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The paper presents the appearance of lateral waves of the acodsleenomagnetic type
in various physical phenomena, from the earthquakes up to ultra-féghdncy radio-wave
propagation in stratified medium. The lateral wave appears in the proibesse refraction to
the medium characterized by higher wave speed, if the angle of inciéeweeds the critical
value. The lateral wave arrives at the receiver first and in somesdaghe only remaining
wave at long distances, thus it plays an important role in early warning)ess communi-
cation in lossy environments or ground penetrating radar applicatiores) g&ometric optic
model leads to significant errors.
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1. Introduction

The intent of the paper is to provide a better understanding of the physickt
ground of the lateral wave appearance and to stress its meaning in apfgranterpre-
tation of propagation phenomena. Negligence of the lateral wave in appéecttical
model may lead to significant discrepancy between predictions of the taedryhe
experimental data, what will be presented on examples for both the acandtiglec-
tromagnetic lateral wave. Thus a necessity had arisen to develop adddfratgion
model of wave propagation, accounting for real features of the emwient in which
the propagation takes place.

According to Snell’s law, if the angle of incidence is less than the critical argle
reflected wave arises together with a transmitted wave. For waves incidemiagle
greater than the critical one, a phenomenon of total internal reflectiorsées .

Consider a plane wave falling on the interface separating two media at the ang
exactly equal to the critical angle. According to the Fermat principle onmetgropa-
gation time, together with the Huygens principle, for the angle of incidencal égithe
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critical angle the incoming wave can propagate over some distance in thentmgarm
with greater velocity and come back to the upper medium. In fact such walbseésved
and called the lateral wave.

Considering the propagation of a spherical wave in layered media, aglicdthe
model requires taking into account all the phenomena described abitvegeflection
coefficient depending on the angle of incidence. The problem was fateadand solved
by BREKHOVSKIKH [1-2] by means of the fundamental papers ofV81ERFELD [3],
who had developed the far-field solution for dipole source aml\Vi4], who presented
a method of expansion of a spherical wave into plane waves.

Today the lateral wave of acoustic or electromagnetic type is a subject e$prielad
investigations in the fields of seismology, radio-communication, undergrobjeatts
detection and other shallow-water propagation problems, and also medibisewill
be a subject of further considerations.

2. The two-media interface

The reflection of a spherical wave at a plane boundary between two rfiedia
5-6] is considered. The point source (Fig. 1) is located at the heigimt a medium
characterised by the densjty and the speed of wave, equal top, andc, in the lower
medium, respectively. We assume that> ¢;.
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Fig. 1. Geometry of the reflected field. The boundary between two mettiadted atz: = 0. The lower
medium is characterised by greater velocity, thus total reflection at theaimeerface takes place.

The plane-wave reflection coefficient is [1]

mecosf —\/n2 — sin6

mcos 0 + /n? —sin2f’

V(o) = (1)
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wherem = p,/p; for acoustic waves, while for electromagnetic wases= n? for ver-

tical andm = 1 for horizontal polarisation (Fresnel reflection coefficients)= ¢ /co

for both types of waves. Remember that usually the refraction coeffifdemectro-
magnetic waves is related to vacuum/air and then, assuming the second medeim to b
air, we haven = 1/ng whereny = ¢/c; is the refraction coefficient of light. For

n < lthe critical angle is defined &s, = arcsir(n). For vertical polarisation and the
angle of incidence equal to the Brewster angle={ tan ), the reflection coefficient
equals zero.

3. Plane-wave representation of a spherical wave

The first step is to present the plane wave integral representation béesy wave

; +00 +00
eZkR 1 i(kpz+kyy+k:z)
QO(R) = R = me y dk’xdk’y, z > 0, (2)

wherek = w/c is the wave numbet, the wave frequency andthe speed of wave
[1, 6-7].

The spherical wave is decomposed into an infinite number of plane wavderihc
at the interface at angleand expressed as a contour integral of complex vartable

m/2—i00
@o(R) = ik / Jo(kr sin )€™ ) sin 0o, (3)
0

wherer = R sina, z = R cos«a, Jo(w) denotes the Bessel function of order zero.

