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Loop Antennas with Uniform Current in Close Proximity
to the Earth: Canonical Solution
to the Surface-to-Surface Propagation Problem

2 3
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Abstract—In a recent study, the classical problem of a large circular loop antenna carrying uniform
current and situated at the Earth’s surface has been revisited, with the scope to derive a totally analytical
explicit expression for the radial distribution of the generated magnetic field. Yet, the solution arising
from the study exhibits two major drawbacks. First, it describes the vertical magnetic field component
only. Second, it is a valid subject to the quasi-static field assumption, which limits its applicability to
the low-frequency range. The purpose of the present work is to provide the exact canonical solution
to the problem, describing all the generated electromagnetic field components and valid in both the
quasi-static and non-quasi-static frequency regions. These two features constitute an improvement with
respect to the preceding solution. The canonical solution, which is obtained by reducing the field
integrals to combinations of known Sommerfeld integrals, is seen to be also advantageous over the
previous numerical and analytical-numerical approaches, since its usage takes negligible computation
time. Numerical simulations are performed to show the accuracy of the obtained field expressions and
to investigate the behavior of the above surface ground- and lateral-wave contributions to the fields in
a wide frequency range. It is shown that in the near-zone the two waves do not predominate over each
other, while the effect of the lateral wave becomes negligible only when the source-receiver distance is
far greater than the skin depth in the Earth.

1. INTRODUCTION

In the last decades, large circular loops of wire have found extensive application in a number of fields of
scientific and technological interest, including radio communication, radio remote sensing, geophysical
prospecting, amplitude modulation broadcasting, radio direction finding, diathermy. Correspondingly,
a large body of literature has been dedicated to the study of the radiation from these sources [1-24], and
many approaches have been proposed for accurately evaluating the integral representations describing
the generated EM field components. A portion of the published papers deals with sources carrying
uniform currents, either lying in free-space or in presence of stratified material media [1-4,7,9,10, 12].
Even if contributions in that direction are naturally tailored only to electrically small loops, their validity
may be extended to loops of any size relative to the wavelength, provided that the feed system can ensure
a nearly uniform current distribution along the wire. Different techniques make it possible to obtain this
result, and most of them have been known since 1940s [1,24]. The simplest method consists of dividing
the periphery of the antenna into segments that are short in comparison with the wavelength, and
driving such segments in parallel by means of radial transmission lines [1]. In spite of the simplicity of
the antenna geometry, exact analytical explicit expressions for the radiated fields are, to date, available
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only for the free-space case [1-3,9]. When, instead, the circular loop is located horizontally above or on
ground structures, integration of the field integrals becomes difficult and impractical. Explicit solutions
can still be derived, but are either valid subject to restrictive assumptions (on the operating frequency
or the observation points, for instance), or are accurate everywhere but not completely analytical, and,
as a consequence, time consuming. Examples of the former are the small-loop approximations for the
fields [25,26] and the quasi-static approximation for the vertical magnetic field [16], valid only in the
near zone of the antenna. On the other hand, excellent illustrations of the latter are the series-form
representations arising from applying digital filter technique [4, 18,22] and Newton’s method [10, 12],
which, before being used, require the a-priori computation of a large set of numerical coefficients.

