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Abstract— Forward propagation above dielectric surface is
studied using Split Step Fourier resolution technige (SSF).
Introduction of Fresnel Boundary Conditions (SSF-FEC) and
Leontovitch Boundary Conditions (SSF-LBC) are describd. The
numerical singularity induced by reflection coeffigent at pseudo
Brewster incidence is analyzed and the DMFT solutiofior SSF-
LBC resolution is retrieved. The limit induced by Leatovitch
assumption is studied on typical grounds. Numericalalidations
of the proposed method are presented by comparisoro
asymptotic formulation. As SSF is based on FFT algahm,
acceleration using GPU implementation is studied ahnumerical
time gain are given.

Keywords— Parabolic Wave Equation, Split Step Fourig

Forward Propagation, Leontovitch Boundary Condition, Fresnel
coefficient, GPU acceleration

. INTRODUCTION

However, to model the dielectric interface effeat $SF
resolution, the most rigorous method consists troducing
Fresnel reflection coefficient in the spectral daom&everal
authors have proposed such an approach as Janagdamy
A similar method has been proposed for SSF tecleniqu
applied in acoustics domain by Gilbert and Di [1B]ore
recently, Chabory et al. [14] proposed a formulatimsed on
this idea for the forward propagation computatidor a
domain of finite height. However, a numerical peshloccurs
in the application of this formulation near the ®ster (or
pseudo-Brewster) incidences. A first solution haserb
proposed by Sprouse and Awadallah [15] through IB@
method (Impedance Boundary Condition).

The spectral introduction of reflection coefficieist here
revisited considering the boundary condition pregbdy
Leontovitch (SSF-LBC) or the Fresnel coefficieBISF-FBC

To model electromagnetic system range at long dissaite at the boundary. The discontinuity induced by teBection

low troposphere, the Parabolic Wave Equation me{RMWIE)

is usually used. It allows to take into accountgéascale
refraction effects inducing ducting effect [1][Zmall-scale

refraction effects inducing scintillation [3][4], nd relief
effects
propagation of ground wave at HF and lower bandaitsm be
modeled [7][8]. To solve PWE, the Split-Step Fourgethod

(SSF) is the most efficient technique because é@suBast

Fourier Transform (FFT) and permits large stepange. In
PWE resolution, classically, boundary conditions tae
ground limit is introduced via the Leontovitch ingaace
boundary condition [9].

modeling tools [11][26].

This work was supported in part by the French ripigf the “Redressement

Productif (Direction Générale de la Compétitividé, I'Industrie et des
Services)”, in the framework of the PRORASEM praj@t cooperation
between ONERA, ALYOTECH and UNAN-IETR.

The Discrete Mixed Fourier
Transform method (DMFT) proposed by Dockery andtli€ut
[10] is nowadays currently used in operational eyst

coefficient is illustrated. The relation betweenFABC and
DMFT is demonstrated, and it shows that the disoaity is
avoided. As the Leontovitch boundary conditionsswaned, its
limits are studied. In a last section, acceleratdnFourier

inducing multipath and masking [5][6]. The transform using GPU implementation is illustrated.

1. SSFRESOLUTION OFPWE

The problem of radio-wave propagation above tenigdst
surface is reduced to a 2D scalar problem in acadrplane
including the transmitter and the observation poihhe
problem is solved considering only the transvecsahponent
of the field, using the variable change [1]:

H pol: u=e™® Jkasin(x/a)E,(r) = E,(r}/k.x 1)
V pol: u=e’® Jkoasin(x/a) H,(r) = H,(r)/kox

m(x, 2)
wherea is the earth radius (approximately 6370 km), & th
curvilinear distance at the earth surface, z theétude

(considered small with regard to earth radids),or H, the



transversal component to the vertical propagatiangof the
electric or magnetic field anth the modified refraction index.
This way, the propagation equation is the 2D Helizho
equation:

9% 9?

