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ABSTRACT Underwater radio communication using surface electromagnetic waves propagating along
the seawater-air and seawater-sea floor interfaces may provide a promising alternative to commonly used
acoustic communication underwater. Here we present a detailed analytical and numerical consideration
of TE and TM polarized surface electromagnetic wave properties. The resulting surface waves have
propagation constants that permit communication ranges far longer than those of bulk propagation in the
lossy media. We demonstrate theoretically and experimentally their ability to carry broadband radio signals
over practical communication distances underwater. A 50 MHz radio signal was successfully carried along

the sandy seabed over 7 m distance.
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I. INTRODUCTION

IDE band communication underwater is required in

many applications, such as command and control
of manned and unmanned underwater vehicles, networked
underwater sensors, etc. However, the bandwidth of acoustic
communication underwater is limited due to slow prop-
agation speeds and multipath effects. Conventional radio
frequency signals have severely limited communication range
due to rapid attenuation in seawater [1], [2], [3], while
directional optical links need sophisticated pointing, acqui-
sition and tracking, and water turbidity strongly affects
their performance. As a result, underwater wireless com-
munication remains a critical problem that needs a viable
solution.

Very recently we have reported a design of a surface
electromagnetic wave (SEW) radio antenna, which oper-
ates in the 2.4 GHz band and which efficiently launches
surface electromagnetic waves along an interface between
a conductor and a dielectric [4]. The antenna operation is
based on strong field enhancement at the antenna tip, and
it was demonstrated that this antenna may be used to send
broadband radio communication signals through conductive
enclosures, such as a commercial Faraday cage. A successful

adaptation of this surface wave antenna design for underwa-
ter radio communication was reported in [5]. This antenna
operated in the 50 MHz band and it was able to launch
SEWs along the seawater-air interface. Since the propaga-
tion length of SEW along the interface considerably exceeds
the skin depth of radio waves at the same frequency, the sur-
face wave technique may be used for underwater broadband
wireless communication over practical distances. A typical
geometry of such SEW radio system consists of two conven-
tional radios equipped with SEW antennas and positioned
near a surface wave-carrying interface.

Given the potential practical importance of SEW solu-
tions of Maxwell equations at the seawater-air interface, and
limited literature on SEW properties in this geometry, it
is important to develop a detailed theoretical consideration
of surface electromagnetic wave properties and demonstrate
their ability to carry broadband radio signals over practi-
cal communication distances underwater. Compared to the
previous studies reported in [4], [5], where only the prop-
erties of TM waves were studied, we also need to examine
the TE-polarized solutions, so that the best SEW antenna
configuration may be chosen for a given application. In
addition, since interfaces other than air-water may also be
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FIGURE 1. The interfacial layer of wavy seawater is modeled as an array of cylinders
having the dielectric properties of seawater.

present in communication geometries of practical impor-
tance, it is important to determine if other interfaces, such
as the seawater-sea floor interface may also be used for RF
communication underwater. These important tasks provide
motivation for our study.

Il. METHODS AND PROCEDURES

A. GENERAL THEORETICAL FRAMEWORK

Let us review solutions of the macroscopic Maxwell equa-
tions in a non-magnetic (i, = 1) medium having continuous
dielectric permittivity &(z), which depends only on z coor-
dinate. Such an assumption was made because we are
interested in dealing with the electromagnetic wave propaga-
tion along sandy seafloors and at the air/sea surface interface.
In both cases the interface between the two media presents a
dielectric property variation mostly along the vertical direc-
tion over a substantial area of the sea surface. Assuming
time harmonic field dependencies proportional to e ™', the
macroscopic Maxwell equations are:

- — - — - = —
V.-D=p,V-B=0,V x EF =iwB,and
- = = —
VxH=J—iwD @))

Straightforward transformations of Eq. (1) lead to a wave
equation:

