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Measurements of Vertically Polarized This propagation phenomenon should present atteaend useful
Electromagnetic Surface Waves Over a Calm Sea features for industrial applications because thefasa waves

. . . propagate along the surface of Earth and beyondati®-electric
in HF Band. Comparison to Planar Earth Theories. horizon. Few examples already exist mainly opegatm VLF, LF

and in the HF band. Thanks to these propertiesstinface waves
allow communication in hard environments (forest.on target
Abstract—Radio communication over Earth along mixed-pathsr the HF detection at very low elevation and at large distan

band is a relevant subject today. In this paper, w@resent measurements

of electric field propagating over sea water in HFBand compared to K.A.  This paper presents the measurements of surfacesveaer the sea
Norton, R.W.P. King and G. M|||_|n_gton’s theories, thanks to a reliable in HFE band and gives the comparison between therampntal
measurement setup. The transmitting antennas are ¢ated on the coast studies and the theoretical models provided in therature,

while the receiver antenna is installed on a boatteering a constant ially i der t lidate th f 1/d and
course. The electric field measurements are carriedut with a loop especially In order 10 validate the suriace waver&gse as an

antenna and we measured the field strength attentian versus distance ~ 1/d* along the path, and the characteristic digtgrintroduced by

between the transmitter and the boat along a sea wex path. In order to King.

take into account the media change (the coast andhd sea water),

Millington’s solution has been added to King's andNorton’s theories Section Il presents the surface-wave propagatieories proposed

with the planar Earth model. The measurements perfomed at three by Norton, King, and Millington where the radiatirdement is a

frequencies (10 MHz, 20 MHz and 30 MHz) and the calllations are ina  yertically polarized antenna located above the mowSection IlI

good agreement. At 10 MHz, the “smoothly” attenuatn is shown and is presents measurements realized over the sea. Thsureeent

very well correlated with the theory. The EM field decrease as 1/d? has . fully d ibed including the d Ny ih ¢

been clearly observed at 20 MHz and 30 MHz. process Is cgre ully descriped Including the 88)9 e an ennas
used to radiate the surface waves. Then, sectiorpid¥ides a

Keywords— HF band measurements, surface-wave prapeq, comparison between the measurements and the ticabresults.
ground-wave field, vertical electric dipole, plan&arth model.

M. Bellec, S. Avrillon, P.Y. Jezequel, S. Palud@elombel, Ph. Pouliguen

Il.  PROPAGATION THEORIES

. INTRODUCTION This section describes theoretical approaches laad provides an
Introduced at the beginning of the last centuryrfame-wave interpretation of the surface wave propagation tlesoon a planar
propagation has been largely investigated stattingommerfeld1]  Earth thanks to the research of Sommerfeld [1],.KNarton [2], [3],
and followed by Norton [2], [3], King [4]-[6], Walif7], [8]. These  R.W.P. King [4]-[6], and G. Millington [9], [10]. Tése authors have
pioneer researchers provided mainly theoreticalistuand analytical ~Provided electromagnetic field formulas radiatedabyinfinitesimal
solutions to this problem. Sommerfeld started Hgwdating the EM  Vertical electric dipole located at a specified ghei by, over an
field radiated by an infinitesimal vertical electriipole located on imperfectly conducting half-space. In this sectiome have
the surface of the planar Earth. Then, Norton thiced the summarized these theories with a standardizediootaystem. We
attenuation function, the ground effect, and tegdiency dependence have employed a harmonic time factef' throughout. The
of the surface wave radiated by a vertical dipBesed on Maxwell's  infinitesimal dipole is fed by a unit electric monteldi=1 A.m
equations, R.W.P. King established the EM field espion  (currentl, infinitesimal lengttdl).
generated by a vertical electric dipole locatecboin the vicinity of ~ Fig. 2 describes the set of coordinates and thengry parameters.
the surface of a planar Earth and described théacmiwave Since the propagation characteristics are dependentground
propagation behavior. King also introduced charistte distances to ~ Properties, we use the wave numberandk,, respectively in the air
explain the attenuation factor variation along teh. In order to and in the ground, where, and o, are respectively the relative
model mixed_path surface wave propagation effd‘ﬂiﬂi‘ngton [9], permittivity and the conductivity of the ground. &de media are
[10] developed an analytical method which take® iatcount the —assumed to have the same permeabilitygithat of free space.
ground characteristics changes along the path. Rgcén Sevgi
[11]-[13] has developed significant contributionshigh integrate kq= zﬁ!“l
surface-waves propagation along mixed-path. Alk¢hstudies are (1)

mainly theoretical and the measurements are unusual : |
Ro= HgyEp (2)

ig,
Eg = Epg + g-"fJ_JE,'n
(3)

