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Application of Radio Ground-Wave Propagation
Theory to the Tomographic Imaging of Ground
Surfaces

Zhipeng Wy Member, IEEE

Abstract—Radiowave propagation over ground has been histor- of a residue series. However, for inhomogeneous or irregular
ically studied for predicting the radiated fields when the ground  grounds, the radiated fields were usually given in the form of an
properties are known and the field has been well covered over the integral equation for the attenuation function, which could be

past hundred years. In this paper, the theory of ground wave prop- . . .
agation is applied to inverse problem of the tomographic imaging d€rived from either the compensation theorem [20], [43]-{46]

of ground surfaces. After the inverse problem is formulated, an Or Green's theorem [18], [19], [23], [39]-[42], [47], [48]. This

iterative technique for solving it is illustrated. This is based on integral equation could be solved to give numerical solutions,
the minimization of the cost function of the measured and esti- which have been confirmed experimentally to be accurate at
mated scattered fields produced by the surface under investigation low, medium, and high frequencies. The subject of theoretical

in isolation. Numerical simulation results are presented for the re- di i d ¢ is th
construction of four different ground features surrounded by sea radiowave propagation over a ground suriace Is, thus, now

water namely: 1) dry ground; 2) wet ground; 3) dry—wet mixed reasonably well understood and tested as a forward problem.

ground; and 4) dry ground with a central water pool. It has been However, as the radiated fields and ground properties are re-
o_lemonstrated t_hatthe techr)ique is able to rec_onstruct the distribu- |ated by the same set of equations, measurements of the fields
tions of normalized surface impedance of the isolated surfaces and, can be used to determine the ground properties. This is inverse

hence, theirimages. The iterative process can converge with a small . . ) -
number of iterations using the normalized surface impedance of problem. With the use of multiple fixed transmitting and re-

sea water as the initial guessed values. However, better images carf€iving antennas, or a portable transmitter and a portable re-
be produced usinga priori information. This study thus illustrates  ceiver, to create “multiviews” of the ground surface, as in X-ray
anew application of ground wave propagation theory with possible  or microwave tomographic systems [49], [50], the ground sur-
applications in ground surface mapping, remote sensing, target po- tace can be mapped in terms of its impedance properties. Con-
sitioning and monitoring, and navigation. .
sequently, the image of the ground surface can be reconstructed.
Index Terms—Electromagnetic (EM) tomography, ground-wave  The resolution of this image will depend on the operating fre-
propagation. quency. When the area under imaging is discretized, the resolu-
tion would further depend on the size of the cell, which is usually
l. INTRODUCTION chosen to be in the range betweef20 andA/10. A higher op-

erating frequency and smaller cell area would give a better res-

ADIOWAVE propagation over the ground surface of th%Iution. However, the use of a higher frequency would require

earth at low, medium, and high frequencies has be(Etr]argernumber of discretized cells per square wavelength and,

studied theoretically a_m_d experimenFaIIy over the past hundrﬁﬂjs, demand more computing capacity. A compromise between
years [1] [2.]' In obtaining the solutions _to these problems, e resolution and computing requirement would be the choice
number_ of c_hffer_e_nt model_s and assumptions are mgde N Oreery frequency at which the diameter of the area to be imaged
to obtain simplified solutions. A current element is usually, i~ o qer of a wavelength in free-space. For the imaging of a
considered as the radiation source, although other sources I nd surface of diameter of the order of a few hundred me-
also used. Historically, the ground was first modeled to be fl s or kilometers, a frequency in the medium or high-frequency
ang h_omlo_genﬁous ffor slhort g_rotpaganon rangetz_s [311[211]1 Qnd would be most suitable. Hence, such frequency bands will
ép eru(:ja mfs ape hor ong 'Its ancz propagl;a _|t0n [ ]_Eh e considered in this paper for tomographic imaging of ground
) roudn Z“T acE n odm:)genelky and irregu anr?/ w;s “hrfaces. In the following sections, the technique for producing
mFro uced in the mode to ta_ e into accou_nt the efiects ¢ mographic images of ground surfaces will be presented.
m|xed_ path propagation, and irregular terrain [18]-[44]. The | Section II, the forward problem of radiowave propagation
e:ectrlctand maf?rlert]lc fields from the r%d'at'onﬂ?f a CurrerE)T\/erground will be described by considering an isolated ground
element over a flal homogeneous ground Were thus eXpreSgaty, 55 an island surrounded by seawater. In Section Ill, the in-