The present work focuses on the derivation of the complete canonical solution to the problem
of a large horizontal circular loop antenna carrying uniform current and lying on a conducting semi-
infinite half-space. The surface-to-surface propagation case is considered, and the solution is derived
through a totally analytical procedure, which permits to rewrite the field integrals in a form that
involves only previously evaluated Sommerfeld Integrals. As a result, both the electric and vertical
magnetic fields are given as sums of two terms, each one consisting of a series of spherical Hankel
functions of the second kind. The two terms describe the contributions of the above-surface ground
wave and lateral wave generated by the loop. Instead, the radial magnetic field component is expressed
in terms of modified Bessel functions. It is easily understood how useful physical insight can be gained
by investigating the expressions for the field components, and this, combined with the possibility to
rapidly perform any parametric analysis, makes the derived solution advantageous with respect to any
numerical simulation tools employed to solve electromagnetic boundary value problems. Moreover, the
obtained solution permits fast and accurate calculation of the radiated fields regardless of the operating
frequency and the position of the field point, and without requiring the a-priori computation of a set
numerical coefficients. This makes the solution advantageous over any previously published approach
to solve the same problem [4, 10,12, 18, 22]. Finally, a glance at the far-field asymptotics of the solution
reveals that ground and lateral waves have the characteristics of cylindrical waves travelling in the
positive radial direction. Their analytical expressions are formally similar to those describing the fields
of the loop in free-space, except for the functional dependence on the inverse of the radial distance,
which is quadratic rather than linear. This feature is expected, since it has been previously observed for
small loops [25], and contributes to validate the developed theory. Numerical simulations demonstrate
how in the near-zone of the source ground and lateral waves do not predominate over each other, while
the effect of the lateral wave becomes negligible only when the distance of the field point from the loop
axis is far greater than the skin depth in the conducting medium.

2. PROBLEM FORMULATION

The geometry of the circular loop and the electromagnetic parameters of the plane conducting semi-
infinite half-space are illustrated in Fig. 1. For simplicity, only the portion of half-space that lies in
close proximity to the circular loop is depicted. The emitter lies at the air-medium interface, has radius
a, and carries a current equal to Ie/“!. On the other hand, the dielectric permittivity and electrical
conductivity of the medium are indicated with €; and o1, respectively, while the magnetic permeability

Figure 1: Thin-wire circular loop antenna on the surface of a single-layer conducting medium.
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is assumed to be everywhere equal to that of free space p. It is well known [7] that the circular loop can
be represented by a uniform magnetic current distribution over the in-loop region of the interface, that
is by a distribution of magnetic dipoles lying inside the loop. This allows to express the generated field
components in terms of an electric vector potential, resulting from the superposition of the infinitesimal
contributions associated with the dipoles. In the air space, it reads [7]

E=-V xF, (1)
H = —jwepF + - V(V-F), (2)
Jwhto
where the vector potential F' is given by the superposition integral [27,28]
F(r)= [ Gr(rlp) -dm. 3)
S

being r = pp+ zZ the generic field point, dm the moment of the magnetic dipole at the point p’ = p’p’,
located at the z = 0 plane, and G r (r|p’) the three-dimensional dyadic Green’s function corresponding
to F. Finally, S is the circular surface delimited by the edge of the loop. Notice that G includes the
effects of the material medium, and its physical meaning is as follows. The generic scalar component
G% is the s-component of the vector potential at the field point r produced by a unit-moment ¢-directed
magnetic dipole placed at the source point p’ [28]. For the horizontal loop case, the equivalent magnetic
dipoles are directed along the z-axis, and, as a consequence, dm = IdS’ 2. Hence, Eq. (3) simplifies to

F(r)= I/SG% (r|p’) dS’, (4)

where G is the third column of G r, that is the field due to a unit-moment z-directed point source. It
should be observed that vertical orientation of dipole sources makes the configuration of the problem
symmetrical. This implies that currents in the conducting medium flow only horizontally, and there is
no vertical component of the electric field [7]. Thus, the electromagnetic field is transverse electric (TE)
with respect to z, and, in virtue of Egs. (1) and (4), the components F, and Fy, as well as G and
G%Z, must be identically zero. Equation (4) turns into

F(r)=1 [/S G (rlp) ds'} 2, (5)

where G7 is well known and given by [7]

iw 00 p—ugZ
G (rlpf) = L2 /0 o (Ao = ') A, (6)

being J,(-) the nth-order Bessel function, and

Up = /A2 — k2, Reluy,] > 0, (7)

k2 = —jwpo (o + jwen) - (8)
Interchange of the order of the integrals in Eq. (5), and use of the tabulated result [7]
2ma
/ Jo (Np = p'l) dS' = 22241y (Ap) J1 (M) (9)
S
allows to express F as
00 U2
F = jwpol Jo(Ap) J1(Aa)dA| 2. 10
emnta | [~ £ hn) 2i00) (10

It should be observed that Eq. (10) describes the difference between the total field reflected by the
material medium and the ideal reflected field, that is the field of an ideal negative image loop [12]. In
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fact, when the source lies at the air-medium interface, the image field exactly compensates the direct
field generated by the antenna.

