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Abstract This paper presents an inverson methodology through
weighted least squares to obtain the electrical parameters for the
soil of atypical mid-western region in Brazil using the model based
in the formalism of the parabolic equations to calculate the electric
field intensity received. To validate this methodology, the results of
the radio signal measurement campaign conducted in six radial
routes leaving the city of Braslia, Federal District, where the
transmitter was located, were used. The measurements were
compared to computer simulations and, thus, the optimal valuesfor
the dectric conductivity and relative per mittivity for the soil of the
region could be estimated. Finally, a quantitative analysis of these
parameters was performed with the values found in the literature,
which demonstrated the effectiveness of the proposed methodol ogy.

Index Terms—eonductiv; electric field; inversion; parabolic edjons;
permittivity.

[. INTRODUCTION
Since 2005, the Brazilian government, through thatidsal Telecommunications Agency,

ANATEL, has been authorizing digital signal transsmon tests aimed at the implementation of the
future Brazilian model for digital radio broadcé#ast frequencies below 30 MHz, in compliance with

the recommendations of the Nr. 22 NTC Technicain&ad. The standards of Digital Radio

Mondiale (DRM) and High Definition (HD) were choséor the tests because of the compatibility
between their frequency bands and the current bdedigned to radio broadcast in Brazil, thus
allowing for the coexistence of both analog andtdigystems.

Regardless of the standard that will be adoptedystg the behavior of the signal generated by the
stations that will use the new systems for digitalio broadcasting in Brazil is required as weltras
knowledge of the electrical parameters of the sspecially in the Medium Wave band, where the
effects of terrain strongly influence the deterrtima of the electric field received and, therefdre

determination of the coverage area of these sttion
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Thus, it is paramount to use appropriate valuesther electrical parameters of the soil in the
calculation of the electric field intensity duritige planning of these systems, mainly becauseatligit
systems are much more sensitive, where small ckaingthe value of the electric field may cause
total signal loss in the receiver.

This paper presents a method of inversion througighted least squares to obtain the electrical
parameters of the soil in a typical region in midstern Brazil, which is characterized by highwarys o
streets that cut through rural areas, where farrgion, the World Atlas of Ground Conductivitads
recommendation ITU-R P.832-2 [1] recommends a valiel mS / m for the soil electrical
conductivity.

The formulation of the inverse problem using theglveed least squares was considered because it
is the form that more quickly leads to the convaogeof results in the majority of the optimization
techniques currently in use [2-3].

To analyze the methodology proposed herein, thdtsegbtained in the campaign for electric field
intensity measurement conducted over six radiaiesoleaving the city of Brasilia, Federal District,
toward a rural region in mid-western Brazil [4] weused; also, the electric field was calculated
through the method based on the formalism of tlralmdic equations [5], whereas this method was
used because it shows values very close to thasénel in measurements when compared to some
of the classic models used in determining lossropagation.

The measurement system consisted in a stationboydtory transmitting a carrier at 980 kHz and
two mobile units that were mounted to measure #o@ she instantaneous values of received signal
strength. The results of measurements were compaitedcomputational simulations through the

method of inversion proposed.

[l. METHODOLOGY
In the study of the behavior of a system througmathematical model, it is essential to have

knowledge of the various parameters involved, sashthe information at the system input and
boundary conditions. However, if some of these mpatars are unknown, it is necessary to first
consider the inverse problem, where the informatdiout the response of the system will be
availablea priori. After this step, solving the direct problem isrooenced.

By conducting measurement campaigns, the unknovampuers of the system can be found using
the solution of the inverse problem, where deteimgira vector of unknown parameters that will
minimize the difference between the measured vaduekthe values obtained from the simulated
response by a model that describes the systememm@ed. This difference is known as the cost
function, where minimization thereof will repres¢imé optimization of said parameters.

Amongst the techniques used in the literature Hierrhinimization of the cost function, this paper

will consider Newton’s method.
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A. Cost Function
For this paper, the cost function based on weighest squares that have the following

representation [3] was selected:

C(x) = zi[” {||v=vd - e‘(i)||2—;(2} + Wy - (x = ip)||2] (1)
where X represents the vector of unknown parameters ofribeel,p is a regularization factor, also
known as Lagrange multiplier a@x) represents the vector of residuals. The 1W s the inverse
of the data covariance matrix describing the vaearepresented by the weight of each measurement
m and estimated correlation existing between thergrrThe parameter provides ana priori
estimate of the noise present in the data. The W,1is the inverse of the covariance matrix of the
model, given as priori information and represents the importance of edement in the vectx.