(1)28 -

— - - —
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C

Following further transformations, it may be recast as

Since the electromagnetic far-field generated by a source
may be obtained as a superposition of source-free modes
propagating away from the source, we are interested in the
source-free (o = 0 and J = 0) solutions of Eq. (3). Without
a loss of generality, we may search for source-free surface
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mode solutions propagating in the x direction as e!®*®Y_ This
way, a vector problem could be reduced to a two-dimensional
scalar one. For both polarization states (TE or TM) Eq. (3)
may be recast as an effective one-dimensional Schrédinger
equation:

2
U E, = —K°E, )

in the case of TE polarization (in which E; = 0), and as

3’E.  JE, dlne (s(z)w2 3°Ine

972 dz 0z 2 072

in the case of TM polarization (in which E, #0).
Furthermore, by making a E, = v/¢!/? substitution, Eq. (5)
may be recast as

)EZ = —k’E. (5)
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where ¥ is the new “wave function” for the TM polarized
wave. In both Eq. (4) and Eq. (6) the role of energy is
played by the —k? term. On the other hand, the expres-
sions for the effective potentials are different for the TE and
TM polarizations. In the case of TE polarization the effec-
tive potential energy equals V(z) = —&(z)w?/c?. Therefore,
solutions of Eq. (4) may only have a propagating character
(Im(k)<<Re(k)) if &(z) is positive and almost real (so that the
&(z) distribution looks like a dielectric waveguide). On the
other hand, SEW solutions do appear in the TM case due
to the presence of derivative terms in the effective poten-
tial energy. Before analyzing solutions of Egs. (4, 6) for
the seawater-air interface, we need to consider detailed &(z)
profiles at the interface as a function of RF frequency.

B. PROFILE OF THE DIELECTRIC PERMITTIVITY &(2)
NEAR THE SEAWATER-AIR INTERFACE

The seawater surface is typically perturbed by waves, whose
frequency spectrum and amplitude are well studied, and
which are driven by winds blowing along the sea surface
(see Fig. 1). The electromagnetic properties of this transition
layer between the bulk seawater and air are not well studied.
We need to understand these properties to accurately predict
the basic characteristics of the surface electromagnetic waves
propagating along the interface, such as their propagation
length and penetration depth into the bulk seawater and air.
The derived interfacial properties may be used to deduce
the frequency-dependent effective &(z) profile, which may
be plugged into Eqgs. (4, 6). Within the scope of our sim-
plified model, we have assumed that the transition layer is
composed of parallel cylinders (see Fig. 1), whose dielec-
tric permittivity coincides with the permittivity of seawater.
The distance D between these cylinders and the cylinder
diameters d are assumed to coincide with the period and
height of the waves at a given wind speed. Depending on
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the ratio of the wave period D to the free space wavelength
of the electromagnetic waves Ao, we can model the transition
layer properties using either photonic crystal or metamate-
rial tools. Since the typical wavelength of wind waves is
60-150 m, the metamaterial properties dominate in the ELF
and VLF ranges, while the photonic crystal model should
be more appropriate in the MHz range. On the other hand,
near shore the ocean wave pattern typically becomes much
more chaotic and aperiodic. The electromagnetic properties
of such a chaotic transition layer may be described using the
Maxwell-Garnett approximation, which typically works well
in the description of effective medium properties of random
mixtures.

In the limit Ag>>D, the interfacial seawater surface layer
of thickness d depicted in Fig. 1 may be described using
the well-known metamaterial approximation for a uniaxial
medium (see for example [6]). In this limit the diagonal
components of the dielectric permittivity tensor of the surface
layer are given as

2aemeq + (1 — a)eq(eq + ep)

(1 —a)(eq +em) +2aey
g =gy =agyn+ (1 —a)eg ~ agy ®)

~ 1+ 2a (7)

€1 = &x,z =

where « is the volume fraction of water, and ¢, and g4 are
the dielectric permittivities of water and air, respectively. In
the low frequency ranges of interest, the dielectric permit-
tivity of seawater is typically assumed to be defined by its
conductivity o = 4 S/m:
e io