Whereg, is the complex refractive index of the ground.
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Fig. 2. Set of coordinates and location of an itdgimal vertical electric dipole (D) at a height in the air (wave numbergkover the ground (wave

number k).

components cancel each other out, and only theasirfvave is
propagated (third component in (4)).

o= i%oRz o —ikoRz
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Where Zy=120757 is the free space impedanck, the Fresnel's
reflection coefficient and- the attenuation function of the surface

wave.R, andF(po) are defined with the following formula:
I
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Wherepyis the Sommerfeld numerical distance.

The parameter; andp, are respectively a numerical distance and

numerical velocity:
Epy T1
tﬂ_-n_l ?"g—
(%

_rd cosh
Pa= ¥ 7, %2

b=

(8)

(9)
Where X is the loss tangent of the ground.

The relation between the magnetic field and theHezctor is:

a

H = iwe,rotll,
(10)
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Fig. 1. Path loss of the field radiated by a waity polarized dipole at
10 MHz, 20 MHz, and 30 MHz over the sea water (SANY over a dry
ground (DG) versus distance [11].
Based on Norton’s theory, we have also investigdtedground type
and the frequency dependence of surface waves. 1Higpicts the
path loss versus the distance for sea wagr80 ands,=4 S/n), and
dry ground £4,=8 and ¢4,=0.04 S/m [5], each at three frequencies
(10 MHz, 20 MHz, and 30 MHz). These results werewdated with
L. Sevgi’s tool [11]. Whatever the frequency, weio® that the path
losses over the sea are lower than over dry groAada result, at
30 MHz and for a distance of 50 km, the path lossr alry ground is
44 dB higher than over sea water. Likewise, over grounds, the
path losses of the surface wave become more immovihen the
frequency increases. As a result, over a dry grairkd km, the path

loss at 30 MHz is 30 dB higher than at 10 MHz.
B. King’s Model

R.W.P. King established the EM field expression gateel by a
vertical electric dipole located on or in the vignof Earth surface
from Maxwell's equations. According to [6], the ieverse magnetic
induction B, and associated electric field are governed by the
formulas:

— _ _Ho ikdikﬂ k'i', T _ip,
Byld,z=0)=—Zeed|_ = __ 2 e e F(Ry)
® 2T d kg [ked ?
(11)
(i}
E',,{d,z = ﬂ] = ——Ezm{d; ﬂ]
kg
(12)
E.(@d.z=0)= —— Bay(d,0)
Ko
(13)



WherePg=ky°d/2k/ is the Sommerfeld numerical distance &{8)
is defined by the following formula:

1
F(P,) = E{1 +i)— Co(Py) - i5,(Fy)
(14)

Where,C,(Po)+iS,(Py) is the Fresnel integral amglis the pulsation.

These formulas have been proposed with the follgwianditions
issued from [4] and [6] respectively:

|kg|i>i:>k§ or kgl =3k,
(15)

Koly = 1, Té » hi,
(16)

Where j is defined in Fig. 2.

In table I, we calculatgky|/k, versus ground characteristics and
frequencies. As a result, we notice that the c@ndiky|>3k, is
verified in the HF band. But over a dry ground (peonductivity
and relative permittivity) in the UHF band, thetiai condition (15)

is not verified.

TABLE 1. CALCULATION OF [Kg|/KoVERSUS GROUND CHARACTERISTICS
(SEA WATER AND DRY GROUND AND FREQUENCIES IN ORDER TO VERIFY THE
CONDITION [KsP>3Ko

|Kgl/ko 10 MHz 20 MHz 30 MHz
Sea Water
£¢=80 ; 85 27 10
o5=4 S/m
Dry Ground
&g=8; 8 3.3 2.83
6,=0.04 S/m
King's theory describes physically surface-wave pagation

behavior by defining characteristic distances:dtigcal distanced.,
and the intermediate distande The critical distancel, represents
the boundary of the planar Earth model and therimtdiate distance
d; is a baseline which defines the modification ¢émtation law of
the surface waves.

E-!ll—l

de= a (%)

_ 23
=

(17)
d;
(18)

Wherea is the Earth radius.

Table Il contains several characteristic distartzeand ¢ depending
on the environment and frequency. The critical atise d. varies

only with frequency, while the intermediate distarmi; varies both
with frequency and the ground characteristics.

