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FOREWORD

This report OSURF number 2467-‘2, was prepared by the Electro-
Science Laboratory, Department of Electrical Engineering, The Ohio
State University at Columbus, Ohio. Research was conducted under
Contract F44620-67-C-~0095 of the Air Force Cambridge Research

Laboratories at Bedford, Massachusetts. Dr. John K. Schiadler was
the Program Monitor for this research.
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ABSTRACT

The transient fields produced by vertical and horizontal electric
dipoles with impulsive current excitation in the presence of a half-
space are considered. For special source and chserver confignrations,
exact, closed form expressions for the fields produced by impulsively
excited dipoles above a nondispersive half-space are given. For the
dispersive case, estimates of the transient fields from asymptotic
approximations are given. A knowledge of the interactions of dipole
antennas and a half-space is useful for studies of the background return
from the half-space and for studies of the scattering by small targets
on or near the half-space.
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THE TRANSIENT FIELDS OF DIPOLE ANTENNAS IN THE
PRESENCE OF A DIELECTRIC HALF-SPACE

I. INTRODUCTION

When a radar target is located on the ground under a vegetation
canopy, its scattering characteristics can be greatly altered from those
of the same target in free space. The ecology of the ground and vege-
tation constitute a single entity but it is more convenient to consider
separately the effects of the ground and vegetation cover. A Rayleigh
region leaf model of the vegetation canopy has been developed, ! ang
calculations of the effective constitutive parameters in the 30 to 300 MHz
range obtained. In this frequency range the affects of the ground can
often be estimated by treating the ground as a smooth dielectric surface.
It is appropriate therefore to consider the fields produced by dipole
antennas in the presence of a half-space. Since the dipoles may be
used to represent either sources or small scatterers, a knowledge of
the interactions of the dipole with the half-space yields estimates of
both the background return from the ground and the effects of the ground
on the scatitering characteristics of a target.

A general transient excitation of the dipoles is considered because;
(1) a knowledge of the ground returr for a general transient excitation
may prove useful in deciding what specific interrogating waveform or
frequency spectrum will minimize the problems of background return,
and (2) a general extension of the time domain concepts developed for
iree space targets? to the problem of targets located in a natural
environment is being studied.

The {irst two sections of this report consider, respectively, the
transient fields of vertical and horizontal dipoles above a nondispersive
half-space. For the vertical dipole, exact, closed form solutions for
the transient fields when the dipole is impulsively excited are given
when the observer is on the vertical axis containing the source dipole
or when both source dipole and observer are on the interface. These -

. results are carried out from an anisotropic half-space where the medium
has a uniaxial permittivity. For the impulsively excited horizontal dipole,
exact, closed form solutions when the observer ic on the vertical axis
containing the dipole are given. For simplicity, these results are re-
stricted to an isotropic half-space and observation points above the half-
space. These simplifications are not necessary, however, and the re-
sults can be extended to an anisotropic half-space and observation points
in the lower medium.




If the half-space i3 lossy or stratified, exact solutions for the
transient fields are not possible. The third section of this report con-
siders long and short time estimates of the trarsient fields obtained
. from quasi-static and acymptotic approximations. Both analytical esti-
mates and a Fourier synthesis technique? are used to illustrate some of
the effects of a finite conductivity on the transient waveforms.

The final section of the report discusses practical applications of
the theoretical results in predicting the effects of the ground on the scat-
texing characteristics of targets located on the ground. A theoretical
modei for the scattering by targets located on or above the ground,
including interactions, is described. A linear difference equation for

the transient waveforms is illustrated, and the application of this
difference equation in a detection and discrimination scheme is shown.
Research on the problem is continuing on Contract F19628-67-C-0239,
and additional results will be reported there.