Ewater = Em N i€, = e()_a) >> g,/ ©)]
where ¢g¢ is the dielectric permittivity of vacuum [5] (how-
ever, recent experimental measurements by Midi et al. [7]
cast some doubts on this assumption). Egs. (7, 9) indi-
cate that in the surface transition layer ex; >1 and almost
purely real, which means that the wavy seawater surface
may support a guided mode propagating in the y direction. A
similar conclusion remains valid also for a chaotic wavy sur-
face transition layer considered using the Maxwell-Garnett
approximation. The isotropic electromagnetic properties of
the interfacial seawater layer may be described by the
well-known Maxwell-Garnett expression:

Eeff — €d —u Em — &d

Eeff + 2€4 Em + 2e4
where &, is the effective dielectric permittivity of the transi-
tion layer, 4 = 1 is the dielectric permittivity of the “matrix”
medium (air), &, is the dielectric permittivity of seawater

considered as “inclusion”, and « is the volume fraction of
inclusions. The resulting expression for g is:

(10)

20(em — &q) + & + 284
2eq + &m — (& — €q)

(1)

Eeff = €d

In the limit of small o and &4 << &, the effective permit-
tivity of the transition layer is . = I + 3a (note that it
is almost purely real). The physical meaning of this result
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FIGURE 2. (a) Assumed volume fraction of seawater in the transition layer between
bulk water and air. (b) Real and imaginary parts of the corresponding effective surface
potential at 300 KHz.

is that electric field of a propagating electromagnetic wave
is “pushed out” of the high dielectric permittivity volumes
occupied by “inclusions”, leading to corresponding increase
in g.r. We are going to use these expressions to approximate
&(z) behavior near the seawater-air interface.

lll. RESULTS

A. ANALYTICAL STUDY OF THE TE AND TM GUIDED
WAVES AT THE SEA SURFACE

Let us first concentrate on the properties of the TE waves
(E; = 0). For the TE polarization the effective Schrédinger
equation is given by Eq. (4). The effective potential in Eq. (4)
appears to be much less sensitive to the exact properties of
the transition layer compared to the TM case (it depends
only on &(z), but not on its derivatives), which may have
advantages in some practical applications. As was revealed
by Egs. (7) and (11), the TE polarized wave experiences an
attractive potential well near the wavy seawater-air interface.
The plots of the assumed volume fraction of seawater o in
the transition layer and the corresponding effective surface
potential well for the TE wave calculated using Eq. (11)
is presented in Fig. 2. We have verified that the effec-
tive potential energy behavior near the seawater-air interface
appears to be rather insensitive to the magnitude of the real
part of &,4.r. Based on the Maxwell-Garnett approxima-
tion used in these calculations, the imaginary part of the
effective potential appears to be large only very near the
bulk seawater. Therefore, the TE guided wave defined by
the effective potential shown in Fig. 2 is supposed to have a
relatively long propagation range. We should also note that
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the sharp increase in Im(V) near bulk seawater leads to very
small electric field in the surface wave TE solutions, so that
Ey = 0 condition may be assumed for these modes near bulk
seawater. As a result, the bulk seawater boundary may be
replaced by a ground plane in numerical simulations of these
modes.

Let us now study analytical properties of Eq. (6) in
the limit w—0, which is relevant in the HF and lower
frequency ranges, by taking into account that g(z) in sea-
water has a very large imaginary part. In this limit Eq. (6)
becomes

32y 1 3%  3(dg/92)>
972 2£072 4 g2

>w=—ﬁw (12)

In the limit of very large ¢ the second term contribution
to the effective potential may be neglected (since £2>>¢),
and we obtain the following 1D Schrédinger equation for
the TM polarization:

Py 19%

922 2692
The effective potential energy (the second term in this equa-
tion), which is plotted in Fig. 3b, remains real even in the
case of very large purely imaginary £(z), which means that
(similar to any other 1D Schrodinger equation) such a poten-
tial well will always have at least one bound state. Such a
bound state will give rise to at least one solution having
almost purely real longitudinal wave vector k, which cor-
responds to a surface mode with a long propagation length
along the air/seawater boundary [8].