There are two notions of horizon. First, the opthearizon is close to
37 km at sea level. Secondly, in the field of stefavave

propagation, the radio-electrical horizag is the electrical planar

korg 2 kg

Earth boundary. As well as the antenna dimensites,electrical
horizon depends on the wavelength. Fig. 3 skettiepropagation
behavior and we can distinguish two main areas:

« Up to the intermediate distande the EM field decreases
as 1/d.
. Starting fromd;, the EM field decreases as 1/d2.

Physically, the transition between the two areasn®oth. We call
this transition area the “smoothly” attenuation. &gesult, Fig. 3
sketches three cases of surface-wave propagation:

¢ At 10 MHz over sea water, the intermediate distashds
close tod.. Consequently, the 1/d? field strength attenuation
is not achieved, but the “smoothly” attenuatioexpected.

¢ At 20 MHz over sea water, the intermediate distashds
equal to 17 km and the critical distandg is equal to
58 km. Consequently, the three behaviors (1/d, smhpot
and 1/d? attenuation) are expected.

¢ At 30 MHz over sea water, the intermediate distashds
equal to 8 km and the critical distartteis equal to 50 km.
Consequently, the three behaviors (1/d, smoothlg, Hd?
attenuation) are expected.

R,

TABLE 1. CHARACTERISTIC DISTANCES DAND (Dc) VERSUS SEVERAL
GROUND TYPES AND FREQUENCIES
di
(do) 10 MHz 20 MHz 30 MHz
e 69 km 17 km 7.6 km
rg— 3
6,24 S/m (73 km) (58 km) (50 km)
DrVSG_'gLf”d 690 m 176 m 80m
rg—0O ,
5,=0.04'S/m (73 km) (58 km) (50 km)
i— ____________________ A
| 1/d decrease I
b
did, >
(a) - 10 MHz over water sea - dj=69 km, dc=73 km
———— ——— —I— ''''''''''''''''''' -
| 1/d : !
| 1/d? decrease i

| decrease Ii

(b) - 20 MHz over water sea - dj=17 km, d¢=58 km

i——_—‘ll' ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 1
1/d N '
| decrease IE 1/d? decrease E
ke e bt e e e e e e e e —

(c) - 30 MHz over water sea - dj=8 km, d¢c=50 km
: Smoothly attenuation of the surface wave

Fig. 3. Behavior of the surface wave propagati@an@la path: according to
the frequency and the ground type, the surface \attemuation decreases as
1/d to reach smoothly 1/d2. (a) — At 10 MHz ovesea water path, the surface
field strength attenuation decreases as 1/d up=69dkm ~ d. (b) — At
20 MHz over a sea water path, the surface fielehgtth attenuation decreases
as 1/d over up to;€17 km, then decreases as 1/d? up&b8 km. (c) — At



30 MHz over a sea water path, the surface fielehgth attenuation decreases

as 1/d over up toe8 km, then decreases as 1/d? upt5a km.

C. Millington’s Model

The Millington’s model is applied as soon as theviemment
contains several ground types along the propaggah. A simple

The experimentation took place at the Mediterran8ea in June
2013, at distances varying from the transmittingeanas. Fig. 5
depicts the environmental topography of the measent area. The
attenuation of the electric-field strength versustathce from the
transmitting antennas was measured at 10, 20, @nilii3z. Each
measurement has been geo-localized and storedawithicquisition
software developed by TDF. HF antennas installethencoast (3)

case is sketched in Fig. 4 with two transitionstigh three media. have the capability to emit HF signal at each chdsequency (10,

20, and 30 MHz) and the received signals are choig with a loop
antenna installed on a boat,JRThe boat followed a southwestward

Medium 1 Medium 2 Medium 3 path across the Mediterranean Sea, steering aarrsturse.

d; d, d
Fig. 4. Sketch of the Millington’s model: The traming antenna (J is
located over the medium 1 while the receiver arag®) is located over the
medium 3. The medium 1 represents a segment rahdength d, the
medium 2 represents a segment range of lengtland the medium 3
represents a segment of a variable length d.

