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Measurements of Surface Waves radiated by a Viytica
Polarized Antenna Over Planar Seawater at 5 MHz.

Comparison to Planar Earth Models.
M. Bellec, S. Palud, P.Y. Jezequel, S. Avrillondelombel , Ph. Pouliguen

Abstract— High Frequency propagation over the surface of
the Earth or sea is a relevant subject today, espiatly for High-
Frequency Surface Wave Radars (HFSWR) over the haron. In
this paper, we present measurements of Electric figl
propagating over sea water in HF Band compared to KA.
Norton, R.W.P. King and G. Millington’s theories, thanks to a
reliable measurement setup. The transmitter antennasare
located on the coast while the receiver antenna isstalled on a
boat which sails at constant azimuth. The Electric iéld
measurements are carried out with a shielded loopréenna and
we measured the field strength attenuation versus istance
between the transmitter and the boat along a sea wex path. In
order to take into account the media change (the ast and the
sea water), Millington’s solution has been added t&ing’s and
Norton’s theories with the planar Earth model. At 5MHz over
the sea water, the environment of propagation is amttractive
feature for the trans-horizon radar application. Indeed, the
attenuation along the path in the planar model isimilar to the
attenuation in free space but over the horizon. Theneasurements
performed at 5MHz and the calculations are in a god
agreement.

Keywords— HF band measurements,
propagation, ground-wave field, vertical electricipdle, planar
Earth model.

l. INTRODUCTION

The surface waves propagation phenomenon presengg

attractive and useful features for industrial aggtions
because the surface waves propagate along theeswfahe
Earth and beyond the radio-electric horizon. Thatakghese
properties, the surface waves allow communicatiorhard
environments (forest...) or target detection at vdoyw
elevation and at large distances. Furthermore,té¢ngporal
stability of the surface wave propagation is arraative
feature in a defense or civil context. Few exampksady
exist mainly operating in VLF, LF and in the HF bigi] [2].
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surface-wave

Introduced at the beginning of the last centuryfamge-wave
propagation has been largely investigated startimg
Sommerfeld [1] and followed by Norton [4] [5] andnig [6]
[71[8]. These pioneer researchers provided maihbotetical
studies and analytical solutions to this problemm&erfeld
started by calculating the EM field radiated byisfimitesimal
vertical electric dipole located on the surfacetlod planar
Earth. Then, Norton introduced the attenuation fiong the
ground effect, and the frequency dependence ofstirtace
wave radiated by a vertical dipole. Based on Maksvel
equations, R.W.P. King established the EM field regpion
generated by a vertical electric dipole placed oninothe
vicinity of the surface of a planar Earth and disxd the
surface-wave propagation behavior. King also infcesdi
characteristic distances to explain the attenuatiactor
variation along the path. To introduce the envirental
constraints, Millington developed an analytical hogt which
takes into account the ground characteristics admatpng the
path [9]. All these studies are mainly theoretiemd the
measurements are unusual.

This paper presents the measurements of the sunaves
over the sea at 5 MHz and gives the comparisond®ivhe
experimental studies and the theoretical modelsiged in

e literature, especially in order to validate twgface wave
ecrease as 1/d all along the planar seawater path.

In this paper, we first present the surface-wavepggation
theories proposed by Norton, King and Millington et the
radiating element is a vertically polarized anteroeated
above the ground. In the second part, we present
measurements performed over the sea. Firstly, the
measurement process is carefully described inciudime
design of the electrically small antenna used whiata the
surface waves. Secondly, we provide a comparisawessn

the measurements and the theoretical results.

Il.  PROPAGATION THEORIES

This section describes theoretical approaches dmeh t
provides an interpretation of the surface wave ggagion
theories on a planar Earth thanks to the researth o
Sommerfeld [1], K.A. Norton [5] and R.W.P. King [B1] [8].
These authors have provided electromagnetic fietdhdilas
radiated by an infinitesimal vertical electric dipdocated at a
specified height f over an imperfectly conducting half-space.
In this section, we have summarized these themidls a
standardized notation system. We have employedradmc



it

time factore
unit
electric 2

(ko)

Ground

(ke)

d

throughout. The infinitesimal dipole is fed by a WhereZ,=12077is the free space impedan&,the Fresnel's

(ko)