I. VERTICAL ELECTRIC DIPOLE

A vertical electric dipole located at a height h above an anisotropic
half-space is shown in Fig. 1. It is assumed that the half-space z > 0 is
free space and the half-space z < 0 is a uniaxial material with a complex
conductivity tensor

oy O 0
(1)_ (0')= (0 D'h 0 )
A .0 0 o

where

The subscripts h and v refer to the horizontal and vertical directions
respectively. The problem corresponds to that considered by Wait®
when the anisotropic intermediate layer considered by Wait has an
infinite depth. It can be shown that* for the special case of a nondis-
pérsiv_e half-space, i.e., a half-space which can be characterized by
frequency independent indices of refraction ny and ny, and an observa-
tion point located on the z axis (directly above or below the source
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Fig. l. Dipole over anisctropic half-space.

dipole) that the real time-dependent electric field corresponding to an

excitation of the source dipole of length ds with a current I5(t) is given
by

~ -1 +h
2 ES (z,t) = _1ds 2 ™ b(t 218 i D(z, t (-Eﬂl)
&l °z( ) 4mey(z+h) [c(z-l-h) np+1 c D(z, tha c

where the dipole is of length ds and the quantity D(z, t) is given by

2npn —2 .5
(3) D(z,t)=_._l_‘_..‘.’_ .B[T T_+4TA s T
(z+h)*B® A A A AS
2T 2T F
: \(1-T% - Z=(1- S o 21+ =
where
€, A
T TR e
N O
—
h A
- 2 2 — =
A= |n, -14+T flh—\eo » h 0




-

B=nmpbT+A , and
F": nvnh'f 3 A .

Ia Eq. (2), the direct term, i.e., the term present in the absence of
the half-space, has been removed and the observation point is re-
-stricted to th¢ half-space z > 0. The refractive indices np and n, are
defined respectively by the ratio of hcrizontal or vertical propagation
constants to the free space propagation constant. The scattered or
interaction field in Eq. (2) is exact for a nondispersive half-space and
an observation point on the vertical axis.

The initial and final values of the expression in Eq. (3) are easily
obtained as

- e z - -
(4) D(z. z+h) =_2 J tonlny Iz) + "h !
c (z+h)? [ny{nn+1)] ny+1

and

Z nhnv - l
5 D z’ m ’ : ° [ ]
b S (z+h)* nhny+1

D(z,t) in £q. (3) is a monotonically decreasing function with a time
constant reoughly equal to z+h/c. Thus while the expression in Eq. (2)
is not simple, the resultant waveform is a relatively simple function
with an initial singularity and jump discontinuity and then a smooth
decay to the final value. A sketch of the waveform of Eq. (2) is shown
in Fig. 2.

For the special case of a perfectly conducting lower half-space
{nv = nh - (D)

z+h
ofr-=2]
(6) B olzt)=_ 18 | 15 [t ] _ﬂz] +
2meo(z+h)? c c z+h ’

which agrees with an image theory solution.
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Fig. 2. Sketch of transient field of inipulsively excited
vertical electrical dipole above half-space.

Observation point on vertical axis above half-
space.

The background return from the anisotropic half-space is given
by setting z = h in Eq. (2). Note that this result may also be viewed as

the interaction of a vertical electric dipole at a height, h, and an aniso-
tropic half-space.

The general method used to obtain the result in Eq. (2) can also
be applied for observation points on the vertical axis in the lower half-
space (z < 0).* In this case an isotropic lower half-space (ny = nj, = n)
is considered although this simplification is not necessary to obtain an
exact, closed form soluticn for the tirne-dependent field. It can be
shown that the time-dependent Hertz vector in the lower medium for
observation points on the vertical axis is given by
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- then it can be shown that

L

5 [z +nzh+(h+nzz)‘ll +(n?- 1)(h2- Zz)/(ct)z]'l u(t- h-nz) .

c

The time-Jependent electric field given by

2 2 5271 .
(8) Em(z.t)-Laa -8 &] fumo .

is quite complicated, as is obvious from Eq. (7), and will not be given
here. An exact, closed form expression for this field, however, can
be obtained from the results in Eqs. (7) and (8), The final value of the
field is given by

E ,®) = Ids - . -
™ 1a(2 ) wey(h-2) (n®+1)

A sketch of the Hertz vector given in Eq. (7) is shown in Fig. 3. Note

that this waveform is monotonic decreasing and relatively simple de-

¢ pite the complexity of Eq. (7). It follows that the time-dependent field
given by Eq. (8) will have singularities and a discontinuity at the wave-
form origin but will also be monotonic decreasing for longer times.