[6)( o

kzmz] =0, 2)

(9)

s

dk

d( JL83 +sz k r k _k z

u(x+dx, 2) Je [0k, )+ Ja(x—k, ]2+
where the reflectlon coefficient is in the spatttomain is

rw):&—@ (10)
K, +K,

wherek, is the wave number in vacuum. The propagation i€ind u, is the Zenneck surface wave that can be negléoted

modeled along horizontal axis x and z is the valtixis. The

operatorQ: /:—;+k02rnz(x, Z)can be introduced. Reminding the

modified index definitionm=M.10° +1 where M is the

refractivity, and thatm is with close to 1 in the atmosphere, a

Taylor series expansion is applied:

m? = (L+2M 10°) 3)
From this approximatiorQ can be written following Feit and
Fleck formulation [16]:

(4)

62
Q= —+k2 +k,M(x,2)107°.
This approximation is named Wide Angle approximatio
because it makes appear the exact spectral prapagatm in
free space under the square root. The solutioresponding
to forward propagation is obtained, in the form:

u(x+d, z) = e'**u(x, z) 5)

Being aware that the refractivity varies slowly lwiange, it is
assumed to neglect its variations between eachistegnge
along x. Then, the solution can be reformulated:

A=k,M 10° (6)
u(x+ &, z) = e ***Bly(x, ) with 2
frrac=eSuled) win | o
a 2
and
x| —+ +A 7
u(x+x,z) = eﬂs[2 ° 2Ju(x,z)_ )

This scheme induces a third order error &x [1]. This
equation is solved iteratively in range, applyinigedt and
inverse Fourier transform along the vertical dii@ttto get
the SSF resolution:

(8)

J'ko&[ M 107 J oo

+jk,z

dk,
z e]kxd(

u(x+dxz)=e _[ o

e

]u(x, z)e ' dz

with k2 =kZ k2.

[ll.  RESOLUTION WITH GROUND BOUNDARY CONDITIONS

In this paper, to simplify the formulations and dgcon
boundary conditions, the free space atmosphere YMsO
assumed. Ground can be introduced following thentdation
derived by Janaswamy [12] or Gilbert and Di [13]:

microwave applications. For the Fresnel reflectioefficient:

HoC
) /kznz k2, n®=g +jod=>= Py
Ve n2

where ¢, and o are the ground relative permittivity and
conductivity respectivelyA the wavelength and c the light
speed (H and V stands for polarization). The fa@dtinuity at
the interface is insured by applying the reflectibresnel
coefficient above the ground and the transmissioesttel
coefficient in the ground. This resolution is cdll8SF-FBC.
For SSF-LBC resolution, the Leontovitch hypothesss
assumed [9], andglbecomes:

K = Jk2(n? -1)
‘ __,/kozinz -1)

v/~ 2
n

The complete reduced field satisfies the Leontdviioundary
condition [9] on the ground, leading to:

ou

0z

(12)

+ jk, u(z=0)=0. (13)

z=0

IV.  NUMERICAL PROBLEM AT PSEUDOBREWSTER ANGLE

For SSF-FBC and SSF-LBC, the numerical computation
the integral in (9) containing the reflection céaffnt can
induce a numerical problem for some types of ground
Sprouse [15] also studied this problem, relatethéoBrewster
angle g, (or called the pseudo-Brewster angle for a ground

with losses) for which the reflection coefficiemnplitude is
very small. Reminding the property of the spectedlection
coefficient:

(14)

when k tends to kf =-k,sing, the reflection coefficient

tends to infinity. As an illustration, in Fig.1 ispresented the
variations of spectral Fresnel reflection coeffitieversus
grazing angle from negative to positive values. sThi
integration domain is imposed by the definitiontloé Fourier
transform. Different typical soils have been coesadl: sea,
wet ground, medium dry ground and very dry grounbe
dielectric constants have been estimated from thkieg
proposed by the International Telecommunicationodri20].
At pseudo Brewster angle, the amplitude of reftacti
coefficient can be very close to zero and a siggnge of its



real part appears when this angle is passed, imgk phase
sign variation. In parallel, a very big value ottheflection W(x+d<, z): =]
coefficient modulus is involved atg, of the pseudo Brewster

angle, in negativek, domain, for wet ground, medium dry

du(x + &, z) (18)
dz

+kyu(x + &, 2).