in closed form and those over a spherical ground in the SWrse problem will be formulated to provide the procedure for
obtaining the dielectric constant distribution from the measure-
Manuscript received September 26, 1999; revised April 5, 2000. ments of the scattered fields from this isolated ground surface.
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Fig. 1. Radiation of a vertical current elementfbver an isolated surface ] ) . )
Fig. 2. Measurement configuration to create multiviews of the isolated surface

Il. FORMULATION OF THE FORWARD PROBLEM OF RADIOWAVE , . ,
PROPAGATION OVER AN | SOLATED SURFACE is the Sommerfeld numerical distance [8]. The scattered field

E?,(B) in (1) is given by

The consideration of an isolated surface for imaging purposes
does not lose its generality as the largest contribution to the,, 1 o
attenuated fields arises from the first Fresnel zone. The prop-ﬁ(B) = Zoh dl // [85(P)= Aol E1(P) B2 () 45 (5)
agation of radiowaves over an isolated surface, as shown in Sp
Fig. 1, can be formulated using the compensation theorem [4
[46] or Green’s theorem [47], [48]. The two methods lead to
slightly different expressions for the attenuation function [31],
[32], [34], [36], [38]. Here, the scalar Green’s theorem, which Ep
was used by Feinberg al.[18], [19], [23], [39]-[41] in dealing -
yvith irrggular terrain, will _be used. _The transmitting antenna geneous ground surface with a normalized surface
is considered to be a vertical electric current elemerf lo-

d atd h d surf Collowing th K qiven i impedance distribution oA (P);
cated atd on the ground surface. Following the work givenin - po ( py yertical electric field component at a poifton the

[51]’. [52]’ thg vemcakll eIectrlc(jleId fcomponeblﬂzl(B ) at the isolated surface from the radiation of a vertical elec-
receiving pointB on the ground surface can be written as tric current elemenf, di at B on a homogeneous

ground with a normalized surface impedankg

wave impedance in free-space;
area of the isolated surface;

1(P) vertical electric field component & from the ra-
diation of the same current element on the inhomo-

E.(B) = EX\(B) + E2,(B) 1)
where ko Zo o dl —jkope
JroZod2 c
subscript 1 field produced by the current element EL(P) = — —— F(wzp) p2 (6)
I di;
E%(B) vertical electric field component & from  wherep, is the distance betweeBl and P and F'(w»p) is the

the radiation of the same current elemersommerfeld attenuation function with the numerical distance
I; dl on a homogeneous ground with a

constant normalized surface impedance Wop = _jk;m A%. )
Ao,
£z (B) scattered vertical electric field component  sypstituting (6) into (5) gives the following expression for
at B due to the isolated inhomogeneity. E2 (B):
E% (B) is given by
s Jko
: B5(8) =52 [[ 18.P) - &
EA(B) = Apc(wip)— 2 o
e—ikop2
where . Ezl(P)F(UJQP) ds. (8)
Apg constant depending on the transmitted power and an- P2
tenna gain; _ Equations (8) and (1) form an integral equation for the total
ko wave number in free-space; vertical electric fieldE.; (B), which can be solved numerically
d  distance betweed and B when the isolated surface is discretized. The isolated surface

could be divided into a number of square cells. For a circular
isolated surface, a different scheme as shown in Fig. 2(a) can be
Fw) =1 = jy/mwe ™ erfe (jv/w) () employed. The circular surface is divided it¥o rings [V, = 5
) . . in Fig. 2(a)] and4(2n,. + 1) segments in each ring for,. =
is the Sommerfeld attenuation function and 1 to N,, giving a total of4N? cells of equal area. Assuming
jkod o the isolated surface is divided into a total &f cells of equal
Wi =Ty A (4)  surface areas with the use of one-dimensional cell numbering
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scheme: = 1to N, the vertical electric field at poin® can be If the point B coincides with the center of theth cell so that
approximated by pBn = 0, (11a) and (11b) cannot be applied. However, in this
case, it can be easily shown that