One other special orientation of source dipole and uvbserver yields
an exact, closed form expression for the time-dependent field. If both
the source dipole and the observation point lie on the interface (z = h = 0}, i




e T T T T O TSP T .
S Sl g iy ki e

[

. (10) & (p,t) = 145 J1 ntnyt "h+1 P
1 8) = -
z'P 2me p c(nv"nhz-l) ((nh -n z+1)37-) [ c]
R 5[ p7.1 (Pvimy’
< np(n,“np®-1) t'n"‘?] to (a1

1 2ny
| "‘hz"n “+1 2 ct 2| 3/2
v | (npé+1) -p-} - n‘,]

ant ]M-{—) uft-n2)]

Enhz-i-l) -‘-';-E -nv?‘] s/ 2

+ 1 ( Ny ay ) Ny Nh )

R where p is the horizontal separation of the source dipole and observation
peoint. A corresponding expression for the ¢ component of the field
{p, ¢, z cylindrical coordinates) is

2 2
(11) H(p, = jde H_—y h my” *1 6[t-£]
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the p component of the electric field cannot be obtained from this pro-
cedure because the z dependence of the intermediate Hertz vector is
unknown. Van der Pol® has obtained similar results for the case of
an isotropic half-space.
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Fig. 3. Sketch of time-dependent Hertz vector of impulsively
excited vertical electric dipole, vertical axis. Source
dipole above hali-space, observation point within
half-space. <

The results in both Eq. (10) and Eq. (11) show a double wavefront,
i.e., one wave traveling with a velocity ¢ along the boundary and a
second wave traveling with a velocity c/ n,, along the boundary. The lead-
ing terms in both Egs. (10) and (11) have typical p~2 behaviour for sur-
face waves, Note that the ¢ component of the field (Eq. {11)) has a finite
duration. A sketch of the waveform in Eq. (11) is shown in Fig. 4. The
time-dependent fields given by Eqs. (10) and (11) are typical of the excita-
tion produced by a vertically polarized source at very low grazing angles.
The results in Eqs. (10) and (11) are for the total fields, i.e., the direct
term is included. o

III. HORIZONTAL ELECTRIC DIPOLE

if the vertical electric dipole in Fig. 1 is replaced with a hori-
zontal electric dipole, oriented in the x direction, the problem has an
added complexity because of the loss of a ¢ symmetry. It is convenient, =
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Fig. 4. Sketch of transient field of impulsively excited
vertical electric dipole. Source dipole and
observation point on interface.

but unnecessary, to assume an isotropic lower half-space. For a dis-
persionless half-space and an observation point on the vertical axis in

the upper medium (z 2 0), it can be shown that for a dipole of length ds
thi time-dependent field produced by a current excitation I0(t) is given
by

- 1d 1 6'('”}1) 1 t-)(t'”h)
(12) Eoxlz, t) = 22 1 2° R :
e 4me. |ntl c%(z+h) n+l ¢(z+h)?
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The final value of the magnetic field is zero and the final value of the
eleciric field is given by

2
(14) ES 2, %) = Ids n¢-1 .
ox(2 4meg(z+h)® n®+1

A sketch of the waveform given in Eq. (13) is shown in Fig. 5. For the
results in Eqs. (12) and (13), the direct term has been removed. Similar
results under the same restrictions for the time-dependent fields in the
half-space z < { can be obtained, and the results for the horizontal dipole
can also be exctended to an anisotropic half-space.

Details of the methods used to obtain the results for the vertical and
horizontal dipoles are given in Reference 4 and will be included in a

future report.“ Basically, the inverse Fourier transform of the Sommer-
feld-type integral solutions is taken after a change of variable. It turns
out that for a nondispersive half-space, the inverse transform may be
obtained for vertical or horizontal, electric or magnetic dipoles, for
observation points in either half-space, assuming an interchange of orders
of integration is valid. For arbitrary locations of the source dipole and
observer, the method results in a remaining finite integral which must ‘

be evaluated numerically. For the special cases considered here, the
remaining integral can be evaluated exactly in closed form.
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Fig. 5. Sketch of transient field of impulsively excited
horizontal electric dipole above half-space.
Observation point on vertical axis above
half-space. |

The most significant difference between the interaction of vertical
" and horizontal electric dipoles and a nondispersive half-space is the
addition of a doublet term, which varies as the inverse of twice the
dipole height above the half-space, for the horizontal dipole.