The residual vectog(X) is defined as a vector containiiMy elements representing tf¢h error
between thg-th measurementy and the correspondirjgth response simulated by the mo&elThe
normalized representation thereof is given by:

e1(X) Sl(x) my _
é(i)=[ = l [ l S(X) —m, (2)

eM‘(X) Su (X) mpy

B. Newton's Method

The Newton's method is a quadratic model of thé ftoxtion and its representation through the

first three terms of the Taylor series expansi@uad thek-th iteration(X;,) is given by [3]:

1 =
> -G® B, €)

where the step ix; toward the minimum of the cost functiC (X) is:

C(xe+p,) ~CE)+8 &) P, +

Pp = Xk+1 — Xk 4)

andg(X) = VC(X) is the gradient vector of the cost function ddfias:

(X)) =VCR) = = 9¢ =123,,N
0 =VC@=[m=5  n=1230]
=T . =T = _ _ =T = —
=pd X)Wy Wi X + W, - W, - (X%,) (5)

Wherel(X) is the Jacobian matrix of orde¥XN given by:
X—mn—ax, m= 1,£2,5,*, M, n=1,2, ,

n

anc G(X) = VVC(X) is the Hessian of the cost funclC (X) represented by:

8E) = WEE = |G = =L =123N
©=TC@ =[G =go5— mm=1231]
= WL W+ u [T Wa- Wa I + Q) 7)

In the termQ(X), the second order information of the cost funcC () is represented.
The minimum of the cost function is achieved whiea stegp, is the minimum of the function

below:
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_ I e P 8
0(p,) = T (%) P + 5 P G By ®

Making the gradien® to be null inp,:
V(Z)(Eg)zé'ﬁa +9=0 )

By solving (9), a stationary point of the cost ftiog is found, i.e., a point of minimum, maximum
or saddle point irp, = p,. Thus, this stationary point is the solution te following set of linear

equations:

In the implementation of the Newton's method coriddcherein,G(X,) was considered a

nonsingular matrix and positive definite, whichuksin a unique solution to (10) given by:
Pp=-G"7 (11)

In this case, there is only one stationary pp ntin a descent direction, i.e., toward the minimofm
the cost function, since:

C(R +Py) —C(X) <0 (12)
Substitutingp,, in (3), the following is obtained:
1 —
CO%+ Py) = € (%) — 567650- 6 (%0 6% (13)

The equation (13) represents the cost functiotsahinimum value, wherx,, is the optimal vector

of unknown parameters of the model {,ds known as Newton's search direction.

[ll. PARABOLIC EQUATION MODEL
To calculate the simulated response, the modeldbasehe formalism of parabolic equations [5]

was used herein. This model was chosen becaug$tained values of electric field intensity much
closer to the values obtained in the measuremenpaign in the region [6]. Moreover, this model
uses lower computational effort [7-8].

Initially, an environment made up of small streeith buildings and vegetation was considered.
Then, the method of parabolic equations was apjfitiedalculating the electric field considering the
electrical parameters involved in this simulatediemment.

To the solution of the parabolic equation, thetéirdifference scheme of Crank-Nicolson was used
for small angles (up to 20 degrees).

The parabolic equation for small angles is given[by

g—:;(x,z)+2ik%(xj+ E(A(x¥-1) ( x)=c (14

Wherek is the wave number amds the refractive index given by the following eapsion [9]:
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: %
n:{g+ g } (15)

" 2nfe,

whereg; is the relative permittivityg is the conductivity (S / mY), is the frequency (Hz)o is the
permittivity of free space (F / m).

