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Diffraction by Lossy Dielectric Wedges Using
Both Heuristic UTD Formulations and FDTD

Jean-Fraogis Rouviere, Nicolas Douchin, and Paul F. Combes

Abstract—An improvement of the uniform theory of diffraction  the comparison between UTD and the moment method (MM)
(UTD) coefficient for the case of a lossy dielectric wedge when js made only in the case of the backward scattering half-

a transmitted ray exists is presented. We elaborated two new ; ; ; ;
terms that are added to the classical UTD diffraction coefficient, plane QIrectlons and _the calculation is not performed when
transmitter and receiver are located on each side of the

so that we obtain continuity of the total field. This new UTD ) | A et
formulation is compared to a numerical method based on finite Slab. Luebbers also studied dielectric structures: first in the

difference time domain (FDTD). We outline the adaptation of the case of knife edges and great size wedges [6], but without
FETDderfid ctglculatignt, vvthick; was flecessaly ltoésg)atet onlty One taking into account the transmitted field; then in the case
edge diffraction and to treat two-dimensional (2-D) structures -

wit%] two infinite sides. This comparison allows one to conclude of rough Ios§y We(?iges [7,]' he.developed . hequstlc uTh
that the new diffraction coefficient is relevant for the case of a Slope diffraction valid for diffraction over consecutive wedge
lossy dielectric wedge. Then we present a comparison betweenfaces when transmission through the wedge can be neglected.
two different versions of the UTD diffraction coefficient based on  Nevertheless, in [6] and [7], no comparison with an exact

single or multiple reflection in the case of a dielectric slab. Thus, method [MM or finite difference time domain (FDTD)] is
we can conclude to the significance of the multipaths for modeling presented

dielectric structures. Finally, we analyze the results obtained with ) ) ] ]
two consecutive wedge vertices in order to show that the slope Basically, materials used in urban environment are lossy

diffraction related to the doubly diffracted field allows one to dielectrics and the set of scatterers encountered during a ray

predict the field behind the structure when the transmitted field path may include objects that cannot be considered infinite

doesn't exist. in comparison to the wavelengths commonly used (30 cm).
Index Terms—Electromagnetic diffraction, FDTD, geometrical Hence, there is a need to evaluate precisely the validity domain

theory of diffraction, lossy media, wedges. and the accuracy of these extended asymptotic methods by
comparing them to exact approaches such as the FDTD.
[. INTRODUCTION In Section Il, we report on the implementation of UTD

ITH the expansion of mobile cellular communication:'?? the case of a lossy dielectric wedges including an extra

there is a need for more and more precise and gene &nsmission quﬁiCie.nt' We propose a new approgch tq deal
radiowave propagation models. Moreover, the large dimensi Hh tlhe th—ld:m(:r.lsmnatlj (Z'IID) probletm of t.?teddﬁfractlor? ¢
of objects in relation to the wavelength and the possibility a | 0SSy UI'?DeCfrIC vvle 'ge. r_lhca;,e fransm| € d_r:rlys exist,
repeat propagation calculation as often as possible in a limi classic ormulation with t € our_-te_rms ffiraction
computation time lead to the use of high-frequency asymptoﬁeeﬁ'c'e”t cannot compensate the discontinuity caused by the
methods based on the ray concept, among which are {F@qsmitted field on the transmission shadow boundary (TSB).
geometrical theory of diffraction (GTD) and its extension th&nusS: We built up an improved formulation of the diffraction

uniform theory of diffraction (UTD) [1]. These techniquescoeﬁicient in which appear two additional terms weighted
allow one to compute reflection and diffraction effects th&y the transmission coefficients of each dielectric interface.