Thus, W(x+d<, z):o at the interface imposes Leontovitch

) ) boundary condition (13) and the proposed variablgnge is
ground and very dry ground. In fig. 1 is also reeréed the  j4oqiica| to the one proposed in DMFT approach [Ie
spectral reflection coefficients assuming the Lewitth difference is the introduction of the ground impect in
approxmatpn. Compared to the Fresnel reflectioafiicient, spectral domain ok variables instead of spatial domain z.
the Leontovitch one is very close except for very ground ) z

for which a grazing angle shift appears, this pinesioon can From th'§ form, Fhe DMFT can be recgvered, startirgn
be observed clearly for negative valueg of (17) and introducing (15). Then it comes:

Spectral reflection coefficient, 1 GHz, V pol. +00 19
— : : : : : [ atikz otk [~ (19)
‘* : —*+ —dry ground, Leon H W(X + d(’ Z) - J.e ©e u (X’ I(Z )(kz + kg )
: +  dry ground, Fresnel —00
“ery dry ground, Leon. dk
“ery dry ground, Fresnel. [ — T —
: : : +(kz kg)u(x, kz)] 27;
: : : : : _ o and this equation can be written
— 0 0 =0 i 20 40 B0 a0 W(X + X, Z) = (20)
Br I I I I ’ ‘ : I ———ISea,Leuln. — A : . - ) dk
: : E : #  Sea, Fresnel J‘ (eﬂkzz -e szZ)U(X, kz )(kz + kg )e”k*d( 72.
@ e ERRRR PRV el Wet ground, Leon H i 2”
| ¢ Wet ground, Fresnel . . . .
: . This formulation makes appear a sine transformjvadgnt
to DMFT formulation. This way is demonstrated tRaIFT

L i H i L
-80 B0 -40 =20 20 40 B0 a0

e?g) resolution implicitly considers the spectral vanas of the
Fig. 1. Comparison of Fresnel and Leontovitch &pkcrefiection reflection coefficient, under the approximationlL@&ontovitch. .
coefficients, V polarization, 1 GHz, for sea, webgnd, medium dry ground But, Sprouse and Awadallah [15] shown that DMFT did
and very dry ground. model well the reflection at V polarization anctla¢ Brewster
incidence. This demonstration suggests that it lshoat be a
problem of boundary condition formulation, but ammrical

based on a decomposition of the reduced fieidto an odd problem.  Efficient solutions computing(x,2) in spatial
domain as for the DMFT backward resolution, or gsin

and even solutlon,_dnven by an empirical coeffitied %f(ponential Euler resolution [21] give good results
Anothe_r approach_ IS proposed here, based on S_SF'LB To validate this resolution of SSF-LBC, a propagati
resollutllon. _ T'he d|scont.|nu|ty appears when the egitbn computation at 1 GHz is proposed, compared to the
coefficient is introduced in the complete reducpectrum: asymptotic solution considering the image principplied to
, (15) an ideal spherical wave in free space and its imagjghted
a(x+ &, kz)=e+'k*‘{ﬁ(x, kz)+( ]U(X,—kz)} by the Fresnel reflection coefficient. This classisolution is
described in [12] or [22].
To avoid the numerical prOblem’ the denominatorthaf Propagation Factor (dB) vs altitude and ground conditions
reflection coefficient is multiplied to the soluticand a new

Sprouse et al. [13] proposed a solution to thisbfem

k, — K,
k, +k

z ]