Making the discretization of 14 in directiorandz through the finite difference scheme of Crank-

Nicolson, where én =(Xm1**:)/2 is the midpoint in the solutionmi t0 Xm, Y7 =u(%.2),

b=4ik(az/aX) anda] =K ( 7 (&, %)‘1)A Z  the following is obtained [10]:

ur(=2+b+ ")+ YT, + g7 =y (24 b ) - - (16)

To calculate the propagation loss through the mdi@equations method, the equation below was
used: [11]

L(dB) =36,57+ 20log, f+ 20log|uj- 20logy- G- G (17)

Where u is the electric field at a reference distandg, (u is the received electric field,is the
frequency in GHz, an®r and Gr are the gains of the transmitting antennas aneivieg in dB,

respectively.

IV. DESCRIPTION OF ENVIRONMENT AND MEASUREMENT SYSTEM
In order to validate the methodology of inversioresented in this paper, the results of the

measurement campaigns of electric field intensitgried out by the National Telecommunications
Agency - ANATEL - and by Brazilian Communication®i@pany - Radiobras in six radial routes
from the city of Brasilia, Federal District, towarthe cities of Passo (Route 1), Goiania (Route 2),
Niquelandia (Route 3), Arinos (Route 4 ), Crystabue 5) and Goias (route 6), where the
environment of these routes is characterized bypaadl rural region of centre of Brazil, were used.

Fig. 1 illustrates this environment, highlightirgetsix radial routes.
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Fig.1: Environment of measurements

The transmission system consisted in a Medium Wgaerator, which was mounted at the

Radiobras headquarters in Brasilia, located in BlbcLot S / N, in the Plano Piloto. Table | shows
the characteristics of the transmitter

TABLE | - CHARACTERISTICS OF TRANSMITTER

L ocation Downtown Brasilia
15°49'31,44" S
47°57'49,89" W
Center frequency 980 kHz
Bandwidth 10 kHz
Transmitter Power 50 kW ERP
Electric field nominal (kom) 1.250 pVvim
Antenna height 94 m

For the measurements performed on routes 1, 2 amide6mobile unit of ANATEL was used,
assembled in France by Thales Communications. Uiiishas equipment for the measurement of

technical parameters, such as modulation typeuémcy, electric field intensity, spectrum analysis
and occupancy rates. Fig. 2 illustrates a blocgrdia of this unit.
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Fig.2:The equipment setup in the mobile unit of ANAL [11]

Initially, an AM signal was captured by the monapahtenna RN4203 that sent it to the switch of
antenna AEA196. Then, the signal was sent off €o0REC108 receptor, which has two modules, the
first of which translates the signal of radio frequy (RF) to intermediate frequency (IF), and the
second one samples and demodulates the signat. tAftestep, the signal samples were sent to the
central processing unit KPRII, which obtained théses of the electric field intensity for each séamp
of the signal at intermediate frequency.

For the collection and storage of the geographardinates for the samples of the received signal
in IF, a Trimble GPS connected to the RS232 of KRR used.

Also, a handheld GPS connected to a Palm Top wexfos registering the geographic coordinates
of the places where there occurred abrupt chamgie iintensity value of the measured electridfiel

For the measurement campaign on routes 3, 4 aadndbile unit of Radiobras was used, with the
participation of members of the consortium DRM (i Radio Mondiale). Fig.3 shows the

measurement system installed on this mobile unit.
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Fig.3:The equipment setup in the mobile unit of iRkchs [12]

This mobile unit had a short monopole antenna, BH&®10, which received an AM signal and
delivered it to a PSU (Power Supply Unit). There #ignal was send to the EB200 receiver for
translating the RF band to the IF band and baselriter this step, the signal followed to a 24-bit
Creative Sound Blaster sound card, which was cdaddo a USB port on a Lap Top. This Lap Top
contained the Dream DRM and TSR software that detateld the signal and captured of the value
of the electric field intensity.

For each sample obtained by TSR DRM software, #ieevof the electric field intensity received
was stored. Also, information of the geographicrdomtes of each sample measured using a GPS

was stored.

V. RESULTS
This section presents the results obtained fromutbe of the inversion methodology through

weighted least squares in the estimation of thetrétal parameters of the soil in a region in mid-
western Brazil.

This region consists of a rural environment whaidia signal measurements were conducted in six
radial routes leaving the city of Brasilia, FedeBibtrict, where a transmitter was installed in a
building of the Brazilian Communications Compangdted in the center of Brasilia, which emitted
an amplitude-modulated signal by a collinear aragoositioned 94m high.