are the dominant mechanisms in an urban environment. 1hus, the total field depending on a six-terms diffraction
The state of the art shows that these asymptotic wedgRefficientis perfectly continuous whatever the incidence and
diffraction methods were derived rigorously for perfectly corfn€ polarization of the incident wave.
ducting infinite wedges or impedance wedges [2]—[4], but only Then, in Section IIl, we compare the results obtained with
heuristic extensions have been proposed to handle dielectﬁlese asymptotic methods to those obtained with an exact
wedges as well as finite size ones. Several authors [5]-[7] pfeethod (FDTD) in the case of a single wedge such as
pose heuristic approaches in the case of dielectric structur8s[8], where Stratiset al. use FDTD to obtain numerical
In [5], the study is limited to a dielectric slab. In this casediffraction coefficients for generic infinite perfectly electrically
the shadow boundary related to the transmitted rays is exadnducting (PEC), lossless, and lossy dielectric wedges. In this
the same as the incident shadow boundary (ISB). Furthermd#ggtion, we outline the adaptation needed to the classic FDTD
the validity of the approach is not completely verified. Indeedid calculation to isolate only one edge diffraction and then
validate FDTD on a metallic case by comparing with UTD.
Manuscript received June 30, 1997; revised June 10, 1999. This work wa&sults obtained in the dielectric case are also presented.

supported by FRANCE-TELECOM/CNET. Even though good results have been obtained in application
The authors are with ONERA/CERT/DERMO, Toulouse Cedex, F-31055 . . . - .
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in this zone it only exists diffracted and transmitted fields we

think that we could improve the results by taking into account s RSBg,*
multiple reflections and transmission. As the case of the wedge e
is quite difficult to implement in UTD, in Section IV, we s Zone A

i : / ......

compare both single and multiple reflection formulations in the
case of a dielectric slab. We obtain a good agreement between
UTD and FDTD, which could explain that the differences
obtained in the case of the dielectric wedge are due to the fa
that multiple reflections are not taken into account in this case
In Section V, we also demonstrate how the double diffraction
coefficient can improve the results obtained with UTD when
multiple reflections are not included in the calculation.

o face

Il. IMPROVEMENT OF THEUTD DIFFRACTION
COEFFICIENT BY ADDING TwWO NEW TERMS

The problem of the diffraction of an electromagnetic in- |
cident wave by a metallic or dielectric edge (Fig. 1) is an*
important canonical case in the frame of propagation studies
in urban environment when modeling radio communicationg; 1. pielectric wedge geometry.
links with mobiles. The UTD is an asymptotic ray method
which is well known for its fast computation time, but only ] ) ] ] o
rigorously established for perfectly conducting wedges. Tﬁ@e GO fields. Thus, the new six-terms diffraction coefficient
originality of our work consists in the improvement of thdS NOW expressed as
diffraction coefficient for the case of diffraction by a wedge _ R, o
made of a lossy dielectric material such as concfete= D(ﬁ) =Dilp —¢) + Dalp = ¢)

10,0 = 0.001 S/m). If the apex :_ingle of the_ wedge is + (R( sn)D3(<p+<p’)+R(50)D4(<p+<p’))

small enough(« < 20°) a transmitted ray exists across hn ho

the wedge from a new shadow boundary called transmitted + <[1 + Ry m)} {1 + R, om }Ds

shadow boundary (TSB) [9]. For an incident wave on the hn (h2n)

face, the space around the wedge can be split into four areas

limited by the incident shadow boundary (I9Bthe reflected + [1 + R ﬁ‘é)} 1+ R(i%‘;) De). (3
shadow boundary (RSB and the TSB. In each area the ] o .
following fields exist (Fig. 1): R,y and R, are the reflection coefficients, respectively,

in TE(soft) or TM(hard) polarization cases. When the wave
penetrates from air into the dielectric, the reflection coefficient
in TE polarization is given by

Zone | Utotal = Ureﬂected + Uincident + Udiﬂracted;
Zone Il Utotal = Uvincident + Udiﬂracted;
Zone Il Utotal = Udiffracted;