Ground

(ke)

d

Fig. 1. Set of coordinates and location of an itdgimal vertical electric dipole (D) at a heightitn the air (wave numbergkover the

ground (wave numberk

momentldl=1 A.m(currentl, infinitesimal lengtkdl).
Fig. 1 describes the set of coordinates and themgeg

parameters. Since

dependent on ground properties, we use the wavédensiy

reflection coefficient and= the attenuation function of the
surface waveR, and F(p) are defined with the following

the propagation characteristice aformula :

andk,, respectively in the air and in the ground, wheyend cos8, — :_,:. ||1 B (,t_n) sinls,
gy

og are respectively the relative permittivity and the = g/
conductivity of the ground. These media are assutmdave v N
the same permeabilitypfthan free space. cosd, + ] (1- ('f_n) sinlg,
fg N L7y
= 2m (5)
ko= T, (1)
Kg= IE‘H:r‘l"ﬁ F(pa) = 1.
2) 1 1
: rpe)ie Ferfc (ﬂ}n‘]
io, j (6)
N= Erg + !‘mgn
(3)

Wherepg is the Sommerfeld numerical distance.
Where N is the complex refractive index of the gru The relation between the magnetic field and the tHer
vector is:
A. Presentation of Norton’s Model

H = ims,,:r’oﬂ'?z
The EM field radiated by an infinitesimal verticalectric  (7)
dipole on the surface of the planar Earth waslyirahalyzed
by A. Sommerfeld [1]. Then, K.A. Norton simplifiethe
calculation, the formalism and the interpretatiaj[q] by
introducing the attenuation function. Norton’s f@mm starts
from the Hertz vector and Norton’s model is valithatever
the transmitter or the receiver height. The Herector
expression/7, contains 3 terms: a direct wave, a reflecte
wave and the surface wave.

B. Presentation of King’s Model

R.W.P. King established the EM field expressionagated by
a vertical electric dipole located on or in theinity of the
JEarth surface from Maxwell’s equations. Accordind@], the
transverse magnetic inducti@j, and associated electric field

E, are:
g—JkoRa g ~ikoRz _ .
) ———+R,——[+(1 —R],)F(p)e=ikoRz ' 3
S dZelll By Y R R (p%mm.z_ 0)= K0 e [Ho K8 | T —ipypipy
2w d k. lkqd
4k, R, ga"e
i (8)

(4)
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WherePy=k’d/2k,’ is the Sommerfeld numerical distance and
F(Po) is defined by the following formula: (b) | 1/d ;:.;.{.::5].:5..:_:::;1,0'2
1 d:. dl »>
Flp) = 5(1 +1) - C(R) - 15:(R) Fig. 2. Two mains areas of propagatif)n behaviorurado the
(11) “smoothly” area (dotted zone).

Where, C,(Po)+iSx(Po) is the Fresnel integral and is the  The trans-horizon radar application requires a loogerage
pulsation. (200 nmi). Even if the sea water is a favorable inmadto the
surface wave propagation, the frequency is an itapor
These formulas have been proposed with the follgwin choice relative to the characteristic distancesa@ ¢). The
conditions issued from [4] and [6] respectively: 5 MHz frequency is a special case (Fig. 2- a):itiermediate
distance (270 km) is superior to the critical distance
i - (de=90km). Knowing that ¢d., the surface wave propagation
|kg| »ky or Ikgl = 3k decreases as 1/d all along the planar model ra@@ekif).
(12) i} . This behavior is an attractive feature to the neédarge
Koty = 1, e » hg, kory = kzBeverage and detections at large distances
(13) C. Millington’s Model
Where, g is defined in Fig. 1.
The King's theory describes physically surface-waveThe Millington’s model is applied as soon as theigmment
propagation behavior by defining characteristidatises: the contains several ground types along the propagatgh. A
critical distanced,, and the intermediate distanck The simple case is sketched in Fig. 3 with two transsi through
critical distanced, represents the boundary of the planar Earthhree media.

model and the intermediate distandeis a baseline which T Ry
defines the modification of attenuation law of therface A A
waves. Whera is the Earth radius. A Mediumi =~ Medium2 = Medium3 A
Lo _é d; d; d

d.= a( o 7) Fig. 3. Sketch of the Millington’s model: The tram#ting antenna

(14) - (T,) is located over the medium 1 while the receiveeana (R) is
9,3 located over the medium 3. The medium 1 represansegment

di=""9/ 4 range of length g the medium 2 represents a segment range of

(15) Ka length @ and the medium 3 represents a segment of a vailiagth
d.

The critical distancel; varies only with frequency, while the According to Fig. 3, the semi empirical method che

intermediate distancel, varies both with frequency and the explained with the following equations (19)-(21)wiag from
ground characteristics. There are two notions oizba. First,  [10] and [11]:

the optical horizon which is close to 37 km at deeel.