The present work is focused on the derivation of the canonical solution for the non-null field
components E,, H,, and H, at the air-medium interface (z = 0%). The derivation consists of casting
the integral representations for F, and H, into forms involving only previously evaluated Sommerfeld
Integrals. Once the two field components are written in explicit form, an analogous explicit expression
for H, can be deduced by applying Faraday’s law.

Use of Egs. (10) in Egs. (1) and (2) allows to obtain, after performing the derivatives, the following
representations for £, and H,

—upz

e
E,= —jwuel J1(Ap)J1(Aa)AdA 11
o= —dwmla | e A (AN (1)
ooqu—uoz
H,=1 ——J1(Ap)J1(Aa)AdA, 12
o= [ R 091 0) (12)

which, after multiplying the numerator and denominator of the fractions under the integral signs by
(up — u1), may be further simplified to

Jwuola
Bp= =7 (R = P1), (13)
1= %o
Ia
H,=——— — 14
p k% — k% (QO Q1)7 ( )
being
P, — / e % T (Ap) Ty (Aa)AdA, (15)
0
Q, = / Uotine "% Ty (Ap)Ji (Aa)AdA. (16)
0
Next, use of the identity [29, 11.41.17]
1 s
T€) Juw) = = [ o () cos o, a7)
where
0= +y? -2 cos g, (18)
makes it possible to rewrite Egs. (15) and (16) as
P, = l/ COS(;S/ upe "% Jo (AR) AdA do, (19)
T Jo 0
1 K o0
Q. =+ / cos & / Uotine "% Jy (AR) AdA do, (20)
0 0
with
R =/p?+ a2 — 2ap cos ¢. (21)

To evaluate the P,’s it is convenient to replace u, in (19) with

82 e—“nC
w= e (%)) m)

and, after taking the limit as z—0", make use of the Sommerfeld Identity [30, p. 9, no. 24]

/OO e_un< e—jkn\/ R2+<2
0

Jo (AR) AdA =

Un VR
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so as to obtain

1 82Sn>
p==(%2n) 24
ﬂ(a@ . (24)

with
7 e—jkn\/RQ—-i-C?
The explicit form of Eq. (25) is tabulated in [3, (53)—(56)]. It reads
et S 0 D
— I =D (ky/r2 + C2)2-1

being hl(z) (+) the lth-order spherical Hankel function of the second kind and r = y/p? 4+ a2, and, as a
consequence, Eq. (24) turns into

P = gt S a2 T O By a7 5 8
n = =] e (I =D 967 (kP2 4 (2)AL

On the other hand, combining Eq. (7) with the Bessel differential equation [31,32]

S, = cos ¢ do. (25)

(26)

2. (k2a 2)* " b2 (ke
-y ?Zn(r)?l)' 27

(=0 =1

02 10 )
<W+E@+>\ >C’0(>\R) =0, (28)
where Cy (+) is any zeroth-order Bessel function, leads to the equation
uz Jo(AR) = — <a_2 (Lo, ki) Jo(AR) = —L, [Jo(AR)], (29)
OR?  ROR
which may be used in Eq. (20) to give, in the limit as z—0", the expression
Qn = %/OW cos ¢ LoLy, {/Ooouolun Jo (AR) )\d)\} do. (30)
Evaluation of Q) is straightforward. In fact, from [30, p. 11, no. 45] it follows that
/0 ooui%Jo (AR) Ad) = Ko (koR) . (31)

where Ky(-) is the zeroth-order modified Bessel function of the second kind. This implies that Qg is null
since, in virtue of Eq. (28), Lo[Ky (koR)] = 0. Finally, @1 may be evaluated by proceeding as follows.
First, use of the well-known result [30, p. 8, no. 17]