For the measurement campaign, two mobile units weeel: one of ANATEL (routes 1, 2 and 6)
and another of Radiobras (routes 3, 4 and 5).

The Visual FORTRAN 6.0 program was used both t@iobthe values of electric field intensity
and for the numerical simulation of the inversioathod to estimate the electrical parameters of the
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soil. A vectorx of unknown parameters of the model was set, wbatsisted of two elements: soil
electrical conductivity and relative permittivityf the soil. The value of the Lagrange multiplier

used was 1 x 19
TABLE Il. ELECTRICAL PARAMETERS ESTIMATED TO SOIL

Route Electrical Conductivity Relative Per mittivity
mS/m
01 3.9 17
02 4.0 17
03 4.0 17
04 3.7 17
05 3.3 16
06 4.2 16

After application of the inversion method propo$edein, the values for soil electrical conductivity
and relative soil permittivity were calculated atwhsidered to be homogeneous over the six routes
shown in Table II.

In Table Il, the estimated values for the electramanductivity of soil in the six routes are can be
seen to be much higher than the value recommengdétedTU for the region in mid-western Brazil.
However, they are very close to the results foundLIMA [12] who developed a methodology that
estimated the soil electrical conductivity by comipg the measured values of the attenuation of the
signal with the values found through the Earth $igaemodel for surface wave.

For the relative permittivity of the soil, the vakiestimated by using the inversion methodology in
the six routes considered were verified to be fiyghigher than the value adopted in [12], indingti

the existence of a medium-type soil.
TABLE Il - ELECTRICAL CONDUCTIVITY OF SOIL AND RELATIVE ERRORS

Route Electrical Conductivity
mS/m
proposed method reference[11] Relative Error
01 3.9 3.8 0.1
02 4.0 4.2 0.2
03 4.0 3.1 0.9
04 3.7 5.2 1.5
05 3.3 3.6 0.3
06 4.2 4.0 0.2

In order to evaluate the performance of the progpasedel, Table 11l shows the optimal values of
soil conductivity estimated by using the inversioathodology and those obtained in reference [12];
also, the relative errors between the two methodedch one of the six routes are presented.

In Table lll, it can be observed that the valueshef soil electrical conductivity for routes 1,2,
and 6 are very close to the values obtained imeat®e [12] producing small relative errors, which a
slightly larger for routes 3 and 4.

These values for the conductivity of the soil aoavery close to those found in reference [13],
where the same routes studied here through a natgydbased on Artificial Neural Networks were

analyzed.
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VI. CONCLUSION
This paper presented a methodology of inversionuthin weighted least squares to obtain the

electrical parameters of the soil in a region irdtwestern Brazil. Also, a comparative analysis
between the values of the soil electrical condugtithrough this methodology and the values found
in the literature for the region was carried out.

To validate this methodology, the results of theasugement campaigns of the intensity of the
electric field in six radial routes leaving theycif Brasilia bound for the neighboring cities were
used, in an environment characterized by a typisall region of mid-western Brazil. The electric
field through the formalism based on the parabefication model was also calculated, since this
model showed good concordance with the valuesmdddrom the measurement campaigns.

The electrical parameters of the soil were estithéde the six routes studied using the inversion
methodology presented, whereby the values obtdimethe electrical conductivity of the soil were
found to be higher than those recommended by thk tfius indicating that the coverage areas of
local radio stations would be much higher than ehestablished by ANATEL.

These estimated values for the electrical condiigtinn the six routes were also found to be very
close to the values found in recent studies comdlict the rural region in mid-western Brazil [12}13
showing small relative errors in the routes 1,52and 6. Similarly, the values for the relative
permittivity of the soil in the six routes were stoto those adopted in the region.

Thus, it can be concluded that, by using the in@armethod presented herein, it will be possible to
find suitable values for soil electrical condudiyvand relative permittivity of the soil, thus magiit
much easier to determine the electric field reakiwéh greater precision.

For future papers, obtaining the electric paransetérthe soil, considering it inhomogeneous in
each route, is suggested, and studying the chamgles values of electrical parameters with diséanc

is also proposed.
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