Let us also verify that this low frequency approximation
remains valid at 300 KHz. The real and imaginary parts of
the complete effective potential energy defined by Eq. (6)
are plotted in Fig. 3c. It’s low loss part appears to be sim-
ilar to the potential shown in Fig. 3b, while the high loss
region of the potential well (located in bulk seawater) is
separated from the low loss region by a potential step. For a
shallow potential well V(z) the long propagating range eigen-
state may be approximately determined as using the virial
theorem [9] as

v =~k (13)

k%xﬁ;wwaw&
2% vtz

(due to almost ~1/z functional behavior of V(z) near the
potential barrier located in the vicinity of the bulk seawater,
see Fig. 3b,c). Alternatively, the effective Schrodinger equa-
tion may be solved numerically using the Numerov [10]
method. The numerically obtained effective energy level is
shown schematically in green (hard to see) in Fig. 3(c). The
wavelength of the resulting surface wave solution is A =
2m/k, and L = Im(k)~! defines the propagation distance of
the wave. Note that the range of wave vectors k predicted
by the application of Eq. (14) to the shape of the effective
potential wells calculated in Figs. 3(b,c) differs drastically
from the result predicted by the well-known expression for

(14)
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FIGURE 3. (a) Plot of ¢(2) in the transition layer wherein the dielectric permittivity
changes from e aor t0 €4, It is assumed that the water surface is wavy, and the
typical wave height is ~ 5 m. (b) Effective potential energy near the air-seawater
interface shown in (a) calculated for the 300 kHz frequency band using Eq. (13).

(c) Complete effective potential energy defined by Eq. (6) (both real and imaginary
parts) at the air-seawater interface plotted for the 300 KHz band for the same ¢(2)
transition layer. The numerically obtained effective energy level is shown in green.

the k vector of the Zenneck wave [11], [12]:

1/2
=)
c\& +&

where €1 and ¢, are the dielectric permittivities of the neigh-
boring media. Application of Eq. (15) to the case of a
sharp planar seawater-air interface at v = 300 KHz produces
k~27mv/c~6.3-10~3 m~!. On the other hand, the effective
potential well shown in Fig. 3 together with Eq. (14) predict
k~10~! m~!. This order of magnitude discrepancy indicates
a distinctly different nature of the surface wave solution
resulting from the calculations plotted in Fig. 3. However,
small variations of the &(z) profile near the air-seawater
interface depicted in Fig. 4 reveal an additional solution of
Eq. (6), which is much more ‘“Zenneck-like”. It is clear that
depending on the exact profile of g(z), the 3(de/dz)?/(4€2)
term of the effective potential in Eq. (6) may start to dom-
inate at the very top region of the transition layer, which
leads to appearance of a second, more shallow potential well.
Application of Eq. (15) to the case of a planar sharp seawater-
air interface at v = 10 MHz produces k~2mv/c~0.21 m~ !,
which is very close to the estimate based on Eq. (14) for
the second, more shallow potential well in Fig. 4. Thus, our

5)
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FIGURE 4. Effective potential energy near the air-seawater interface (b) calculated
for the 10 MHz frequency band using Eq. (6) for a ~0.5 m wavy transition layer (shown
in (a)) between air and seawater. The second more shallow potential well at the very
top edge of the transition layer gives rise to a Zenneck-like solution of Eq. (6).

theoretical approach successfully recovers the conventional
Zenneck wave solutions, while revealing additional propa-
gating surface electromagnetic waves, which appear when
the medium conductivity experiences gradual change across
an interface.