1500

1000
variable W(x + &, k,) defined:
z 900 -
k)= ke i+, )+, -k Jilk )} (16)
i . . . 7007 ’IUOO_ .......
Then, the problem is solved from this new variakle T w0l :
propagated in range. After Fourier transform, inats N O Ty —— Asympielic
domain one obtains: 2 : PR
to _ dk (17) 3000 500 R
X+, z)= | e G(x+ ok, )k, +k, J—=.
e 02)= [ Bl ek Y+ )55
Considering the Fourier transform properties, oaa aote 10
that u(x + &, z) and w(x + &, z) are related in spatial domain 0 lmmme . W Y= > -
by @ (b)

Fig. 2. Propagation factor (dB) vs altitude, &@Hz, V pol., distance 5km,
computed by asymptotic and SSF-LBC methods abgweegsurface, (b) wet
ground.



Smooth ground, V polarization, the isotropic souatel0
meters above ground, and the results are represerith
regard to the altitude at a distance of 5 km. 4plgsaare
reported corresponding to different realistic grduirig.2.a
sea surface, Fig.2.b wet ground, Fig.3.a mediumgitopnd
and Fig.3.b very dry ground. A very good agreeneant be
noticed. These results demonstrate the availaldfithhe SSF-
LBC to model pseudo-Brewster reflection, avoidinige t
numerical problem.

Propagation Factor (dB) vs altitude and ground conditions
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Fig. 3. Propagation factor (dB) vs altitude, aBHlz, V pol., distance 5 km,
computed by asymptotic and SSF-LBC methods aboyem@dium dry
ground, (b) very dry ground.
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Unfortunately, the solution proposed for SSF-LBCthme
is very difficult to apply to the SSF-FBC methodcheh, the
limits induced by Leontovitch boundary conditiomguared to
rigorous Fresnel boundary condition limit are stadin the
next section.

V. STUDY OF LEONTOVITCH BOUNDARY LIMIT

The results obtained at pseudo-Brewster inciderm®/e
smooth surface tend to demonstrate that the Ledhtov
boundary condition gives results quasi identical ttwe
approach using Fresnel reflection coefficient. Hoere if a
zoom is applied to Fig 3.b around the pseudo Brewst
incidence (30°) for very dry gound at 1 GHz, a shijpears
between asymptotic and SSF-LBC results. This zoem i
reported in Fig. 4. The pseudo-Brewster inciderscslightly
different with the Leontovitch boundary conditicappearing
at 28.1° instead of 30°. The dynamics of the pragiag
factor, resulting of the combination of the direcid reflected
components, is also affected around the precisaidose
Brewster angle: the interference figure is slithifted. To
analyze carefully the limit induced by Leontovitbbundary
condition, the Fresnel and Leontovith reflectioreffizgients
have been compared for the chosen typical surfaitds a
large variation in frequency. To characterize theugd
dielectric constants for each frequency, the vapreposed by
ITU [20] have been used. At V polarization, the miom of
the reflection coefficient modulug, is researched, applying:

i\r(e)\z =0 at 6=6, (21)
dée
whereg, is the pseudo Brewster angle.
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Fig. 4. Zoom of Propagation factor (dB) vs altéudaround pseudo-
Brewster incidence, at 1 GHz, V pol., distance 5 komputed by asymptotic
and PWE-LBC methods above very dry ground.

The obtained pseudo-Brewster angles are plottedsuser
frequency for each material in fig 5. Fresnel amitovitch
reflection coefficients induce very close pseudesister
angles at all frequencies, except for very dry goboondition.
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Fig. 5. For sea, wet ground, medium dry groundy wdry ground:
variations of pseudo-Brewster angle with frequenmdeled by Fresnel and
Leontovith reflection coefficient.

The material very dry ground is the one presenting
lowest values of relative permittivity and conduitti. It is the
only one, among the chosen materials, inducing reor @n
pseudo-Brewster angle estimation by the Leontovitch
approximation with a maximum value of around 2° drey 1
MHz. The error is negligible for lower frequencié€zlobally,
it appears that Leontovitch remains a good appration for
natural material but materials with low dielecttonstant
must be considered carefully.