Iv. SIMPLIFIED ESTIMATE OF RESULT
FOR VERTICAL D'POLE

It is evident from the complexity of the results for the time-depend-
ent fields anc Hertz vectors presented in the firct two sections that an
analytical utilization of the expressions would be extremely cumbersome.
However, sketches of the waveforms deduced from an examination of the
expressions are quite simple. This suggests that with the singularities
in the waveforms removed, very sirnple approximate expressions for the
waveform may be feasible. For a homogeneous haif-space, the transieat
fields for either vertical or horizontal dipoles must be quite simple in
form once the singularities associated with the interface are removed.

11
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Using the known initial and final values of the waveform for the
vertical electric dipole in Eq. (3), an approximation of the form

(15) Diz, t) & A+Be-(t;7) :

where

% Ao 2 4ny(n 2- 1) R ny -1 ) nynyp-1
(z+h)® | (ny(ny41))2  my#l  ngnp#l |

B=_ 2 nyn, - 1
(z+h)* | nynp+1

z+h
c

and

T =

is suggested. In Eq. (15) the delay must be (z+h)/c, the time constant
could in general be different but is set to (z+h)/c here from observations
of the exact waveform.

To test the approximation, the waveforms predicted by Eqs. (3) and (15)
are compared in Figs. 6 and 7 for various refractive indices and both
isotropic and anisotropic half-spaces. It is clear from these results
that Eq. (15) is a reasonable approximation for refractive indices some-
what greater than N2 for both isotropic and anisotropic half-spaces. A
transformation of Eq. (2) using Eq. (15) to replace Eq. (3) leads to a
simple expression for the frequency-dependent field below a vertical
dipole which should be a reasonable approximation over the entire
spectrum. Admittedly, in most cases one is rarely intercsted in the
fields directly below a vertical dipole; the value of these results in that
sense lies in the demonstrated feasibility of using a simple time function
to replace the complicated exact expression. They suggest that from a
knowledge of the singularities and the initial and final values of the time-
dependent waveform, simple estimates of the waveforms for more inter-
esting observer locations may be possible. It will be shown later that
the dipole-grcund interactions obtained in the first two sections are two
of the four interaction results needed for a theoretical model of the scat-
tering from small ta ‘s located on the ground. Thus for the problem

12
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at hand, the transient fields on a vertical axis containing the dipole
source, and approximations for them, are of more than academic
interest.

V. EFFECTS OF LOSS

If the half-space is dispersive or stratified, the techniques
utilized in the previous sections are not useful for cbtaining the transient
fields. In these cases, even when the dielectric constant and conductivity
of the half-space are assumed to be constant with frequency, an exact
closed form solution for the transient fields does not appear to be possible.
~ An exception is noted for a particular dispersive half-space, ¢ rather
unrelated to the ground effects of interest. '

If the half-space dielectric constant and conductivity are assumed
constant with frequency and attention is confined to sources and observa-
ticn points above or on the hali-space, then :ertain deductions concern-
ing the form of the transient fields are possible. In the limit of long
times (low frequencies) the fields must decay to their static values, and
the long time values of the transient waveforms can be obtained from
quasi-static estimates of the frequency-dependent fields and the final
value theorem. A more sophisticated long time estimate (holding for
shorter times) is obtained by assuming the displacement currents are
negligible. That is, the propagation constant of the half-space is
approximated as k; = - jwp.oo'l . This approximation has been used in
most of the analytical solutions for the transient fields of dipole sources
in infinite and semi-infinite conducting media.? For short times,
estimates of the fields from high frequency asymptotic approximations
are indicated. If the observation point and source dipole are confined
to be above or on the half-space and only the secondary (fields due to
the presence of the half-spac=) transient fields are considered, then
these transient fields must be characterized by singularities and a jump
discontinuity at the initial time of arrival of the field followed by a smooth
decay to the final static value. That is, in general when the waveform
first departs from zero singularities of various order and a jump dis-
continuity will occur, but beyond this initial arrival time the geometry
of the problem is such that only a smooth decay of the waveform is poss-
ible. The above assumes the surface type fields, i.e., fields arriving
partially via travel within the half-space can be neglected. For the
asymptotic approximations of interest this means roughly that