Zone IV Uigtal = Udifiracted + Utransmitted- 8111(91) — € — COSQ(el)
Each geometrical optics (GO) field is discontinuous when Rs)(61) = sin(61) + ; ~cos?(0,) (4)
crossing the related shadow boundary, but this discontinuity ' - '
is compensated by an antisymetrical discontinuity of the this case, we havék.,, = R(,)(nm — ¢’) and R,,) =
diffracted field. Thus, the total field is continuous all aroung,,(¢’).
the wedge. On the other interface (dielectric/air), it is given by
We remind the expression of the diffracted field in the space
around the wedge as cos(f2) — 1/ 1/¢, — sin®(6-)
R.0)(62) =
UdP) = DUIQ) ||y (1) cos(6h) + 1/, — sin(6>)
; i ; ; R =R <a — arcsin <M>> and
p is the caustic distance,the observation distance, afdlthe (s2n) (s2) Ve,
diffraction coefficient given by [1] as cos(¢')
Rig00y = Rsoy| @ —arcsin [ ——= | . 5
D5y =Dilo—¢/) + Dalp— ) o = ( Ja ) ©

+ (R( n )D3(<p + o)+ R(f" )D4(<p + (p/). (2) The diffraction coefficientd),, D», D3, andD, are defined
o v by [1] and [5] as
To keep continuity of the total field in case of a lossy a4 N ,
dielectric wedges, we add two terms to the usual four-terms Dilp+¢)=—5 c [W (ot )}
diffraction coefficient. These introduce two finite discontinu- 2n+/27k, 2n
ities, which compensate on each shadow boundary, those of - Flk,LaT(p + ¢). (6)
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5 2 N- /
& ﬂ f\ TSB as(gn(Qal)) =2 cos? { mnNs + [ —;(W + ()] }
~ N - A AN 9
Q0 NN : . . .
3 v v e i \ * Nj;is the nearest integer solution of
w
Ry -5 l \/ 2mnNs + (¢ + gn(<p’)) =0. (20)
9 i
'g The expressionsg and Ng are deduced from those af
2 -1 and N5 by changing intog,,(¢") into g,(¢’), which defines
g- the TSB,
< 15 | 3 . .
——— 6 Terms Diffraction Coefficient go(sal) == ? - X — arCSID{\/G_T S11
----- 4 Terms Diffroction Coefficient
-20 T T T ° . [ cos(¢’
0 50 100 150 200 250 300 350¢( ) - [arcsw(%) — a} }
”
. . o - . (11)
Fig. 2. Continuity of total UTD field with six-terms diffraction coeffi-
cient and comparison with the classical one (four ternfsy= 900 MHz, .
@ =105°, s =1m,a =10° ¢ = 10, 0 = 0.001 S/m.
27nNg + [ — (7 + go(¢’
ag(go(¢")) = 2 COSQ{ Cl 2( o(#"))] )

Respectively, they ensure the continuity of the total field
when crossing the ISB the ISB,, the RSB,, and the RSB,
but cannot compensate the discontinuity caused by the transs n; is the nearest integer solution of
mitted field on the TSB. Thus, the total field around a dielectric
wedge, whose characteristics are given on Fig. 2, is clearly 2mnNe + (¢ — g.(¢")) = 0. (13)
discontinuous on this shadow boundary when using the fo
terms diffraction coefficient (2).

(12)

Yhen we can writeDy similarly to D, as

In (3), the two additional term®); and D allow ones to eI cot —g.(¢") + ¢ Flk, Liag(g,(¢))]
compensate the discontinuity created by the transmitted field;,” ¢ ~— o,,. 27k, m i 46190\ )]
respectively, on the TSBand the TSB. According to the (14)

heuristic formulation given in [5]Ds and D, are weighted by _ _ _ _
the reflection coefficients omface and» face, respectively. In  In Fig. 2, the improvement due to the new six-terms diffrac-
the same wayD; and Dg, which are related to the transmittedion coefficient can be seen f@f75° < j <325°. Indeed, the

field, are weighted by the transmission coefficients of eagliscontinuity observed fop = g,(¢" = 105°) = 313,33°
dielectric interface (TSB) on the dashed lines disappears once the fyoand