/0 mﬁ Jo (AR) MX = Kq (aR) Iy (BR) (32)

where Ij(+) is the zeroth-order modified Bessel functions of the first kind, and
a:j(k1+k0) J (k1 — ko)

=, =B (33)
makes it possible to simplify expression (30), written for @1, to
1 ™
1=~ [ Lola Ko (aR) Iy (3R)) cos s do
0
204252 ™
= 2 [ 1K (0R) B (R) = Ko (aR) Ty (R)] cos s do, (34
0
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Next, use of the relation [29, 11.41.17]

Ko (€)1 () = = [ Ko ) cosmo o (39)

permits to rewrite Eq. (34) as

202 ™ ™ 2132 ™
0, = 20; f /0 (cos2¢' — 1) /0 Ko (0R) cos ¢ dop d¢' = zaf /0 K (6p) I (0a) (cos2¢’ — 1) d¢/
232
_2a ﬁ 0 / K1 (6p) Ip (0a) (cos2¢’ — 1) d¢, (36)
being
§=+/a2+ 32 —2afcos¢'. (37)

The last integral in Eq. (36) is written in a form suitable for application of addition formulas [29, 11.41.8]
and [29, 11.3.7], namely

== W Z Fmlp (cos o), (38)

Iy (0a) = go(a) + 2 Z a) cos ¢, (39)
with
fm(p) = m Ky, (ap) I (Bp) , (
gi(a) = I; (aa) I; (Ba) (41)
1

and where C\ (cos¢’) denotes the coefficient of §™ in the expansion of (1—26cos¢’ +6?)  in
ascending powers of 0. It yields

40)

- 2f Z 2 S ). (42)
m=1
being
/ C COS(;S (cos 2(;3’—1) d¢’, =0,
(43)

/ 1 (cos ¢') (cos2¢'—1) coslg’ d¢', 1> 0,

and, since it holds

, m=10-1, [ >1,
Qm =4 —m, m=1+1, (44)
0, elsewhere,

one obtains

Q1= 4(;6[ 990 + ) (=D (firr — fie 1)8gl : (45)
=1
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where the dependences of f; and g; on p and a have been omitted for better clarity. Finally, applying
the recurrence relations for the Bessel functions [31, 9.6.26-9.6.28] provides the explicit form of the
a-derivatives in Eq. (45), that is

dgo 2 2 | 42 Jg2

0 = aja [(e® + B8%) g1 + 2aBg2] + Ba (46)
0 afa

—a“zl = Qﬂl (G-1—gi+1),  1>0. (47)

Substitution of Egs. (27) and (45) in Egs. (13) and (14), respectively, gives rise to

n=1
B — wupla Z k:2 /2)2l ! hg) (knr) (48)

12 40{5 l (kn'r)2l L ’

la |, 990 < ! g
H,y="2|p20 ~1 — )& 4
= [fl 9a +z:1( ) (frr = fie1) 5| (49)
while from Eq. (48) and Faraday’s law, namely
1
H=-——VXE, (50)
Jwho

it follows that

1 la(pEcp)_jIGQ{ Z k2a9/2) [hé? (k) (kup)? B (k"r)”n:l, (51)
n=0

H,=-

jwpop  Op  4dap [(I—1)! (ki) 9 () 2L

where {Xn}zz(l) indicates the difference X; — Xy. It should be noted that the two contributions in
Egs. (48) and (51), corresponding to n = 0 and n = 1, are related to the branch-cut integrals arising
from deforming the integration path in Eq. (11), so that it is wrapped around the branch lines running
from ko and k;. As such, the two terms describe the above-surface ground wave (associated with ko)
and the lateral wave (associated with k7). Analogously, Eq. (49) is the result of the analytical evaluation
of the branch-cut integrals originating from Eq. (12), even if one cannot distinguish the contributions
of the two waves to the total H-field.