15
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where ¢y is the rclative dielectric constant of the half-space. *

In this report, attention is confined to the final values of the
transient fields and to the short time estimates predicted by high fre-
quency asymptotic approximations. The asymptotic approximations
utilized are those given by Banos.®

A. Long-Time Estimates_

Bannister? has given quasi-static estimates of the frequency-
dependent fields of vertical and horizontal dipoiec above a conducting
half-space. The geometry of the general problem is shown in Fig. 8.
The long time values of the total transient fields for impulsive current
excitation for vertical and horizontal electric dipoles at an arbitrary
location above or on the half-space are given below.

r 4
OBSERVATION POINT

(0,0,h) SOURCE ——— —P——— —pe (p,Tp,2)

DIPOLE \TN‘/%
v

z+h
R
/ .
y
(0,0,~h) IMAGE Y
Fig. 8. Geometry of general problem. *
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Vertical Electric Dipole (h> 0, z > 0)

- e - 5 3(z-h)? | 3(z+h)?
(16) E .z oc) - Ids I- 1 - -
z(P s I, —_TRO 1 R’oz + le 1 R .
where

Ro? = p? + (z h)?

Rjy% = p? + (z+h)? c
7 o\ = 3plz-h) 3p(zth)
(17) B (p, z,00) = 1dS_ [ pt +
p p 4“(0 Ros R:s
(18) Hylprz, @)= 0 .

Horizontal Electric Dipole (p2 z+h, 22 0, h>0)

- Ids cos ¢ | 352 i 3p2 1
19) E 5y 00) = et | 2P - =P .
( p(Ps ¢» Z, ) 41“0 [ROS RQS R]‘S + R]’
(20) Ey(ps 0, z,0) = e sine J 1 -1 .

¢ ' e, R,® R

= . _ Ids cos o 3p(»-h) 3p(z+h)
21 E » Py 4y = - .
(21) 2P @1 21 ) 4me,, [Roa Ry’
(22) Holp: 02 2:0) = H(p, ¢ 20) = Hylpr gy ) = 0

Note that the above expressions contain both the primary and scattered
fields. A comparison of the long time values obtained here with those
’ for a nondispersive half-space illustrates that if the half-space has
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som?o conductivity the final values of the transients are independent oi
the half-space parameters. Similar results, i.e., long time solutions, -
for vertical and horizontal magnetic dipoles can be obtained.

]

B. Short Time Estimates

Asymptotic approximations of the integral expressions resulting
from an exact solution of the dipole, half-space problem are somewhat
more difficult to obtain than those for the quasi-static limit. One also
finds that such approximations are usually specialized to various regions.
Ba?ips. ® for example, obtained three term asymptotic approximations in
the vicinity of the vertical axis and in the vicinity of the surface inter-
face but only two term expansions over the entire upper hemisphere.

1. Vertical axis

~
Banos® gives asymptotic approximations in the vicinity of the
vertical axis which reduce to the following forms for observation points
on the vertical axis (p = 0) and on or above (z > 0) the conducting half-
space.

Vertical Electric Dipole (p=0, z 2 0)

Z,1ds ”%‘Hz) 1 ] 3n-4n2+1
23) ES =2 2+ 2=
(23) z(0,2) = ———e (h+z)? [l+n LW J4n
J—(h+z)3
c
- 6 -1+3n-5n"+3n? + J12 E, 1
© l14n w\“ 5 !
kj —(htz)* (g) ki(htz)* (1l4n)
c
where Z, is the free space impedance,
k T
wo G
n=_2w[w2<r-j__AJ
kl Go
* Note change in definition from that used in first two sections. *
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E, =-2+4n - 5n® + 3n®

and €¢,,0 arc the relative dielectric constant and conductivity of the

- - half-space respectively. The above resuit is for
y w\ & .
(24) ![(—E) €y - J‘—?!Lotrl(z-!-h” >1.0 c

For a dielectr.c half-space (0= 0) Eq. (23) yields a transient waveform

| E Zelld [V'l 3.4/ f7 +
(25) Eofa 1) = ——0l% Wl gy | c ( &t &
i Zﬂ(h+2) JE;"'I h+z €r+ 1

ks

/3 5
—— 2 3 - le
6c?t’ “r Jer " \r;\_'_ ocit'?