Dg terms are added to the diffraction coefficient.
(1+R(iz)><1+R(igz)> for D; and "

(1 T R(}SLZ)) <1 T R(Z%Z)> for Dy,

Similarly to D3, we can writeD; as

_e—i(m/4) _ N _
D, — ¢ cot| Z9¥)
2n/2rk, 2n

. CoMPARISON BETWEEN UTD AND FDTD
IN CASE OF A SINGLE WEDGE

Whereas ray methods like GTD and its extensions are based
on locality of the scattering sources, numerical methods make
the direct computation of the globally scattered field of a finite
” ‘ body. Consequently, there are two ways of comparing results

}F[k,,LZas(gn(@’))]. given by both methods. First, one would consist in computing

) the global field scattered by a finite object by summing up all
the ray contributions, but interpretation of the differences may
then be cumbersome. Instead, the approach we have retained

. , , .
gn(¢") defines the TSP calculated by applying the |\ ;o trying to isolate inside a numerical method the edge or
_refract|on SlneI.I—Desgartes "'."W su_cce;swely on the .tv\%)edge diffraction, while keeping the geometrical parameters
interfaces air/dielectric and dielectric/air at the diffractio '

s general as possible.

point @ As UTD is used for a 2-D problem, we also use FDTD
n . in two dimensions on a cylinder with triangular basis, with
gn(¢') =3 —arcsm{\/e_,, sin the goal of isolating one wedge diffraction illuminated by

, a plane wave. We implement Yee's leapfrog algorithm [10]

. {a_arcsi,(w)} } with Mur second-order absorbing conditions and Taflove’'s
Ver corner ones [11]. Dielectric losses of material are taken into

(8) account conventionally through real electric conductivities.
The incident pulse has Rayleigh like spectrum and is centered
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Fig. 3. Grid of FDTD calculation. 0 /\&//\\/\/\, \/\/ f\\
about 900 MHz. The base of the triangle rests on the Murm -5
absorbing boundaries that have been adapted here and, alon,,g \
them, no significant spurious reflections were found at thé:TJ

want to isolate only one wedge diffraction, the concept of*a S 0
Huyghens surface for plane wave initialization is |mp053|blea \
to implement here. So we launch the plane pulse from ag -25
fictitious aperture CD (see Fig. 3) and improve the Mur ™ \
absorbing boundaries by adding broad-band tapered radar- 30 — oo \
absorbing material (RAM) . _35 : #()
By studying the propagation of the incident pulse inside 0 50 00 150 200 250 300 350
the calculation domain, we can observe that if we choose
both an adapted time window and size of calculation domaffig- 5- Metallic wedgef = 900 MHz, ' = 105°, s =1 m, a = 10°.
we do not observe any spurious reflections generated by the
fictitious aperture CD. For this we choose the origin of the s

junction of free-space and dielectric (Fig. 3). Because wea ~15 \

time on the vertical axe QPand the propagation takes place
according to the horizontal direction. It may be seen in Fig. 4_ ﬂ /\
that at R the pulse is delayed for 3.3 ns corresponding to th% 0 \» /\'\vn

distance OP = 1 m, and 6.6 ns later we observe an other~
smaller pulse corresponding to the reflection on the top of thi&
wedge. The point Plocated on the incident shadow boundary-g -5
is illuminated by the pulse after this has been diffracted at Q3
Then we observe it at 3.3 ns with a very attenuated amplitudes

For all the observation points, we observe only the diffractiorg -y ISB

and reflection phenomena of the pulse. Otherwise, the sign3

is quite flat during all the time analysis, which proves that no o

spurious reflection is observed. 5 i o(®)
After having reduced all spurious reflections to negligible 0 50 0 150 200 250 300 350

levels, we validate our FDTD calculation domain by compar-

ing results in a perfectly conducting case. The wedge (Fig. ,3& 6. Dielectric wedgef =
of aperturea and tip O is illuminated on its OA face by a¢,. = 0.001 S/m.