The three transmitting antennas operating respagtiat 10 MHz,
20 MHz, and 30 MHz are located over salt ponds.aAdszone is
located between the sea water and the transmitlérs. relative
permittivity ¢4, of the salt ponds is 80, and the conductivily is
8.8 S/m. For the sand transitiof,,=8 andsy,=0.038 S/m For the
sea waterg,,=80 andoy,=5 S/m The path over the salt ponds and
the sand is respectively 1 km and 6 km. These adivities have
been measured thanks to the following commerciakds:

According to Fig. 4, the semi empirical method barexplained with
the following equations (19)-(21) coming from [1jd [14]:

The total field Er along a multi-mixed propagation path at the

L : HANNA HI 993310 with HI 76305 probe for ground
receiver is defined by:

«  HANNA HI 9033 with HI 76302 probe for liquid

The measurements have been carried out in Contintawss (CW).
No sky waves could be received, due to:

Er(d) = 5 Ep(d) + Ex (@)
(19)

Where Ep and Er are respectively the fields along the direct and

¢ Alow Sunspot Number of 52.5 observed for June 2013
reverse paths:

¢ A maximal path of 50 km
A monopole sha diation pattern for the trartgmgit
X BS @1 U

Ep(d) = Ey(dy) — Ex(dy) + Ex(@dy + d) — Eg(dy + d) + o monoP
(RO
Er(d@) = E;’gf]) — E@+ E(d; +d)— Ed: +dfis nedium characte#éti‘é%h%@aﬁo@ obsertfirgMillington’s
effect.

WhereE,, E; andE; are respectively the field over the medium 1, the

medium 2 and the medium 3. At 10 MHz, we measure the electric field strengtbnf

9km untii 35km. Consequently, the “smoothly”
attenuation can be observed. At this frequency, the
Millington’s effect is notable because of the samahsition.
e At 20 MHz, we measure the electric field strengtbnf
6.5 km until 60 km. Consequently, the 1/d? attermmatian
be observed. At this frequency, the Millington'deef is
more significant.
At 30 MHz, we measure the electric field strengtbnf
6.5 km until 50 km. Consequently, the 1/d? attermmatian
be observed. At this frequency, the Millington’sfeet
increases.

The Millington’s method shows that the EM surfacave field
strength is subject to the medium change. Accordingthe
modification of electrical ground characteristicsea-ground or
ground-sea, the EM field could respectively incee@s decrease
from each transition.

I1l.  MEASUREMENT SETUP .
1) Global description

This section presents the objectives of the measemts and
describes the setup used to measure the attenuaftitre electric
field over the sea. The goals of our measuremeats a

¢« To validate the 1/d and 1/d? attenuation of thdéaser wave
propagation in the HF band calculated with the @atan
model.

¢ To validate Millington’s model.

Gulf of Lion |
Fig. 5. The measurement path over the sea by boax the vicinity of the
transmitter (Tx) until the receiver (Rx).

In order to check the different attenuation behes/mver the sea, we
have selected three frequencies (10 MHz, 20 MHzl 2@ MHz).
The sea has been constantly calm (Sea State Opvall the
experimentation, so no sea roughness parametdydessconsidered

in the theories. 2) Antennas used for the measurements



The measurement setup used 2 types of antennabi¢se®and Fig.
7). The transmitting antenna, a patented surfaces\satenna, called
DAR antenna [19], has been manufactured by TDF Fsge6). The
antenna is manufactured with a steel galvanized with a diameter
of 2.7 mm. Its dimensions have been adjusted amwprtb the
selected frequency. The horizontal radiation pattelis
omnidirectional. Table lll summarizes the horizériength L,, the
vertical heighth, and the gapZ, of the DAR-antennas for each
frequency. The receiving antenna, a loop (see Hidnstalled on a
boat, operates across a broad frequency band.abhe vV presents
the performance of the loop at 10, 20 and 30 MH® K-Factor is
inversely proportional to the gain. So, the lowke K-factor, the
higher the efficiency. The receiver antenna isaithstl 1 meter above
the surface of the sea. A Rohde & Schwarz EB200 ésl @s the
receiver.

Le

Ze

Fig. 6. DAR-antenna design and tuning parametenszdntal
length (L) and vertical height (h).

Copper Tube
@ 16 mm

Teflon Ring
Copper Wire @ 2 mm?

@420 mm

Fig. 7. Receiver-antenna design: copper tube (16#14 loop of 420 mm

diameter
TABLE lIl. DIMENSIONS OF THEDAR-ANTENNAS.
10 MHz 20 MHz 30 MHz

L¢ 6.37m 252m 1.83m

h 1.8 m 1.8m 15m

Ze 0.5m 0.5m 0.5m
TABLE IV. PERFORMANCES OF LOOP ANTENNA VERSUS FREQUENCY

10 MHz 20 MHz 30 MHz

K — Factor

(dB/m) 42 41 43

The antenna gain has been measured in the relazantth in order
to calculate the electric field strength. The antegains at 10 MHz,
20 MHz, and 30 MHz are respectively 3.3 dBi, 5 dBida1.3 dBi
(see table V). The electric field strength §@t 1 km is the reference

field used to normalize the theoretical models with transmitting
antenna characteristics. Thus, the reference figld=1 km) at
10 MHz, 20 MHz, and 30 MHz is respectively 90.48 §Bnp,

92.79 dBuV/m, and 88.24 dBuVv/m.