+
J&tbrz)? \ e+l j Jer(btz)®

R e e

3 5
T +4“2 Er
- * er JE;‘ u(tl) 9
€y + 1

where t' = t - (z+h/c).

It can be shown that the latter result agrees with Eq. (2) for t' equal
zero. That is, for a diclectric half-space both the delta function
singularity and jump discentinuity are correctly predicted by the
asymptotic approximation.

Horizontal Electric Dipole

For the horizontal electric dipole, Ba;:os8 gives an asymptotic
expansion for cbservation points above or on the half-space and in the
vicinity of the vertical axis for the cundition in Eq. (24). On the vertical
axis, this result reduces to
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Zolds| IS /1-, 1 1-
26 8 - (o] C n n
{25} Extz] 2n ] 2(z+h) (l+n)+ 12(z+h)* (l+n)

LW
+ [’Z -6n3+2n®+ n+1l I (htz)
e
l¢n

; —-(z+h)’ -

For a dielectric half-space (03=9), Eq. (26) yields a transient waveform

- _Zolds |1 fer-1Y 1 -1
( I‘:x(z’t) 2n(z+h) |Zc j“"' ) D(tl)+2(z+h) (r—+1) o(t')

21,3212 -6 +2

c €r
2(z+h)¥ fep+1) 2

+ u(t') .

Note that the first two terms in Eq. (27), i.e., the doublet and impulse

weights, agree with those in Eq. (12). However, the coetficient of the

step dlscontmmty in Eq. (27) does not agrce with that obtained from -
Eq. (12) when the differentiations are carried out. It is shown in

Reference 11 that the coefficient from Eq. (12) is

¢ Zolds |(Jeg-1)(Jex+2)  2(fer-1)?
2(z+h)?2m | fer(fertl) e 2(Jert1)?

If the hal{-space is dispersive, the long-time values of the transient
fields given in Eqs. (16) - (22) hold for any observation point in the upper
hemisphere z 2 0. For observation points on the vertical axis in the
upper hemispkere, some properties of the short-time behaviour can be
obtained from the acymptotic results in Eqs. (23) and (26). For the
vertical electric dipole, the weight of the impulse singularity at t' equal
to zero is

(28) [2e,2+ 66, Y 24 Sex + 6 +2)

(29) f(z,0) = Folds |l
2u(h+z)? EH
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and the step discontinuity is

Z,1ds

i + < [3 - —4— + Gr]] .
Zn(h-!-z)z(l'i-Fr—) eoﬁ(li-F;) h+z J& j

(30) (2, 0) =

For the b~.izontal electric dipole, similar utilization of the initial value
theorem yields

Z ~
(31) {(z,0) = 2olds | 1 ! ,
2n 2c(z+h) e+l

for the weight of the doublet term and

Z,1ds B 1 s 1 J&-1

(32) f!(Z;O): . 2
2n ‘oﬁ(r‘;’*” 2c{z+h) 2(z+h)*° ﬁ-l'l

for the weight of the impulse term. Note that for both the vertical and
horizontal d:poles, the weight of the highest order singularity is identical
to that for the corresponding dielectric half-space regardless of the
conductivity of the half-space. For the horizontal dipole, the magnitude
of the jurnp discontinuity is not obtained.