In the far-zone of the antenna, the above-surface ground wave and lateral wave have the
characteristics of cylindrical waves travelling in the positive p-direction. The corresponding analytical
expressions may be obtained from Eqs. (48), (49), and (51) by assuming p > a, r = p, and |k,|p > 1.
This allows to replace the spherical Hankel functions in Eqs. (48) and (51) with their asymptotic
expansions for large arguments, that is

e —jknp
h (kar) 2h® (knp) =T (52)
and to express the E, - and H.-fields as
. Jwnola k]!
Bp - [k;njl (kna) e LZO, (53)
H,~— La {k:2 [1pJ1 (kna) — aJdy (kpa)] e_jk”p}n:1
z 404ﬁ,03 n n 0 \F’rn =0
~ an 9 ik n=1
= ki Jy (kn Jhnp 54
g K ey e (54)

where use has been made of the identity

= —1)! kna\ 2
Ty (kpa) = z'((z+7)m)'<7> . (55)
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On the other hand, introducing the asymptotic expansions of the modified Bessel functions for large
arguments, namely [26,33, 34]

PP + (=1)ljePr

I = , 56
1(Bp) 27 8p (56)
™

Ki(ap)=, [ ——e ™"

ap)=, [, 67)
makes it possible to rewrite f; (p) in the form

o~ —jkop —1) eIkt 58
)5 [ o (—1) eI (58)

and express Eq. (49) as

a 00 = i O -
Hpg%;w {e‘ﬂ’“op% [go (a) + 2;(—1)lgz (a)] — jeT Mo [90 (a) + 2;91 (a)] } (59)

The quantities in the square brackets of Eq. (59) coincide with the right-hand side of Eq. (39), provided
that it is assumed ¢’ = 0 and ¢/ = 7, respectively. Thus, use of Eq. (39) in combination with Eq. (33)
leads to simplifying Eq. (59) to

n=0

~ la ~ la

2p2%\/af et 20%Vaf
Expressions (53), (54), and (60) tell us that the far-field results from the interference of two sinusoidal
waves, which propagate with the wavenumbers ko and k; and decay as 1/p? with increasing p. It should
be noted that the presence of the material medium has the effect to change the p-dependence in the
field expressions, from 1/p to 1/p2. In fact, the non-null far electric and magnetic field components of
the circular loop in free-space are given by the formulas [2]

[k (ha) =00 i (60)

n=0

ik O .
H, [] e Jk"p%IO (]kna)}

> gw,uola

Jl (k‘oa) e—jkop’ (61)

ko
H=—F 62
Twpe 7 (62)
which, except for the 1/p dependence, are formally similar to each of the two terms in Eqs. (53) and
(54). This feature is expected, since it has been previously observed for small loops [26].

3. DISCUSSION

To test the correctness and accuracy of the developed theory, expressions (48), (49), and (51) are applied
to the computation of the frequency spectra of the E -, H,-, and H-fields produced on the top surface of
a homogeneous clay soil by a circular loop, 100/7 m in radius, which carries 1 A of current. The electrical
conductivity and dielectric permittivity of clay are taken to be o1 = 25mS/m and ¢; = 10¢ [35-38],
respectively, while the field point is located at distance p = 1000/7 m from the loop axis. The field
components are computed at 200 frequency points, distributed in the range comprised between 100 Hz
and 40 MHz. The obtained results, depicted in Figs. 2—4, are compared with the data provided by
numerical integration of Egs. (1)—(10). Quadpack library included in the Slatec mathematical libraries
is used to perform numerical evaluation of the field integrals.

Each solid or dashed curve of Figs. 2-4 is associated with a specific index [ at which the sums in
Eqgs. (48), (49), and (51) are truncated. As is seen, the convergence of the proposed solution is fast, since
it suffices to use sums made up of 11 terms (for E, and H.) and 14 terms (for H,) to achieve curves
that are in excellent agreement with the exact numerical data. Fast convergence rate is associated with
low computation time. For instance, on a single-core 1.8 GHz PC, computation of the spectrum of |E|
takes only 7s, which is a negligible time cost if compared to that of Gaussian quadrature, that is about
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102 . . . . 10 . . . .
a=100/r m