Secondly, in the field of surface-wave propagatite, radio-  The total fieldEr along a multi-mixed propagation path at the
electrical horizond. which is the electrical planar Earth receiver is defined by:

boundary. As well as the antenna dimensions, thetridal

horizon depends on the wavelength. 1

As sketches in Fig. 2, we can distinguish two meieas of Er(d) = E(ED(d} + Ez(d)) (
propagation behavior: 16)

* Up to the intermediate distana#, the EM field \yhereE, and Ex are respectively the fields along the direct
decreases as 1/d. _ and reverse paths:
» Starting fromd;, the EM field decreases as 1/d2. E (d) = E,(d,) - Fa(dy) + E(d, +d.) -
(17)



Ep(d) = Es(d) — Ex(d) + Ex(d; + d) - Thesg, (gQnputivities(dhavel, Be€in measured thanks to
(18) commercial devices:

Where E;, E, and E; are respectively the field over the *  HANNA HI 993310 with HI 76305 probe for ground
medium 1, the medium 2 and the medium 3. *  HANNA HI 9033 with HI 76302 probe for liquid

The Millington’s method shows that the EM surfacave The measurements have been carried out in Contnuou
field strength is subject to the medium change.ofding to  Waves (CW). Knowing that the transmitting antentes la
the modification of electrical ground charactedsfi sea- monopole shape radiation pattern, a preliminarydysthas
ground or ground-sea, the EM field could respebfive been carried out in order to check the ionosphadtvity
increase or decrease from each transition. using VOACAP software (HF Propagation Predictiord an
lonospheric Communication Analysis). The Observedspot
Number during the measurement was 60. A minimdt fie
strength difference of 30 dB at 90 km at 2 p.m. bagn
1) Global description observed. This means that only one-thousandtheofebeived
field strength could come from the sky waves. Assult, we

The goal of our measurements is to validate the 1/@ssure that no ionospheric activity could disturb surface
attenuation of the surface waves at 5 MHz calcdlatéh the  electric field strength measurement.

planar Earth models. In this section, we preserg th
measurement objectives and the setup used to nmeediser 2
attenuation of the Electric field over the sea.

I1l.  MEASUREMENTS SETUP

A transmitter has been designed at 5 MHz to chinek
theoretical propagation results:

- d:=90 km

- d=270 km
No roughness parameter has been considered betaeise
marine forecast was optimal (calm sea).

The experimentation took place at the Mediterran8aa in
October 2013. Fig. 4 depicts the path carried et the sea. Fig. 4. Typical round of measurement over the sehdat from the
Transmitting HF antennas are located on the cdaystfd the  vicinity of the transmitter (Tx) until the receivéRx).

received signals are carried out with loop antefmmstalled on

a boat (R). The boat followed a southwestward path across 2) Antennas used for the measurements

the Mediterranean Sea, steering a constant colEaeh

measurement was geo-localized and stored with @uigiton  The measurement setup used two types of antennas:
software developed by TDF. The transmitting antenna

operating at 5 MHz is located over salt ponds. Aeadipath  DAR antennas as transmitter

has also been considered (see Fig. 1): « Shielded loop antennas as receiver
e Salt ponds along 2 km A DAR-antennas, and a shielded loops have been
* Mudflat along 1 km manufactured at TDF.

e Sea Water along 220 km
3) Transmitters: DAR-antennas
TK RK
A sait Ponds Mudflat Sea A The transmitting antenna, based on a patentedcguwaves

_'_'_d'l _____ & '53 antenna, called DAR antenna [12], has been optiize

Fig. 1. Sketch of the experimental path: The tratisg antenna €@lized, and installed in salt ponds (see FigI'Bg antenna is
(Tx) is located over salt ponds while the receigatenna (Rx) is Manufactured with a steel galvanized wire with antter of
located over the sea. The salt ponds represengraese range of 2.7 mm. The dimensions have been adjusted accotditige
length d=2 km, the mudflat represents a segment range mufthe  selected frequency. The lendthis equal to 20.4 meters; the

d=1km and the sea represents a segment of a maximgertical heightis 1.8 meters with a gagf of 0.5 meters.
length ¢=220 km.

The relative permittivitys4; of the salt ponds is 80, and the
conductivityay, is 8.8 S/m. For the mudflat transitiaf,,=50
and 05,=0.4 S/m For the sea watek,,=80 and oy5,=5 S/m
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Fig. 5. DAR-antenna design and tuning parametemizéntal
length (L), vertical gap (4, and vertical height (h).

The horizontal radiation patterns are omnidireclpand the
vertical radiation pattern is quite similar to anmopole over

gap

+ dL
Teflon Ring
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INPUT

Fig. 7. Shielded-loop design and tuning parametiasneter d,
variable capacitors C.

It is useful in field strength measurements to abtarize the
receiving antenna by its conversion fadtgas well as by the
antenna gain. The relationship between them isritbesthere.

an extremely good conductor. The antenna gain les) b The electrical fieldE is derived from the measured voltade

measured in the relevant azimuth in order to cateukhe
radiated electric field strength. The antenna gais MHz is -
3.8 dBi. The input power is 45 dBm.