Ezl(B) :Egl(B) - 1—0 Z [Asn - A0]
27 — e~ Fkop2 2t .
e—Fkop2 // ds = 7 (1 - C_]koan)' (11C)
: Ezl,nF(WQn)// ds (9) Sn P2 I
P2
Sn
whereA,,, E.1 ., F(ws,) are the values of\,(P), E.,(P), By selecting the field poinB to be at the center of each cell

F(wyp) atthenth cell, which are taken to be constant across trgeduentially fromm = 1 to ¥, a set of linear equations can be
cell as an approximation. In (9 is the distance from point obtained from (9) for the solution of the electric field distribu-
B to a point on thenth cell ands,, is the surface of theth tion on the isolated surface. This can be written in matrix form

cell. The integration in (9) could be performed using quadr&dS

ture methods [32]. This however is time consuming. By using o

the method of approximating the area of each cell by a circle [Con][En] = [Er] (12)
of the same area, which was first proposed by Richmond [53 )

in dealing with electromagnetic (EM) scattering from dielectri¥nere £, = E.1(B) and Ep, = E2,(B) whenB is at the
objects, an analytical expression can be obtained. The compgDter of thenth cell

tation can be simplified further by the use of the spherical har-

monic expansion of expone(tjkop2)/p2 given in [48], [54] oo e~ Ikopmn (An — Do) F(wnm) (1 — cos(koan))

with the choice of the arbitrary origin to coincide with the center —7kopmn
of the nth cell, and withd = 7 /2 and®’ = = /2 for points on 0r ”
the ground surface. This gives ¢ IRobmm (An — Do) F (1) (Foan) s (koan)
—j/ﬂopmn sn 0 Wmn 0an )J1(Koln
—Jjkop2 g -
// e dS = — j2rk Z (2n' + 1)h£12,)(k0p3n) form #n (13a)
Sn p2 /_0
n ith mn — n mn — n
- P (0) P (0) / G (ko) ! (10) Wt P = i ANGWrr = w2y aNG
0
where Con = 14+ (A, — Ag)(1 — ijkoa”) form =n. (13b)
Jnr () andhff,) (x) spherical Bessel functions of order
/.
p 7& sendre function of the first king: T °7™ = 110N andn = 1to N, [Cp,,] is a square matrix. The
' (0) d_egen rebunctlon 0 t'n% |rstd |r;] ' inverse oflC,,,,,] exists. Hence, the vertical electric fields on the
PB,n Istance between point and the isolated surface can be obtained and
center of thenth cell;
an, radius of the circle having the same
area asS,,. [En] = [Crun] THED]- (14)

A numerical study of the series in (10) shows that for the numer-
ical examples to be presented in Section IV, the first term is atr, . <attered field due to the surface inhomogeneity at any

Ie/ast 30 t|me§ larger t_han the second Ferm which corre_spon_d &t outside the surface can then be evaluated from (8) orits
n' = 2. Keeping the first term as the first-order approximatio iscretized form

leads to the closed-form expression

e—Jikop2 e~ kopmn o N ikoppm
ds = — (1 = cos(koay,)) (11a) £ (B) = o Ao — A
! P2 PBn I%g zl( ) nz::l n jkoan ( sn 0)
- F(way,) (1 — cos(koay,)) (15a)

Alternatively using the physical optics approximation, the
distancep, in the phase term of the left-hand side (LHS) of (10)

can be approximated by ~ pp, — 7’ cos(¢’). The integration with the use of the first-order approximation of (11a) or, alter-

over the equivalent circular area then gives natively
e~ kop2 e—ikoprn 9p
// Py ds = Py ﬁ (koan)Jl(koan). (11b) N CijkopB”
. oo EXB) =S Ey—— (Agp — A
S. . . . ,.1( ) nz=:l jkOpF)"n, 0)
Numerical studies show that (11a) and (11b) provide good F(wan)(koan) T (koan) (15b)
" 2n 0ln j 21\ MOUn

approximations to the integratioff, (e=7%72 /p,)dS. The er-
rors are usually less than 1% with (11b) generally giving slightly
smaller errors than (11a). with the use of the physical optics approximation of (11b).
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Fig. 3. The exact distributions of the (a) real part and (b) imaginary part of the normalized surface impedance of a dry greyng witnde = 0.001 S/m
or A (P) =0.184527 4+ j0.140076 and the reconstructed distributions of the (c) real part and (d) imaginary part of the normalized surface impedance.