Each of these contributing plane waves obeys the Snell’s law, what allcsetdo-
mine the reflected field, which is calculated by incorporating the reflectiofficieat
into the integrand of (3):

m/2—i00
Bro(R, 1) = ik / Jo(kr sin 0)e** <0V () sin 6d6. (4)
0
Equation (4) is the exact formula for the potential of a reflected waverdsgp
ing the Bessel function by combination of Hankel’s functiofigiw) = 1/2 [Hél)(w)

+H(§2) (w)] and extending, due to the symmetry properties, the integration limits in (4)
to /2 — ico, —/2 + i00, the last formula takes the form adequate for future applica-
tion, since asymptotic form [8] of the Hankel function can be easily incatead into
integrand (compare Eq. (10)).

12

Hél)(w) = lei(w_w/@ <1 + . + ) lei(w_”/4). (5)

Tw 81w W
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4. Potential of acoustic and electromagnetic field

Assume a point source of monochromatic wave of a given frequenéycoustic
potential at a distanc® from the source is

e
Po(R) = AT’ (6)

whereA is the amplitude. The acoustic pressure in a medium of depsitglefined as

0
Pac = Pa@() . (7)

In electrodynamics [9] analogous role play the Hertz vectorial potentidig;hw
for the electric dipole of momentump or the magnetic dipole of momentum are

defined as
ei(kawt) ei(kawt) g
e I, =m———.
T m— ®)
The Hertz potentiall is connected with scala® and vectorialA electromagnetic
field potentials [9] by the relations

II=p

1 o1
t) = ———divII(r,¢ A(rt)=——5—(r,t 9
O(08) = —pdVIL(EE), Al = g (50), €)
what ensures fulfilment of the Lorentz gauge condition
1 0P
divA + 2 o =0. (10)

In nondissipative media (conductivity= 0) the Hertz potentiall, similarly to the
scalar® and vectorialA electromagnetic field potentials, fulfil the homogeneous wave
equation. The Hertz potentilll,,, is connected in a similar way with dual antipotentials
and also fulfils the Lorentz gauge condition [9].

The electric and magnetic field vectors are expressed by means of thevétsdral
potential of electric dipoldI (all symbols have a common meaning, subscript zero
refers to the free field, what means vacuum or air medium)

1 0
rot rot I, B= 5
dmeg dmegeg Ot

E= —rot I, (11)

or the Hertz vectorial potential of the magnetic dipblg,

1 0
D= tII H=
4775000 ot O 4meg

rot rotIL,,. (12)

Remember that substitutiid — II,,, simultaneoushfe — H, B — — D.
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In lossy media, which will be of our future interest, the vectorial poterdiialbey

the so-called inhomogeneous wave equation
1 9°11 O11
ATl 252 — Mg (13)

o being the medium conductivity. For time-dependence-@xp), introducing complex
electrical permittivityz= = ¢ + ¢’with imaginary part’ = o/w, the inhomogeneous wave
equation reduces to the homogenous one [9].

Thus, itis possible to study the phenomena of wave reflection and refragtizout
deciding whether the acoustic or electromagnetic field is considered [1, 9].

5. Lateral wave — basic formulae

In this Section the simplest case of the lateral wave appearance is dibausseat-
ter whether the wave is acoustic or electromagnetic, ¢hsignds for acoustic potential
of a point source of unit amplitude (6) or any component of the Hertz vietiaoten-
tial of unit momentum (8). The interface between two media is planar, the megia ar
homogenous and nondissipative, thus the propagating wave doespaoteexxe any
attenuation.