B. NUMERICAL SIMULATIONS OF TE AND TM SURFACE
WAVE PROPERTIES AT THE SEAWATER-AIR INTERFACE
The properties of surface waves discussed above have been
also simulated using Ansys HFSS eigenmode solver. The
solver calculates a set of resonance frequencies together with
corresponding field distributions for a given phase shift at
the boundaries. This phase shift defines the wavelength of
the propagating surface mode for corresponding resonant
frequency. We used two models of seawater-air interface,
namely, a stratified model and a periodic model. In the
stratified model we assumed that the chaotic waves at the air-
ocean interface lead to the medium with dielectric constant
changing with vertical coordinate z. This stratified medium
has been modeled in HFSS as a multilayer dielectric struc-
ture. In our simulations we used 10 layers having thickness
of 10 cm each. Details of this model are presented at the
inset in Fig. 5(a). Here we used the value of the dielectric
constant of bulk seawater presented in [7]. These experi-
mental data are different from the conventional values in
the literature where it is usually assumed that, in ELF to
low MHz range, the imaginary part of the dielectric con-
stant of sea water is defined by the seawater conductivity
(about 5 S/m), and its real part is ¢’ ~ 81. To investigate
the effect of the real part of seawater dielectric permittivity
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FIGURE 5. Electric (a) and magnetic (b) field distribution in the surface TE mode at
543 kHz and wavelength of 4.39 m. The arrows on the right show spatial distribution of
the magnitude of the Poynting vector for this mode. The inset in (a) shows the details
of the HFSS model used in simulations. The stratified medium has been modeled with
10 layers of dielectric medium. Each layer is 10 cm thick. The values of the real part of
the dielectric constant in each layer are specified in the table. The conductivity of the
bulk sea water was assumed to be 5 S/m and the conductivity of the layers was scaled
following the same law as the real part of dielectric constant.

on the SEW structure, we also performed simulations of
the SEW structure for conventional value of the dielectric
constant of bulk seawater. It appears that these simulation
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FIGURE 6. Electric (a) and magnetic (b) field distribution in the surface TM mode at
405 kHz and wavelength of 4.39 m, simulated using stratified medium model specified
at the inset to Fig. 5(a). The arrows at the right show spatial distribution of the
magnitude of the Poynting vector for this mode.

results were not strongly affected by the assumed value of
the real part of the dielectric constant of seawater, and the
difference in predicted frequencies was less than 10%.
Figs. 5 and 6 show typical distributions of the electric
and magnetic fields in TE and TM modes. Also, arrows at
the right show spatial distribution of the magnitude of the
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FIGURE 7. Dispersion curves of the TE (solid lines) and the TM (dashed lines) SEW
modes calculated for the stratified model shown in Figure 5. The blue curve shows the
distance § 4;. (“skin depth” into air) above seawater-air interface (d = 20 m).

Poynting vector. As one can see, the TM mode appears to
be localized in bulk seawater while the TE mode is localized
closer to the seawater-air interface and penetrates high into
the air. Thus, the TE mode can be excited by the sources
located either above the water or underwater while the TM
mode can be excited by the underwater sources only.

Fig. 7 shows dispersion curves of the fundamental and the
higher order TE and TM modes calculated for the stratified
model shown in Fig. 5. Fig. 7 also presents distance §4;- (the
“skin depth” into air) above seawater-air interface, so that
the evanescent power above the interface will decay by a
factor e~! = 0.368 with respect to its value at the interface.
The results of these simulations appear to be in agreement
with the analytical dependence for the grounded dielectric
waveguide [12]:

Sy = — 2 (16)
Air = 20, e
where
a; = k2 — @?poeo ~ k; (17)

This expression is always true (regardless of the actual
dielectric constant profile) [13]. For large wave number, the
dispersion curve represents themselves equidistant lines sim-
ilar to the dispersion curves of TE and TM modes of the
grounded dielectric waveguide. However, TM modes start
bending significantly at smaller wave numbers thus indi-
cating the higher sensitivity of TM mode to the surface
condition. To further verify the analytical predictions that
TM modes should be more sensitive to the surface condi-
tions, we calculated the dispersion curves for fundamental
TE and TM modes in the periodic model shown in the inset
of Fig. 8. In this model we assumed that the seawater-air
interface is formed by the sinusoidal waves having period
D = 50 cm and amplitude of either 25 or 75 cm (peak-
peak). Periodic perturbations at the interface lead to the
appearance of the Bragg cut-off frequency and additional
backward wave branches. This results in multiple splitting
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FIGURE 8. Dispersion curves of fundamental TE (solid lines) and TM (dashed lines)
SEW modes calculated using periodic Ansys HFSS model shown in the inset.
Seawater-air interface is formed by the sinusoidal waves having period D = 50 cm and
amplitude d of either 25 or 75 cm (peak-peak).

of higher order dispersion curves and makes the structure
of dispersion curves very complicated. For simplicity, in
Fig. 8 we show dispersion curves for the fundamental TM
and TE modes only. As one can see, the dispersion curve
for the fundamental TE mode does not change much when
the amplitude of the waves increases from 5 to 15 meters,
while the TM mode shifts up in frequency significantly. It
is interesting that for both values of the amplitude the TE
and TM curves intersect, thus giving rise to the so called
“supersymmetric states” [14].