I1l. FORMULATION OF THE INVERSE PROBLEM OF RADIOWAVE ~ B. Iterative Reconstruction Algorithm

PROPAGATION OVER AN |SOLATED SURFACE
The task of the image reconstruction is to find the distribution

of A;(P) onthe isolated surface which produces the same scat-
A. Measurement Configuration tered fields agz*;**9) at the same poinB; with the same
transmitting position for ¢ = 1 to K andj = 1 to K. Since

In order to reconstruct the image of an isolated surface, whilf}f n"umber of measurements taken is not generally equal to the
is assumed to be inaccessible otherwise, a number of meas{j#nPer of unknowns,,, for » = 1 to IV, an exact solution of
ments of scattered fields around the isolated surface are requited’) €an hardly be found. The task may be reduced to find
to be made when the surface is illuminated sequentially witt?2 @Pproximated solution @k, (P), which m|n|m|ze? t,r)‘e dif-
number of waves from different directions. The arrangementf&ence between the measured scattered figfgs™*”” and
similar to that used in X-ray tomography or microwave tomoghe estimated scattered fields, denotedzas® " for i = 1
raphy [49], [50]. It is made in such a way that “multiviews” ofto K andj = 1to K as a result of the estimated distribution
the isolated surface can be created. For simplicity, it is assunf¥d?s(7?) for the same transmitting and receiving conditions.
that a total of K antennas are used. Each antenna is able Tbis can be made in an iterative manner to minimize the square
transmit and/or receive at a given time. The antennas are plagéthe second-order norms of the errors between the estimated
on a circle of diamete) enclosing the isolated surface withand measured scattered electric fields, or the cost function [55]
equal spacing aB; for j = 1to K, as shown in Fig. 2(b). Each defined as
of the K antennas will transmit in turn and receive in turn. This
will generate “multiviews” of the isolated surface and enable KK
the measurements of the scqttered fieldgdimdifferent “view  Fope (A% = Z Z W2
angles” to be made. When thith antenna acts as a transmit- i1 =1
ting antenna, the measurements of the scattered fiekddiaed KK )
points B, for j = 1 to K are denoted a&”;™**""%) for i = 1 =3y ‘Ejime‘”(“) — E5etGDT (1)
to K. i=1 j=1
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Fig. 4. Percentage error of the iterative process against the number of iterations for the dry ground surface.

There exist a number of mathematical techniques that can\Wwéen d,, and 3 are obtained, the values df¢*! can be up-
used in the minimization of (16) [55], [56]. Here, the steepesfated using (18), the iterative process will then be continued.
descent-based minimization technique is used. The searchTbe overall error estimation in each iteration can be made using
the approximated solution starts with a guessed distributiontbk following normalized root mean square (rms) error function:
APy or a set of guessed values afs*° for n = 1 to
N in the discretized form. The complex updating directibn ——
which combines the directions for changes in real and imaginary g s, meas(i, §) s, est(i, ) |2
parts, for eackA<>t° will then be determined so as to reduce the Z Z ‘Ezl — B
error in (16). The direction is chosen as the negative direction Fyy.., = == 1} =
of the complex slope when the real and imaginary partsgf L B ,meas(é, j)
are varied, respectively, from¢?*°. Using the differentiation ZZ ‘ ‘
procedures described in [55], it can be derived that