The following expression for the potential has been derived from&dpy(applying
the identity Jo(w) = 1/2[H(§1)(w) + Héz)(w)] and substituting under the integral the
Hankel’s function asymptotic form valid fdew| > 1 [8]. The spherical wave is then
decomposed into an infinite number of plane waves, each of which expeneitection
and refraction at the interface between two media [1-2]

T /2—100
Pref(R) = ¢ / eFfieos0=c) v/ (9)\/sin0d0, ¢ = [ik/(2rRsin )]/, (14)
—m/2+i00

Regardless of the analytic formula basic for the given assumptions (sweidc-
tromagnetic wave, homogenous or nonhomogenous, lossy or unlossynmetlie far-
field analytical results are obtained by means of the saddle point method arids v
tional option such as the stationary phase method or the steepest desibemiephod.
Each of them requires evaluation of the singularities, branch points andtbcuts, as
the integrand always contains the reflection coefficiéf#) (Eq. (1)) with a square root
term, thus it is a multivalued function determined on the Riemann surface ripartp
integration, the adequate contour of integration must begin and end omtledesaf of
Riemann’s surface, so it should not cut the branch line or cut it twice.bFanch cuts
start at branch point&6.., (Fig. 2).

Applying the saddle point method, one comes to the result that the potentia of th

reflected wave can be expressed symbolically in the form [1]
ik R
Bret(Ry0) = V(o) o + / F(0)db, (15)

L
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Fig. 2. Contour of integration for the reflected field in the compgxane for the angles of incidence
a < 0., (left) anda > 0.,.(right). Integration around the branch cut (line L) represents the latenee
appearing above the critical angle.

where the second component represents the lateral wave and is ezgral iithe angle
of incidence is less than the critical angle. Due to the symmetry properties tégeah
over L, representing the lateral wave, can be written down as

: 2 ain2
D1 (R, ) = / dﬁzc/eZchos(a_o‘) dm cos y/n” — sin” 0 Vsin@df. (16)

(mcos )2 — (n2 — sin?6)

L Ocr

To sum up, for angles of incidenee> 6., the potential of the reflected wave can be
represented by a sum of two waves — the wave reflected according It &ve and
the lateral wave:

Drof = Ponenl + Plat, o> Ocr. (17)

Geometrical representations of a lateral wave, acoustic and electrotcagme
given in Figs. 3 and 4.

__, receivers
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Fig. 3. Schematic representation of Snell’s (1) and lateral (2) acouatiesron a plane boundary between
two homogenous media for the reflection coefficient 1.
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Fig. 4. Detection of lateral electromagnetic wave originated from the soBriocated at the depth
in the earth or ocean.

Detailed calculations lead to the expression for the potential of the sphedcal1]

2% 4 .
By — m 7 ezk1(Lo+L)+zk2L1’ (18)
kym(n? — 1)V RL]

whereky, ko are wave numbers in both media. If the receiver is situated on the boundary
between two media or close td (= 0) and moreover.; > L, thenR ~ L, and thus

2n

Diat| = 7—F 5 1m0
[Pra kim(n? — 1)R?

(19)

what means that the potential of the lateral wave decreases with the sdjulistance
from the source. For the electromagnetic wave (Fig. 4) the last formula takdorm

|Q51 | — 2—72(2)6—160520 (20)
T ko(1 — n2)R2 ’

whered is the damping coefficient of the ground, is the wave number in the air and
ng = co/c1 = 1/n (because the second medium is air= cy) andz is the depth on
which the source is located( ~ L, especially for long distancds). It is obvious that
the electromagnetic lateral wave reaching the receiver is much strongeththdirect
wave because of significant wave absorption in the ground or water [1]

The author of [10] expects that there should also appear some electreticqye-
cursors waves, generated some time before the earthquake takeDplanped dipole
oscillations occurring due to some electrical properties of rocks in the litievspare
considered to be responsible for excitation of extra-low and ultra-logufracy (ELF,
ULF) waves.

6. Lateral wave in lossy environment
In some problems, as for example during propagation of radio waves irest for

sound waves in air, when long distances are considered, the attenuatianeoampli-
tude with the distance cannot be ignored. The property of energy dissifmexpressed
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by complex wave number, which in turn demands the complex wave propagetamn
ity, refraction coefficient, electrical permittivity and magnetical permeability.
Introducing the wave number as a complex numbet k + ik’, the wave prop-
agating along the:-axis can be written agge!—«t) = AjeFzeilkz—wt) thys A,
exp(—k:'x) represents the decaying amplitude, with= § being the absorption coeffi-
cient. The basic relatiork; = w/¢, leads to complex velocity; = ¢ + ic’. For a given
absorption coefficient, bearing in mind thaf — 0 results inc' — 0 andé — ¢ (¢ is
understood as propagation velocity /phase velocity in a considered medium)