TE. plane wave at 900 MHz impinging from’ = 105°. For

such a value ofy’ the geometrical optics shadow boundarieBayleigh pulse are performed to compare with UTD results in
are RSB = 75° and ISB, = 285°. The observation points the frequency domain. We can check in Fig. 5 that agreement
(s,) are located on a circle centered at O and of radiletween the two methods is excellent.

s = 1 m. A fast Fourier transformation on FDTD results To demonstrate the effectiveness of the UTD six-terms
and a normalization by the frequency spectrum of the incidediffraction coefficient, we present (in Fig. 6) the results ob-

= 900 MHz, ¢’ = 105°,s =1 m, a = 10°,
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Fig. 7. lllustration of reflection and transmission on thin dielectric slab.
Fig. 8. FDTD modeling of the dielectric half-plane.

tained on a dielectric wedge by comparison with the FDTD
method. The TSB depends on material properties and apex 1
angle and is determined from (10). A good agreement between s
UTD and FDTD is obtained as a whole although differences ]
are observed when diffraction is the only contribution to thex %7
total field (between ISB and TSB). As soon as GO field exist% -5 1 I
the agreement is quite good. In [12], we showed that whateveés f f 5 % "\1 \ j
the value of the permittivity the differences between the twos -0 : J

methods do not exceed 0.5 dB. These one observed betwegn \
the ISB and the TSB can be explained by the heuristic natur§ —7 RSB
of the diffraction coefficients. Moreover, the UTD doesn’t take™ -2
into account multipaths between the two dielectric interfaces »s - E?;DMUm o Refloction
which are calculated in the full wave FDTD approach. e UTD Singl’; Reflection ISB/TSB (%)
-30 T T T T
0 50 100 150 200 250 300 350

IV. STUDY OF A THIN DIELECTRIC

HALF-PLANE WITH MULTIPLE REFLECTIONS

g . . . . Fig. 9. UTD/FDTD comparison using geometry shown in Figf8= 900
Because of the difficulty in UTD to implement the multiplemnz, o' = 55°, Q1Q2 = 10 cm, ¢, = 10, o = 0.001 S/m.

reflections in the case of a dielectric wedge, we assess their I\ okl kot

influence in the more simple case of a dielectric slab using7,,..;: = (1- R(? )e _ - .

both FDTD and UTD. In this way, we can have an easier 1 — R2(¢pf)em kel e2ikel sin(8e) sin@)

physical interpretation of the problem. R(¢") is the single reflection coefficient from (4).

Consider the geometry of Fig. 7 showing a dielectric slab Thus, the diffraction coefficiend is calculated by

of thicknessd illuminated by an incident field/;. In [5], the

expression of the incident reflected, diffracted, and transmitted D= (1= Trut)Dig—p) + Bmute Dio—gry - (A7)

fields can be found. They depend on multiple reflection amd which D, id given by (6).

transmission coefficients that take the place of the singlein UTD, we treat this problem by using this theory applied

reflection and transmission coefficients previously used in tba an infinite half-plane. That is possible only if the thickness

case of a dielectric wedge. Since the ISB and the TSB afeof the slab is small enough to consider than ISB and TSB

similar, here we use a four-terms formulation for the UTre the same.

diffraction coefficient in which the reflection and transmission In Fig. 8, we represent the geometry used in FDTD. The

coefficients are derived from an infinite sum of terms relatesiab of thickness! = QQ)- is illuminated on its QA face

to each path inside the slab. From [5], the total layer reflectitny a TE, plane wave at 900 MHz impinging from’ = 55°.

and transmission coefficients are The observation points P are located on a circle centered at O
and of radiuss = 1 m.

and (15) Results presented on Fig. 9 are quite convincing: as soon as
we use a UTD formulation taking into account multiple reflec-

(16)