VI. SSFACCELERATION BY GPUIMPLEMENTATION significant and such a tool is adapted for operatio

For operational applications, the better time penfnces 2aPPlications.
of propagation computation are researched. PWE adeth

applied at high frequency, high altitude domain dache REFERENCES
beamwidth antennas should induce high computatine.tTo  [1] M. Levy, Parabolic equation methods for electromagnetic wave
improve the computation, a hybrid method has beepgsed propagation. IEE electromagnetic series 45, 2000.

[2] J. R. Kuttler, G. D. Dockery "Theoretical descrptiof the parabolic

usin_g XO_(eXtended Optics) methOd to extend PWEitsmi approximation/Fourier split-step method of représenelectromagnetic
at high altitudes [24]. The last is faster than P#@&ne but not propagation in the tropospher&adio ci., vol. 26, no. 2, pp. 381-393,
perfectly rigourous, particularly above relief. bgi fast 1991.

; ; ; ; [3] D. Rouseff, "Simulated Microwave Propagation thioutropospheric
resolution of Discrete Fourier Transform, the S3goathm Turbulence. 1EEE Trans, Antennas Propagat.. vol. 40, no. 9. ppl076-

can be applied to the complete domain without loss 1083, 1992
accuracy. In fig. 6 an example of time gain obtdibbetween [4] V. Fabbro, L. Féral, “Comparison of 2D and 3D alectagnetic
GPU and Matlab implementations of the same algoritising approaches to predict tropospheric turbulence sffés clear sky
SSF resolution is presented. This result has bb&ined for a conditions,”|EEE Trans. Antennas Propagat., vol. 60, no. 9, pp. 4398—
domain of 2 km of altitude, a distance of 100 kmdan 4407, sept. 2012.

. ! o [5] A. E. Barrios, “Parabolic equation modeling in Rortally
frequencies between 100 MHz and 10 GHz. The Tinie iga inhomogeneous  environmenttEE Trans. Antennas Propagat., vol.
here plotted with regard to the number of pointsdufor Fast 40, pp. 791-797, 1992.

Fourier Transform computation. The gain is sigmifit and [6] D- J. Donohue, and J. R. Kuttler, “Propagation niiadeover terrain
rows with the number of points. This tvoe of inmkntation using the parabolic wave equatiohZEE Trans. Antennas Propagat.,
g p - yp mp vol. 48, no. 2, pp. 260-277, 2000.

appears very efficient for the problem of SSF retoh. [7] G. Apaydin, L. Sevgi, "A Novel Split-Step Parabefiquation Package
for Surface-Wave Propagation Prediction Along Ml Mixed
Irregular-Terrain PathsJEEE Antennas Propagat. Mag. Vol. 52, no. 4,

pp. 90 - 97, 2010.
GPU vs Matlab [8] V. Fabbro, P. F. Combes, N. Guillet, “Apparent rad@ss section of a
140 large target illuminated by a surface wave aboeesta,”Progress In
Electromagnetics Research, PIER 50, pp. 41-60, 2005.
120 - [9] M. A. Leontovitch, “On the approximate boundary ditions for an

Electromagnetic Field on the surface of well-corithgr bodies,”in
Investigations of propagation of radio Waves, in B.A. Vedensky ed.,

100 1 Academy of science of USSR, Moscow, 1948.
[10] G. D. Dockery, J.R. Kuttler "An Improved Impedan&sundary
80 Algorithm for Fourier Split-Step Solutions of thear@bolic Wave
Equation,"|EEE Trans. Antennas Propagat., vol. 44, no. 12, pp. 1592 -
60 - 1599, Dec. 1996.
[11] E. Brookner, P. R. Cornely, ; Y.F. Lok,”AREPS aREMPER, Getting
40 Familiar with these Powerful Propagation Softwao®l§,” pages 1034