—w + Vw? — 462¢2
20 ’

where the sign-” between two terms in the numerator was chosen according to what
was stated above. The real and imaginary parts of the refraction ieeffic = n +n/,

for the wave originating from medium 1 and passing to medium 2; ¢ /¢, are
calculated to be

/
Ime=c¢ =

(21)

~ cico + e - CiC2 ReciRecs .
Ren=n=—F5—F—25~——S——"——"— if &—0, (22)
(c2)” + (c5)" ez |Ca
_ diea+edy | dea Reclme .
Im n=n'= 12 /22:~12: ———, f cy — 0. (23)
(c2)” +(c3)" e |Ca

In many applications, the wave absorption in the second medium is negligjble (
0), what is reflected in approximate terms in the last two expressions.

For electromagnetic waves and lossy media the reflection coefficient istequa
\/Eap12/€1 11, Where, in general, electrical permittivity and magnetical permeability are
complex.

For media of similar magnetic permeabilify; ~ 112), we haven = /&2/21, SO
if the second medium is aie{ = <), thenn = 1/v/&1,,, wherezy, denotes relative
electrical permittivity of the first medium. In forest environment, important in ynan
applications, its value in a canopy medium (branches and leaves) is efual101.03
and0.006 < €/, < 0.06.

7. Lateral wave in radio-communication

Progress in wireless technology and continuous demand for more andefffiere
cient and reliable devices result in many new applications connected withsexteof
the frequency band towards high frequency (HF), very high frequéVHF), up to
ultra-high (UHF). This calls for a more precise diffraction model accognftom those
attributes of environment, which may no longer be neglected with decreasing- w
length. Since ground, vegetation or air layers constitute the usual wapagation
medium, the model should account for possible reflections and refractioltipath
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propagation, scattering on nonplanar boundary between two media anahkiwemo-
geneity. All these assumptions severely complicate the mathematical formulaethus
practice, only some of them are taken into account, according to spetifie fapplica-
tions.

Results of measurements carried out several decades ago, for the emiktes-
ceiver placed in forest, depicted a considerably smaller wave attenuagionhiat pre-
dicted by the theory of that time. The distortion was especially visible for lorigrties
between the emitter and receiver. The first to propose an explanatiomavar [11]
who pointed out at a new possible wave, apart from direct and redl@cee, to reach
the receiver — the lateral wave. Ray theory describes it by means gpfeanidted from
the dipole source in the forest at the critical angle, travelling in air alongdahmferface
with adequate velocity and negligible attenuation to emerge, in turn, at theeeaethe
critical angle. Considering planar interface between two homogenous negdéesent-
ing forest and air and accounting for wave attenuation in the forest, Tecognised
the lateral wave even as a dominant wave detected by a distant receiver.

As it was said before, to meet the requirements of modern technique, npristso
cated models of diffraction are considered, assuming medium inhomogenigy)mess
of the boundary between the media etc. [12-13]. As most of the surfaéandh is
covered with water (seas, oceans) or plants (fields, forests), the pvapagation in a
stratified medium, accounting for phenomena on the media interface (wabersed
air/water, air/ground, air/plants) are of substantial interest, especiallyiiérmedium
the waves experience visible attenuation. The situation often encounteradids-
communication is the one considered some forty years agoAwRI [11], with the
emitter and receiver embedded in a forest, anyhow the frequenciescappli@adays
belong to the VHF or UHF band (200-2000 MHz), what demands more campie-
elling. First, four layers should be distinguished: ground, trunks, mgromnstituted by
branches and leaves, and air, each one characterised by its elgarmoétivity £ being
in general, complex. The magnetic permeability of all these four layers cassoened
to be equal to vacuum permeability. Due to the wavelength, the trunk and branches
and leaves layer should be considered to be anisotropic, with dyadic peitgniftihe
dipole source of electrical momentymwith current density

j(r')=pé(r'—ro), (24)