R(g@l)(l _ C—ijrlCijolsin(Oi) sin(@t))
1— R2((p/)6_2jlee2jk°l sin(6;) sin(6;)

anul t =
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Fig. 10. Geometry of the diffraction by two consecutive wedges.

tions, the agreement with the FDTD is very good. Otherwise, : : 5 ‘ :
if we use only the single reflection coefficient, differences ofg —o-f-b-§- b b iR
about 5 dB appear once the reflected and the incident field§

disappear. = 20
V. STUDY OF A THICK DIELECTRIC 3 7307
HALF-PLANE WITH DOUBLE REFLECTION g 40
& 404
Even if we use multiple reflections, it remains small dif- : . . 3 . 5
ferences (1-2 dB) after the ISB inside the shadow boundary -so-{ — oD SRS REREES S Nt
in Zone V (Fig. 10). That's why we introduce a second-order - UTD with Slope Diffraction | 5 e
contribution, which is calculated using the slope diffraction. -60 i i v i i -
The latter allows one to find the doubly diffracted field by 0 50 100 B0 200 250 300

¢, and Q- in the shadow region. The expression of this new

contribution is given by [7] as ®)

; Fig. 11. UTD/FD,TD cogﬁpgrison using geometry shown in Figs. 8 and 10.

Egd(P) = {EE(Q2)D2 + 1 8D/2 8E2(Q2)} é/% E():Elj)OF,\Ig1|-|'ZD \fers_us5L5JTyDbWEh1)uTys|§$eQéiff?agt(i)ogm(’t)?‘FETlDO\Y/grsas1UTD

2jko I¢y Iuz with slope diffraction.
!
% ¢ Ikos (18) To calculate such a geometry, we now have to apply the
s(s + 5" +d) UTD, not on an infinite half-plane as in the case of the
with slab, but on two consecutive wedge vertices. Indeed, the
- slope diffraction coefficient has been developed for a sufficient
Ei(Q2) = [EH(Q1)D1] 5 e~ dkod. (19) separation_disﬁance between these two cqns_e_cutive wedges.
d(s’ + d) This case is different from the case of an infinite half-plane

because the ISB and the TSB cannot be merged here due
to the thickness of the structure. Furthermore, in order to
minimize the transmitted field and to keep the assumptions
hOJ the application domain of the slope diffraction coefficient,
5 choose a high lossy dielectrie = 1 S/m) and a large
knessd = Q1Q> = 90 cm.
he results presented on Fig. 11(a) show a good agreement

The expressions of the two diffraction coefficied?s and D»
are developed in [7].

On Fig. 10 for an incident wave on thd face, the space
around the slab can be split into five areas limited by t
double scattered shadow boundary (DSSB), the RSB, the |
and the scattered shadow boundary (SSB). In each area

following fields exist: between UTD and FDTD for modeling the diffraction by two
Zone | Usorar = Usettected + Uincident + Uditiracted; dielectric consecutive wedges before the SSB. Indeed, the only
zone Il Uiogar = Ureniectea + Uincident + Uaiiracted + field calculated after the ISB is the diffracted field kg
Udoubly-diflracted; whose propagation is limited by the face of the structure.
Zone Il Urorar = Uincident +Uldittracted + Udoubly-diftracted; Furthermore, for predicting the field all around the slab even
Zone IV Usorar = Udittracted + Udoubly-difiracted; in Zone V, we had to take into account the doubly diffracted
Zone V Uiotal = Udoubly-difiracted- field by Q1 and Q» [Fig. 11(b)]. It's the only field present
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time are 0.01s on a HP735 work station against about 15 mn
on a CRAY computer for FDTD. Thus, the UTD applied on
dielectric structures is a very convenient method, fast al
accurate, to calculate propagation in an urban environment
Some more improvement could be achieved as the i
plementation of both transmission and slope transmissic
Finally, we expect a further validation of our theoretical stud
from a comparison of all the results presented here wi
measurements.
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