— 1043,Radar Conference 2007.
[12] R. Janaswamy, “Radio wave propagation over a n@staohimmittance
28— plane,”Radio Sci., vol. 36, vol. 3, pp. 387—405, Jan. 2001.
[13] K. E. Gilbert, Xiao Di, “A fast Green's function thed for one-way

0 T T sound propagation in the atmosphete Acoust. Soc. Am. 94 (4), 1993.
0 5000 10000 15000 20000 [14] A. Chabory, C.Morlass R. Douvenot, B. Souny, “An aeix
Fig. 6. Time Gain between GPU and Matlab implemtion of SSF. representation of the wave equation for propagatwer terrain,”
Electromagneticsin Advanced Applications (ICEAA), 2012.
[15] C. R. Sprouse, R. S. Awadallah, “An Angle-Dependénpedance
Boundary Condition for the Split-Step Parabolic &ipn Method,”
VII. CONCLUSION |EEE Trans. Antennas Propagat., vol. 60 , no. 2 , Part: 2, pp. 964 — 970,
. . . .. Feb. 2012.
First, boundary conditions for ground introductionSSF  [16] M. D. Feit, J. A. Fleck, "Light propagation in gritiex fibers,"Appl.
algorithm have been studied. The singularity indubg the Opt., vol. 17, 3990-3998, 1978.

reflection coefficient introduction in spectral dam is [17] J. Zenneck, "Propagation of Plane EM Waves Alofggae Conducting

e : : : Surface,"Ann. Phys. (Leipzig), 23, pp. 846-866, 1907.
specifically studied. A solution is proposed for FSS3C [18] K. E. Gilbert and Xiao Di, “An exact point sourceuing field for the

resolution apd_ its relation t(_) the classical DMFEth is Fourier parabolic equation in outdoor sound propagd JASA Express
given. The limits of Leontovitch boundary conditiane then letters (online version) :12 April 2007, Print versiah:Acoust. Soc. Am.
studied on realistic surfaces and at pseudo Brewasigle. The 121 (5), May 2007.

et ot [19] J. R. Kuttler, R. Janaswamy, "Improved Fourier §farm for solving
results demonstrate that, for realistic ground att@ristics, the parabolic wave equatiorRadio Sci., vol.37, no. 2, 2002.

Leontoyitch approximation .remains a very good[2g] |TU Recommendation P527-3, Electrical charactessof the surface of
approximation even at V polarization and pseudowBter the Earth, ITU, 1992.
angle. The proposed SSF method can be used to modé&ll B. V. Minchev, “Exponential Integrators for Semiar Problems,”

: : : - PhD, University of Bergen, August 2004.
forward propagation taking into account ductingobrough [22] V. Fabbro, C. Bourlier , P. F. Combes “Forward ggtion modeling

sea surfaces or re"efs_ USi_ng linear shift mapd6ktair-case above gaussian rough surfaces by the Parabolic vepeation:
method [24], and considering surface wave propagait low introduction of the shadowing effectProgress In Electromagnetics

frequency band. Using GPU implementation, the toa@ is Research, PIER 58, 243-269, 2006.



[23] W. Ament, “Toward a theory of reflection by a roughrface,”|RE
Proc., vol. 41, pp. 142-146, 1953.

[24] A. E. Barrios, “A terrain parabolic equation modet propagation in
the troposphere JEEE Trans. Antennas Propag., vol. 42, no. 1, pp. 90 -
98, Jan. 1994.

[25] H. Hitney, “Hybrid ray optics and Parabolic Equatidor radar
propagation modeling”, radar 92, Brighton, pp. 581, 12-13 Oct
1992.

[26] J. Claverie, E. Mandine, Y. Hurtaud, “Simulationraflar performances,
PREDEM a new tool for the french Navy”, BACIMO, Memney USA,
2005.