whered() means the Dirac distribution, is located at the poinin the trunk layer.
Two methods are usually applied to solve the problem —the Hertz vectoriaitjadte
(Eq. (8)) or the Green’s function technique, which leads to the followasylt for the

electric field: ,

E; (r) = iwpo / G(rr)j(F) av, (25)
|4

where integration is taken over volurié, G denotes dyadic Green function reflecting
medium anisotropy, subscript— consecutive layers. Applying the adequate expres-
sions for the reflection coefficient (1) to the vertical and horizontal tefitne dipole
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momentump and adopting the saddle point method, which is especially suitable for
high frequencies, the approximate evaluation of the electric field is obtained.
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Fig. 5. Propagation of radio waves through forest in the case of emitterexeiver located in vegeta-

tion layers (trunks or branches and leaves), when strong lateral f@aménuous line) accompanies the

reflected and refracted waves (dashed lines). The lateral wave wotildontribute to the field at the
observation point located in the air, since it is an evanescent wave tietiedecays exponentially.

Even though the method is approximate, it provides a better physical insighté
considered phenomena than the exact solution [6], since different tesuing from
integration over the singularities or branch cuts could be ascribed toatiffeompo-
nents of the field at the receiver, such as direct wave, waves reflattee interfaces
and lateral wave, the latter being represented by integration over thehbcah and

thus appearing for the angle of incidence being not smaller than the critiglks @com-
pare Fig. 2).

8. Some other applications

Another contemporary application of the lateral wave phenomena is thiepraib
detection of underground objects, mines in between, [14] by means ohdnoene-
trating radar [15], located on media interfaces. Objects of interest tge situated in
the near—field, within a few wavelengths, when assumptions of the geomgtids tail
and interference of the appearing space (direct) and lateral wavesdiae considered.
The theoretical model can be investigated by means of numerical methdusssiine fi-
nite difference time-domain method. Directivity patterns, theoretical and mezasut,
indicate a strong interference of both waves (compare Fig. 6).

The far-field criteria of dipole propagation in the absence of interfazéadnty inad-
equate to provide acceptable explanation of the results obtained. Therappe of the
lateral wave must be considered, otherwise a significant discrepameiedn predic-

tions of the theory and the experimental data would appear and the hiddergtound
targets would not be found.
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Cy P2s &, source Interface
Ci P1s & \ \

Fig. 6. Wave fronts of direct (dashed line) and lateral (continuous\iaees for refraction coefficiemt =
0.25 and the source located at the media interface. Strong interferencesdbath waves is observed.

In medicine, the lateral wave was observed in propagation of ultrasonEsvimhu-
man cortical bones, when the so-called axial transmission technique badpplied
[16—-17]. The measurements were carried out at the frequency 1.25 Mich cor-
responds to 0.003m waves in bone tissue. It has been determined thasttherifring
signal is the lateral wave propagating along the cortical bone. Théraysignal analy-
sis provides us with information on the state of the bone and is important in ostesip
diagnostics.

9. Conclusions

The essential role played by the lateral wave in various phenomena i bases

two features:

e It travels faster and reaches the receiver first. For that reasosisimaslogy the
lateral sound wave is called P-wave, what means Primary wave (but asp P
wave). Itis a longitudinal wave and is heard and felt as a sharp thuthdtmkes
are accompanied also by transverse wave, called S-wave, what nezzTiSry
wave. From the time difference between the arrival of P and S-wavejstence
from the earthquake centre can be estimated.

The same method can be applied to electromagnetic waves — adequate network

of radio antennas would allow to locate the earthquake.
e It plays the decisive role in the case of radio-communication between pdins s
ated in the strongly absorbing media, such as ground or ocean. The alictc

reflected electromagnetic waves propagate then in absorbing mediumend ar

rapidly damped. As a result, at great distances, only the lateral wavénema
Apart from that, some other features are important in lateral wave pher@ome
e It is an evanescent wave and it decays exponentially away from théaiceen
the medium in which it travels faster.
e It appears also at the nonplanar interface, but due to scattering it ikewea

e In some problems it complicates the directivity patterns producing lobes due to

interference and blurring the simple geometric optics approach.
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