(21)
=1 j=1

K K The iteration terminates when the overall error measured using
v (21) meets the permitted error requirement or the required
D DI e L

rit number of iterations is reached.
=1 j=

where* denotes the complex conjugate of the function. Hence, IV.-NUMERICAL RESULTS

an updated value ak¢** would become The validity of the image reconstruction technique described
in Section Il will now be illustrated using the four following
isolated ground features: 1) dry ground; 2) wet ground; 3)
dry—wet mixed ground surface; and 4) dry ground with a central
water pool. In each case, the isolated surface is considered to
where is the step length determined from the minimization d?€ Surrounded by sea water and assumed to be confined within
the error function a circle of diameter of 300 m. The circular surface is divided
into five rings with 4, 12, 20, 28, and 36 segments, respectively,
from the innermost to the outermost rings, as shown in Fig. 2(a).
F(B) = Foos (A + Bd,,). (19) Thus, there are a total of 100 cells of equal area, with cells
being numbered from 1 to 100 anticlockwise from the inner
ring to the outer rings. The transmitting and receiving antennas
are located at 18 fixed points along a circle with a diameter of
D = 450 m. The frequency of operation is taken to be 1 MHz.
K K < N oV, )Nb At 1 MHz, the normalized surface impedance of sea water with
n)

AL = ADE + pd, (18)

It can be shown that

Re [ 3w [ > (- )8Re( a relative dielectric constaat. = 80 and conductivityr = 4

5 i=1 j=1 n=1 (20) S/m is_AO = 0.002 637 + jO._OO2 634. The measur(_ad scattered
K K 2 ’ fields in Section Ill, are obtained by using (15a) with the known

Z Z Z 78\11“ distribution of ground properties for each case. Initial guessed

i=1 j=1 |n=1 8Re(A n) values ofA,, required in the iteration process are taken to be
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Fig. 5. The exact distributions of the (a) real part and (b) imaginary part of the normalized surface impedance of a wet grayung Wittando = 0.01 S/m
or A (P) = 0.054239 4+ 0.051025 and the reconstructed distributions of the (c) real part and (d) imaginary part of the normalized surface impedance.

Ay for all cases, and the errors of reconstruction are evaluateduces monotonically as the number of iteration increases,
using the definition and an error less than 1% can be achieved after 12 iterations.

B. Wet Ground Surface

N

Z |A,, — Agxact|? The isolated wet ground used for the reconstruction has a rel-

n=1 22) ative dielectric constant af. = 10 and conductivityy = 0.01

N S/m for which the normalized surface impedancéigP) =

Z | Aggact|? A, = 0.054239 + 50.051025. The distributions of REA,,)

n=1 and Im(A,,,) are shown in Fig. 5(a) and (b), respectively, and
the reconstructed distributions of R&;,,) and IMA,,,) after

16 iterations in Fig. 5(c) and (d), respectively. Again, the distri-
A. Dry Ground Surface butions of both ReA,,,) and Im(A,,,) are well reconstructed.

The first isolated surface used to test the algorithm is d?&}‘e error of reconstruction is very similar to that for the dry
ground having a relative dielectric constantef = 4 and ground shown in Fig. 4, with the error falling below 1% after 12

conductivity o = 0.001 S/m, giving a normalized surface!térations.

impedanceA,(P) = A,, = 0.184527 + ;0.140076. The )

distributions of the real and imaginary partsaf,., RgA,,) ©: Dry-Wet Mixed Ground Surface

and ImA,,,), are shown in Fig. 3(a) and (b), respectively. The isolated ground surfaces in cases A and B above are
Using the reconstruction algorithm described in Section llgach homogeneous. A combination of dry and wet ground areas
the reconstructed distributions of Rk,,,) and In(A,,,) after generates an artificial mixed inhomogeneous ground surface.
16 iterations are shown in Fig. 3(c) and (d), respectively. Ther the half-dry and half-wet combination, the distributions of
distributions of both R@\,,,) and In{A,,) are well recon- Re(A,,) and IM(A,,,) are shown in Fig. 6(a) and (b), respec-
structed with an error of 0.7% evaluated using (22). The errtively. The reconstructed distributions of &e,,,) and InTA,,,)

of reconstruction for each iteration is shown in Fig. 4. The erraiffter 16 iterations are shown in Fig. 6(c) and (d), respectively,

Error=
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Fig. 6. The exact distributions of the (a) real part and (b) imaginary part of the normalized surface impedance of a half dry and half wet mixedishdace an
reconstructed distributions of the (c) real part and (d) imaginary part of the normalized surface impedance.