4) Receivers: Shielded-loop antennas

The receiving antennas are narrow-band shieldegslodhe
frequency selectivity and the shield have been usedder to
improve the signal to noise ratio (SNR), especiathen the
measurement distance increases.

Generally, the shield takes the form of a tube adotne wire,
made of conductive but nonmagnetic material (sichogper
or aluminum). Antennas have been manufactured fleikible

coaxial cables (seerreur ! Source du renvoi introuvable.).

The inner copper conductor (1) is the power fednelet and
the outer copper conductor (3) is the shield.

Fig. 6. Coaxial cable design: inner copper condudt} dielectric
(2), outer copper conductor (3) and outer jackgt (4

Fig. 7 sketched the shielded-loop design and thaiing
parameters (loop diameter,,dvariable air capacitors C).
Usually, the insulated break is located in the @jtposide of
the feed point to maintain the symmetry. Balunsehheen
realized in order to maintain loop balance and ttcim the
impedance of the antenna to 601t is important to consider
the effect of the antenna shield because, by usifigxible
coaxial cable, some additional capacitive compaédrave
been involved. This loop design limits the loop’sgher
frequency tuning range with a fixed diametirAs a result,
the antenna configuration has been optimized agugitd the
frequency. At 5 MHz, a 1”5/8 coaxial cable has hemsed to
manufacture a loop with a diametgrof 1.05 meters. Then,
the frequency tuning is realized manually with abté air
capacitors C controlled by a network analyzer.

and the conversion factét, of the antenna:

E _v =1U + K, dr
dﬁ.“; dEuv E?

(19)

Fig. 8. Realized shielded-loops, installed on thatbo

The antenna bandwidths at 5 MHz is 0.4% at -3 dB. The Ka-

factor is inversely proportional to the gain. So, the lower

the K-factor, the higher the efficiency. The realized



shielded-loop antennas are tested to measure the radiation

efficiency thanks to:

e Abroadband transmitter

* A calibrated active loop antenna (from Rhode &

Shielded-loop antennas realized in order to

measure the voltage U

Receiver ESH3 (from Rhode & Schwarz) which is

able to measure an electrical field and a voltage.

Schwarz [13]) in order to measure the electrical So, the radiation efficiencies (written in the form of K-

field £ factor) is 10 dB/m at 5 MHz. As a result, the selective
80 =y - . .
75 B Y :
70 P P .'"'”}')‘ .......................................
—_ 05
£
> 60 U Uiy
@
T SSHT 1ﬁ
] - 1 2
W soH d
C
45 || m— K ing's Model
10l Norton's Model
Measurement
351 i L

d (km)

Fig. 9. Theoretical and measured Electric fielémtiation at 5 MHz over a mixed path: marsh andaatar. The theoretical results are
calculated from Norton’s and King’'s models. TheMiton’s solution is considered over the mixedhpiatorder to take into account the
environmental constraints. The red curve repregbetsneasurements over the sea water.



shielded-loop antennas allow to increase the measurement

sensitivity around 30 dB compared with a broadband loop

antenna. This improvement was necessary for the far-

away measurements.

IV. COMPARISON BETWEEN
THEORETICAL CALCULATION.

MEASUREMENTS AND

Fig. 9 presents the theoretical and the measurectrid field
along a 90 km mixed-path (salt pond, mudflat aral water)
at 5 MHz. 11 points per kilometers have been restbrd he
theoretical models (King and Norton) and the meamant
results are in good agreement. The maximal diso®pa
between measured data and theoretical models B Zlde
average error is less than 1 dB. The average d@viatror is
around to 0.45 dB. The EM field attenuation slopdhie 1/d
attenuation as predicted by the characteristicadests of
King. It appears that around the critical distamgeplanar

Earth model boundary), the slope of the measured an

theoretical data tends to change smoothly from iie
variation but don’t reach the 1/d? variation (sé&ck curves
on Fig. 9). Further, the topography has optimunctelzal
characteristics along the three mixed paths with pands
(very high conductivity), mudflat (good conductiyit and sea
water (high conductivity). At 5 MHz, this mixed pabas not a
visible effect on the propagation curves, but has be
considered to respect the topography of the meammearea.

l. CONCLUSION

In this paper, the measurement of surface wavesagating
along sea water path in the HF band at 5 MHz isp=aoed
with theories. First of all, we have described tyiethe
theoretical results proposed by Norton, King, andlihgton.
Then, we have presented measurement results atASanid

compared it to the theories including Millington’s
modification in order to take into account the ifaee
between the coast and water sea. At 5 MHz, the 1/d
attenuation is shown and is very well correlatedhwthe
theory.

A future work is scheduled to measure the electfigtd
strength of the surface wave at larger distancesarother
frequencies in order to consider the roundneskeoEiarth.
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