C. TM WAVE PROPAGATION ALONG THE
SEAWATER-SEAFLOOR INTERFACE

Let us now study the TM solutions of Eq. (6) near the
seawater-seafloor interface. Based on the measurements
reported in [15], the conductivity of sandy seabed may be
assumed to be o = 1 S/m, which is four times smaller than
the average conductivity of seawater o = 4 S/m. Therefore,
in the ELF/VLF ranges across the boundary of these two
media £’<<¢”, and we may expect Im(V)<<Re(V) and prop-
agating TM solutions for the effective potential defined by
Eq. (6). Indeed, under these circumstances the effective
potential in Eq. (6) may be re-written as

icw 10%  3(d0/3z)
coc? 20072 4 o2

V= (18)

The behavior of this effective potential in the 10 KHz-
50 MHz range has been studied in detail in [8] — see
Fig. 2 from [8] and its detailed discussion. Based on this
study, the communication distances along the seabed may
reach ~ 1500 m at 10 kHz and ~ 10 m at 50 MHz, which
far exceed the classical skin depth at the corresponding
frequencies. Therefore, compared to the conventional expo-
nentially decaying 3D signal propagation through the lossy
bulk seawater, 2D signal propagation along the seawater-
seabed interface is highly advantageous.
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FIGURE 9. (a) Photo of an underwater radio communication experiments using
Yaesu VX-8 50 MHz radios equipped with underwater antennas (b) described in detail
in [5]. A 50 MHz radio signal was sent along the seabed-seawater interface. The radios
were positioned in seawater on the sandy seabed off the Assateague island at a depth
of 0.6 m (2 feet), as illustrated in (c). Based on our previous measurements shown in
(d) conducted in deep seawater [5], at the 2 feet depth underwater no radio signal
associated with a surface wave propagating along the seawater-air interface can be
established beyond ~ 4 m distance between the radios. However, in the presence of
sandy seabed the communication range of our system extends to about two times
larger distances.

This prediction appears to be consistent with our exper-
imental observations illustrated in Fig. 9. In these experi-
ments we have used Yaesu VX-8 50 MHz radios equipped
with underwater antennas (Fig. 9(c)) which are described
in detail in [5]. The radios were positioned in seawater on
the sandy seabed off the Assateague island at a depth of
0.6 m (2 feet), as illustrated in Fig. 9(b). Since the electric
conductivity of a human body is similar to the conductivity
of seawater [16], perturbations caused by the presence of
the experimentalists operating the radios underwater appear
to be minimal. Based on our previous measurements con-
ducted in deep seawater [5] (see Fig. 9(d)), at the 2 feet depth
underwater no radio signal associated with a surface wave
propagating along the seawater-air interface can be estab-
lished beyond ~ 4 m distance between the radios. However,
in the presence of sandy seabed the communication range
of our system extends to about two times larger distances
(as illustrated in Fig. 9(a)).