TABLE V. MEASUREDANTENNA GAINS (DBI) AND THE ASSOCIATED
ELECTRIC FIELD STRENGTH AT A DISTANCE =1 KM.
Antenna Gain Input power E(do)
f (MHz) (dBi) (dBm) (dBuV/m)
10 3.3 45 90.48
20 5 45 92.79
30 -1.3 47 88.24
IV. COMPARISON BETWEEN MEASUREMENTS AND THEORETICAL

CALCULATION

1) The “smoothly” attenuation at 10 MHz

Fig. 8 presents the theoretical and the measuesdriel field along a
35 km mixed-path (salt ponds, sand, and sea watetp MHz. 46

points per kilometers have been recorded. The ¢tieat models
(King and Norton) and the measurement results aregood

agreement besides a maximal deviation of 1.13 diz EM field

attenuation slope is between the 1/d and 1/d2? slopkis behavior
corresponds to the “smoothly” attenuation becaume maximum
measured distance (35 km) is lower than King'srmtgiate distance
d; which is equal to 69 km. The decrease of elefigld level is due
to the sand transition because the sand is a medibich is not

suitable to the HF propagation.

2) The 1/d? attenuation and Millington’s effect & ®IHz and
30 MHz

Fig. 9 presents the theoretical and the measuestriel field along a
60 km mixed-path (salt ponds, sand, and sea wate2 MHz. 40
points per kilometers have been recorded. The ¢tieat models
(King and Norton) and measurement results are odgagreement.
The discrepancies between theories and measurem@entsss than
2 dB between 6 km and 10 km. From 30 km, the ltt#haation is
observed.

90—

85} S ~ , 1

E (dBpVim)
3

|| m— King's Model
55H Norton's Model
=== Measurement

d (km)

Fig. 8. Theoretical and measured electric fielératation at 10 MHz over a
mixed path: salt ponds, sand, and sea water. Therdtical results are
calculated from Norton’s and King’'s models. The @dve represents the
measurements over the sea water.
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Fig. 9. Theoretical and measured electric fielératation at 20 MHz over a
mixed path: salt ponds, sand, and sea water. Therdtical results are
calculated from Norton’s and King’'s models. The mdve represents the
measurements over the sea water.

At 20 MHz, the effect of the sand transition is maignificant than
at 10 MHz. At the interface between the sand ared dba water
(6 km), we notice small perturbations on the measuelectrical
fields. The sand transition includes a sand durés Telief could
induce diffraction and it could be the reason df frerturbation. The
phenomenon has not been taken into account thealigtia bigger
change of the slope has been predicted.

Fig. 10 exhibits the theoretical and the measulectréc fields along
a 50 km mixed-path (salt ponds and sea water) 8MI30. 46 points
per kilometers have been recorded. The theoreticalels (King and
Norton) and the measurement results are in goodeawnt. The
maximal deviation between theories and measurenienttose to
4 dB between 6 km and 10 km. Starting from 15 kne thd2
attenuation behavior is observed.

The perturbation, underlined at 20 MHz at the fiaige between the
sand and the sea water, is amplified at 30 MHz lmxghe relief is
higher related to the wavelength.

90
., :
., .

80+ LT 4
£ :
3
g 60+ . \\ 4
w — 1/ T

oL e 1d? 1

= King's Model &
Norton's Model \
40 | e Measurement \:
1 10 20 30 40 50

d (km)

Fig. 10. Theoretical and measured electric fietdratation at 30 MHz over a
mixed path: salt ponds, sand, and sea water. Therdtical results are
calculated from Norton’s and King's models. The mdve represents the
measurements over the sea water.

V.  CONCLUSION

In this paper, the measurements of surface wawgzagating along
sea water path in the HF band are compared withrithee First of all,

we have described briefly the theoretical resuttppsed by Norton
and King. Then, we have presented measurementtsestil 3
frequencies (10 MHz, 20 MHz and 30 MHz) and comg@atdo the
theories including Millington’s modification in oed to take into
account the interface between the coast and waterAt 10 MHz,
the “smoothly” attenuation is shown and is verylveelrelated with
the theory. The EM field decrease as 1/d2 has bksmly observed
at 20 MHz and 30 MHz.

A future work is scheduled to measure the eledieic strength of
the surface wave at larger distances in order tosider the
roundness of Earth.
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