103 | a=100/r m ] =10a
p=10a ) ;=25 mS/m
’\é | =25 mS/m i € 3
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numerical o T . 6] . RN )
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=8 -eooeeee ' ' =8 -----
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Figure 2: Amplitude-frequency spectrum of E,,  Figure 3: Amplitude-frequency spectrum of H,,
computed at distance p = 1000/7 m from the loop  computed at distance p = 1000/7 m from the loop

axis. axis.
107 , , , ,
a=100/r m
10 p=10a £
............ . =25 mS/m
6 |
. ATV
< .
= 107t numerical o |
— =6 -----
I 80 * =7 oo ]
10 N =11 ——
i ‘ '\ quasi-static —-—--
109 | o "~ 3
10710 ‘ . ‘ . T
102 10° 10* 10° 10° 5 101520253035 40
Frequency (Hz) Frequency (MHz)

Figure 4: Amplitude-frequency spectrum of H,, computed at distance p = 1000/7 m from the loop axis.

412s. It should be noted that Fig. 4 also illustrates the behavior of the quasi-static approximation of
H,, published in [16]. From a comparison with the outcomes from Eq. (51), truncated at { = 11, it
emerges that beyond 100 kHz the quasi-static trend and the exact curve start to diverge. In particular,
the quasi-static approximation for H, is valid up to about 210 kHz, where the relative percent error
resulting from using it rather than Eq. (51) is equal to 10 % (the generated outcome is 3.4-1078 A /m
instead of 3.8 - 107% A/m).

Figures 2-4 show that the spectra of |E,|, |H,|, and |H| start to oscillate at frequencies higher
than 1 MHz. The oscillatory trend is due to the fact that, at high frequencies, the field point enters the
far-zone of the antenna, where, as will be clarified later, the ground wave predominates over the lateral
wave. The consequence of this is that, according to Eqs. (53), (54), and (60), the frequency spectra of
the field components are dominated by the Bessel function J; (kpa), which, in turn, may be confused
with its asymptotic approximation for large arguments, because the antenna has become electrically

large (kpa > 1). It reads
2 T
Ji (koa)=y o sin (k‘oa - Z)’ (63)

and the amplitudes of |E,| and |H,| assume the forms

~whol [koa .
|Ey,|= i \/ ‘sm koa )

ko
H, |~2—|FE_|. 64
: |H.| UJHO| ol (64)
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Expressions (64) tell us that the period of the high-frequency oscillatory patterns shown in Figs. 2—4
can be calculated by equating 2kpa to 27, and then solving for frequency. For a = 100/7 m the period,
which will be referred to as f, is equal to
8
Fo— bt 3y v, (65)
2a./Ho€o 200
a value that is in agreement with the plotted curves.

As anticipated above, at frequencies higher than 1 MHz the effect of the lateral wave is substantially
negligible. This aspect is pointed out in Fig. 5, which shows the spectra of the ground- and lateral-wave
contributions to the H,-field in a frequency range comprised between 100 Hz and 100 MHz, together
with the total field (denoted by points). The electromagnetic parameters of the medium, as well as the

1o 2510° 101 ‘
2 a=100/r m
10-5 bood ;'O i 10 3 p=10a
oo | 61:=a/5 103 L lossless medium
=3 ! E
aw
3 10.7 L i 10-4 Lo W eeeemeeens
= ~ total
I B ! £ 5
108 ¢ | a=100/r m 10" poooooooo®
gla .......... ‘ =10a .
10° ol o ‘ =25 mS/m 107 ¢
10-10 2 ‘3 ‘4: ‘5‘ ‘6 ‘7 8 10-7 3 ‘4 ‘5 ‘6 ‘7 8
10 10 10 10 10 10 10 10 10 10 10 10 10
Frequency (Hz) Frequency (Hz)

Figure 5: Amplitude-frequency spectra of the  Figure 6: Amplitude-frequency spectra of the
total H,-field and its ground-wave (gw) and  total H,-field and its ground-wave (gw) and
lateral-wave (lw) components, computed at p =  lateral-wave (Iw) components, computed at p =
1000/7 m. The conductivity of the medium is  1000/7 m. The medium is assumed to be lossless.
o1 = 25mS/m.