These experimental results are also consistent with results
of our detailed numerical simulations of RF signal propaga-
tion along the seawater-seafloor interface. Wave propagation
along the seawater-seafloor interface has been simulated with
commercial EM solver Altair Feko (version 2021.1) [17].
The stratified conducting media forming such interface have
been modelled with planar multilayer lossy dielectric struc-
tures. Feko’s special Green’s function formulation (method
of moments extension) implements 2D infinite planes with
a finite thickness to model each layer of the dielectric. This
simulation approach allows verifying the basic predictions
of our theory, and also to illustrate that the wave propaga-
tion remains qualitatively the same in a more practical 3D
case in contrast to the 1D (planar wave) formulation of our
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analytical theory. Seawater layer has been modelled with
a 0.58 meter thick dielectric layer with dielectric constant
& = 81 and conductivity o = 4 S/m. The sand (seafloor)
has been modelled as an infinite dielectric layer with &,
= 4 and conductivity ¢ = 1 S/m. Two transition dielec-
tric layers (with thickness of 1 cm each) have been placed
between seawater layer and the sand to ensure smooth gra-
dient of conductivity to match real world conditions. These
layers had ¢, = 81 and conductivities of 1.1 S/m 1.4 S/m,
correspondingly. The infinite dielectric layer having dielec-
tric constant of air has been placed above the seawater
layer. Electromagnetic waves have been excited by the point
source, namely, by an electric dipole with magnitude of Id!
= 1 A*m and frequency 50 MHz. This electric dipole has
been placed in the center of the lower transition layer well (z
= 0) parallel to the seafloor and perpendicular to the obser-
vation plane in Fig. 10. Our numerical simulations presented
in Fig. 10 confirm that electromagnetic wave can propagate
along the seawater-seafloor interface, and that the propaga-
tion length of such waves may be considerably larger than
the skin depth. As one can see, most of the power propagates
along the bottom of the seafloor and just a small fraction of
the power leaks into the air. The point source excites simul-
taneously a volumetric small-k wave (the central circle),
attenuating in accordance with the skin depth predictions,
and a long propagating large-k confined 2D mode which has
TM character. The propagation distance of the latter wave is
consistent with our experimental measurements illustrated in
Fig. 9. We should also note that more numerical and analyt-
ical results on electromagnetic wave propagation in strongly
lossy multi-layered media (such as, for example, propaga-
tion of electromagnetic waves underground) may be found
in [18].

D. CURRENT LIMITATIONS AND FUTURE WORK

While the obtained theoretical and experimental results
appear to be promising, we should point out several lim-
itations of our current analysis which will be resolved in
the future work. As indicated in Section II-B, there are still
unsettled issues regarding the true behavior of the dielec-
tric permittivity of seawater in the low frequency ranges.
While most theoretical studies assume low frequency behav-
ior depicted by Eq. (9), experimental measurements by
Midi et al. [7] cast some doubts on this assumption. A care-
ful dedicated experimental measurement of this behavior is
highly necessary.

The currently used analytical model of the &(z) behavior
in the transition air/water surface layer uses the metamate-
rial model, which is valid at Ap>>D. Development of an
analytical photonic crystal model, which is valid at Ao ~D
would also be highly desirable. Predictions of such model
may be confronted with numerical simulations depicted in
Fig. 8.

On the experimental side, careful measurements of com-
munication range as a function of frequency, depth and sea
surface waviness would also be highly desirable, since such
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FIGURE 10. Distribution of the magnitude of the Poynting vector (a), magnetic field
(b), electric field (c) and instantaneous phase of y-component of the electric field in
the TM wave prog along seafloor interface

measurements may be used to validate theoretical results
reported here. We are planning to perform such detailed
measurements in the future.

IV. CONCLUSION

In this article we have presented a detailed theoretical and
numerical considerations on surface electromagnetic waves
propagating along the seawater-air and the seawater-sea floor
interfaces and demonstrated experimentally their ability to
carry broadband radio signals over practical communication
distances underwater. Even though relatively short, these dis-
tances would be very useful for physically secure broadband
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communication between divers and unmanned underwater
vehicles. Compared to acoustic communication, radio com-
munication underwater provides much larger bandwidth. On
the other hand, optical wireless communication in turbid
seawater may be limited to only a few feet.

Compared to the previous studies reported in [4], [5],
[18], where only the properties of TM waves were studied,
we also examined the TE-polarized surface wave solutions.
It is interesting that the dispersion laws of TE and TM
modes may intersect, thus giving rise to the so called “super-
symmetric states” [14]. In addition, compared to [5] where
only the interface states of the sea surface were studied,
we have obtained experimental evidence of 50 MHz radio
signal propagation underwater along the sandy seabed.
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