with an error of 13.7%. Due to the sharp change in the normdhe rest of the area. The electrical properties of water are taken
ized surface impedance between the dry and wet ground aréad)ave a relative dielectric constantgf = 80 and conduc-
the error of reconstruction converges slowly. A larger numbdévity o = 0.1 S/m, giving a normalized surface impedance of
of iterations is needed to achieve an improved accuracy. The(P) = 0.017029 + j0.01628 at 1 MHz. The dry ground
spatial “low-pass” filtering effect can be observed from the rdvas the same properties as that in Case A having a relative di-
constructed distributions. The sharp change has been smootleéettric constant of, = 4 and conductivitys = 0.001 S/m,
However, the image of the half dry and half wet ground can lee a normalized surface impedancef(P) = 0.184 527 +
seen from either the distribution of R&,,,) or Im(A,,,). 70.140076. The distributions of RgA,,,) and Im(A,,,) of the

The distributions of REA,,, ) and Im{A,,,) shown in Fig. 6(c) isolated surface are shown in Fig. 7(a) and (b), respectively.
and (d) are obtained without usirgpriori information of the The reconstructed distributions of &,,,) and Im(A,,,) after
ground properties. If the ground surface is known to be eith#6 iterations are shown in Fig. 7(c) and (d), respectively, with
wet or dry, this information can be fed into the algorithm aftesin error of 13.2%. Again, due to the sharp change in the nor-
a number of iterations. For instance, if the information is feohalized surface impedance between the water and dry ground,
into the algorithm after 16 iterations, the algorithm is able to réhe reconstruction converges slowly. The spatial “low-pass” fil-
construct the exact distributions of both(Re,,,) and Im(A,,,) tering effect can also be observed from the reconstructed dis-
after one further iteration, which are the same as those showrtributions, with the sharp change appearing in smoothed form.
Fig. 6(a) and (b). The error evaluated using (22) is then effddowever, the image of this circular water pool in the dry ground

tively zero. can be seen clearly from either the distribution of Rg,) or
) Im(A;,).
D. Dry Ground with a Central Water Pool Again, if the ground surface is known to be either dry or full

The discontinuity in ground properties in case C above o6f water, thisa priori information can be fed into the algorithm.
curs in the azimuthal direction of the isolated surface. In thi¢/hen this is done after 16 iterations, the algorithm is able to re-
present case, the algorithm is to be tested for a discontinuitydanstruct the exact distributions of both(Re,,) and IN{A,, ),
the radial direction. The isolated surface is composed of a wa&srshown in Fig. 7(a) and (b), respectively, after one further it-
pool, with a diameter of 120 m at the center and dry ground &vation.
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(a) )
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Fig. 7. The exact distributions of the (a) real part and (b) imaginary part of the normalized surface impedance of a dry land with a center wateh@ool and t
reconstructed distributions of the (c) real part and (d) imaginary part of the normalized surface impedance.

V. CONCLUSION useful in the reconstruction process and it can become impor-
tant when a highly accurate distribution is to be obtained with a
small number of iterations.

In this paper, a technique for the tomographic imaging of iso- The study presented in this paper shows a new application
lated ground surfaces is illustrated for the first time using botf the theory of ground wave propagation. It may be useful in
the theory ground-wave propagation and the measurementgifund surface mapping, remote sensing, target positioning and
scattered fields around the isolated surfaces with different tramsenitoring, and navigation.
mitting positions. These images are generated from the recon-
structed distributions of the real and imaginary parts of the nor-
malized surface impedance on the isolated surfaces.

It has been demonstrated through the simulation of four dif- The author would like to thank the reviewers for their com-
ferent ground features that the distributions of both real af@gents and, in particular, for their suggestion of the physical op-
imaginary parts of the normalized surface impedance can be'igs approximation leading to (11b), which may be used as an
constructed using the minimization technique, and the steep@égrnative to (11a). The author would also like to thank Prof.
descent search method. The reconstruction process has made M- Maclean for his comments and suggestions toward the
use of the first order approximation of the spherical harmonf®al preparation of this paper.
expansion oexp(—jkgp2)/p2, which is shown to be effective.
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