position of the field point, are taken to be the same as in the previous examples, and computations
have been performed truncating the infinite sums in Eq. (51) at [ = 11. As is seen, at extremely low
frequencies the lateral wave interferes destructively with the ground wave, and, as a result, the total field
strength is about one order of magnitude smaller than those of the two contributions. When frequency
is increased, the lateral-wave field rapidly diminishes in magnitude, and this is strictly related to the
reduction of the skin depth §; in the conducting medium. In particular, the lateral wave does not affect
the total field if d; is far less than the distance of the field point from the edge of the loop (|p—al). This
happens, for instance, at the frequency of 250 kHz, when 6; = a/5 and p — a = 9a = 4541, as shown in
Fig. 5.

Following this rationale, increase of d; through a reduction of ¢ can mitigate the attenuation of
the amplitude-frequency spectrum of the lateral wave. Thus, in the limit as §; —o0, corresponding to a
lossless medium, the lateral wave is expected to exist even in the far-zone of the antenna. Confirmation
of this expectation is provided by Fig. 6, which shows the frequency spectrum of |H,| obtained under
the assumption of lossless dielectric. As is observed, at high frequencies now the lateral wave not only
significantly affects the total field, but offers the most important contribution.

To better understand the dependence of the lateral-wave strength on the distance from the edge of
the loop, expressed in skin depths, it suffices to take a glance at Fig. 7, which depicts the amplitude of the
total H,-field against p at 250 kHz (solid line), together with those of the two wave contributions (dashed
line and points). The conductivity of the medium has been diminished by two orders of magnitude,
from o1 = 25mS/m down to o1 = 0.25mS/m. As is seen, at distance p = 1000/7 = 10 a from the loop
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axis the effect of the lateral wave is no longer negligible with respect to that of the ground wave, and
this is in agreement with Eq. (54), which provides the following estimate of the ratio between the two
contributions

_ 2P K (Fia)
|HZ"| " k§J1 (koa)

The proximity of 7 to unity is to be attributed to the fact that p — a is only 4.5 times the skin depth d1,
which is now equal to 2a. To reduce 7 down to at most 0.1, so as to obtain an ineffective lateral wave, the
source-receiver distance p must exceed 580 m, which corresponds to 18.2 a. Thus, the lateral-wave field
may be considered really negligible when p —a > 17.2a = 8.6 41, that is, in general, when p — a > d;.
For instance, as clearly highlighted by Fig. 7, this occurs when p —a =20a = 106;.

le=7kp| == 1.1, (66)
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Figure 7: Amplitude of H, versus source-receiver distance, computed at the frequency of 250 kHz.

Finally, Fig. 7 also depicts the p-profile of the H,-field arising from the vertical magnetic dipole
(i.e., small loop) approximation published in [26]. The fact that, when p is significantly greater than a,
the outcomes from the proposed and small-loop solutions are substantially overlapping, contributes to
validate the developed theory.

4. CONCLUSIONS

This work has focused on the classical problem of a large circular loop antenna carrying uniform current
and situated at the Earth’s surface. For such a problem, a totally analytical solution for the surface-
to-surface propagation case is currently available, which is valid in the quasi-static frequency range
and for the vertical magnetic field component only. In an attempt to overcome the limitations of this
approach, the present work has proposed a procedure that allows to derive the exact canonical solution
to the problem. The canonical solution describes all the radiated field components, and is valid in both
the quasi-static and non-quasi-static frequency regions. Numerical simulations have been performed to
illustrate the advantages of using the obtained expressions for the fields. It has been shown how the
amplitude-frequency spectrum of the vertical magnetic field arising from the canonical solution is highly
accurate, and that, in the considered examples, the quasi-static approximation fails at frequencies higher
than 210kHz. It has been also shown that computational cost of the canonical solution is negligible
with respect to that of numerical techniques commonly used to evaluate Sommerfeld-type integrals.
Finally, the field components are given in a form that makes it possible to separately study the above
surface ground- and lateral-wave contributions in a wide frequency range.
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