the parabolic equatioftveare.
approaches have been cross checked with respeatassical Different realizations are considered at successives. The
problem, namely the one exhibiting the Millingtorfeet ~ Packscattered field is then computed at the opwati
showing a recovery of the field strength after sing a freql_Jency. The integration on a long observatiometiof the
discontinuity (cf Figure 15). The agreement betwahm Moving sea gives the Doppler spectrum computed by

results is excellent. expression :
ol 2
0 <r <86 km ground : epsilon = & ; sigma =0.01 § / m. S(f)= TfSE ()2 i )
r> 86 km sea: epsilon = 81. ; sigma=4. S/ m. ¢ 2)
f=3.13 MHz
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: ! ] Figure 18 : Observed spectrum for the following set of input
B L —— data :f=15 MHz, A;=10m, dt=0.25s, To,=50s, u=3 nV's
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distance {(km.} . . a= Y-
: . . o This calculation provides the Doppler spectrum
Figure 15 : Field propagation on a terrain with an components as expected

impedance discontinuity

VI. CONCLUSION
V. DOPPLEREFFECT/ PROPAGATION OVER THE SEA i ) ) i L
Many innovative points have been considered inghisly
o ) aiming to develop a global tool allowing addressitige
One of the study objectives was to model the prapag over  antenna plus surface wave propagation problemash step
the sea. As the sea models are based on physicgd the study two calculations and / or measurements
considerations, such a model (JONSWAP) based on thechniques were developed concurrently giving full
directional spectrum of the sea has been includedhé confidence in the obtained results.
software. It strongly depends on the wind directiand
strength (Beaufort). It is able to represent tHeatfof the sea References
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