To establish an estimate of the transient waveforms predicted
by the asymptotic estimates in Eqs. (23) and (26) a Fourier synthesis
technique,  i.e., a numerical inversion of the frequency-dependent
expressions using calculations at harmonically related frequencies, can
be used. In using this technique, the period of the fundamental frequency
is selected to be at least 10 times the relaxation time (Tr = ¢/¢), and at
the same time the relative parameters of the half- space and the dipole
height are sclected to satisfy Eq. (24). In Fig. 9, the normalized back-
ground or backscattered response waveforms for a vertical electric
dipole for a height z = h = 200 meters, half-space relative dielectric
constant of 12 and conductivities of 0.1, 0.0l and 0.001 mhos per meter
are shown. The akbscissa scale is in units of the relaxation time of the
half-space, and the coefficient of the impulse term (Eq. (29)) has been
subtracted from the calculations before synthesis. Corresponding wave-
forms for the horizontal dipole for the same parameters are shown in
Fig. 10. Note that in this case the coefficient of the doublet term (Eq. (31))
has been subtracied and also a reflection ceoefficient type expression
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VERTICAL ELECTRIC DIPOLE OVER
30— HALF-SPACE €, 12.0
: h
| Y
?‘ — IMPULSE TERM REMOVED
: X
;' £
.J
| W o
1 =
| ¢
N
;
i
3
L.of—
: | | | |
= 0 | 2 3 4 5
UNITS OF RELAXATION TIME Ty &

Fig. 9. Transient backscattered fields of impulsively excited
vertical electric dipole ‘above conducting half-space.
€.=12, h=200m, ¢=0.1, 0,01, 0.C0l. Impulse
singularity removed.
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h=200M

€=12.0
——— 0o =0.00!
Ciomencne ¢ = 0.0l
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Fig. 10. Transient backscattered fields of impulsively excited

horizontal electric dipole above conducting half-space.
Gr:lZ, h=200m, ¢=0,1, 0.01, 0,.00). Doublet

singularity and portion of impulse singularity removed.




(33) f=_1 ({—rl) :

Z(Z"'ll )2 *'e-;+l

has been subtracted before synthesis. It is evident from Fig. 10 that

the impuise singularity weight is not independent of the half-space
conductivity since the waveforms are still dominated by an impulse type
singularity. An estimate of the rmnagnitude of ihe jump discontinuity
could be obtained by subtracting both Eqs. (31} and (32) befare synthesis.
However, it is clear from Fig. ¢ and Eq. (39) t"at the synthesis pro-
cedure cannoct faithfully estimate the discontinuities involved for con-
ductivities in this range except possibly 'y using many mere harmonics
than the 40 used for the results in Figs. 9 and 10. For either the vertical
or horizontal dipoles, the essential form of the trarsient waveforms is
clear but an extensive coniputational program would be required to
establish exact details of the wavefcrms over a range of half-space
parameters; source dipole heights and observer locations. Summarized
below are the established initial and final values of the transient wave-
forins for both vertical and horizontal dipoles for observation points on
the vertical axes and in the upper hemispherc (z > 0). These values are
for the z component of the electric field for the vertical electric dipole
and horizontal component of the electric field parallel to the dipole

! orientation for the horizontal dipole.

Vertical Electric Dipole

Half- space Initial Value {(jump discontinuity) Final Value
Ids Ids
Perf duct
erfect Conductor m W
Lossless Dielectric 5 Ids < 4{Jer-1) -\EI“I’, Ids . [‘1"’1]
e (z+h) \JE;‘(HE) \‘E;+1J 2me(z+h)’ | extl
r

IdS ¢ :/'00-

Conducting _
.41760(h+z)2 tﬁ—l( _!;1:_‘_1 )z

+ .1 dep-2) .I.‘E;‘l.] Ids
bte | e Jf neg(ath)’
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Horizontal Electric Dipole

Initial Value

Ids

Perfect Conductor
41reo(z+h)s

r‘.l 1}2
Lossless Diclectric lds ¢ zﬁ:r A
) 2we 2(2th) 1\15;(4'5;.!.1)

, 2E-1)
)

+ [2e2 460,324 5e, + [ +2]

Ceonducting

P R U

2. Entire upper hemisphere (z > C)

points anywhere in the upper hemisphere 2z 2 0.

Vertical Electric Dipole

Final Value

___lds
nso(z+h)3

Ids € -1
4meqiz+h)’ | e+l
/

- Ids
4me,(z+h)?

~
‘Banos® gives two term asymptotic expansions for observation

[koihta)1]  3(hta)® . 3(hia)®

k
(34) ES(0) = Ids Zo =00 L g
. 4m R-l Rl ' koR.]3
i 2 c_o_§(5 f ko 1
cos 8+ nJl-n?sin6 Ry R

(ko 2(htz)242)

R14 koRIS

4 (kol(h+z)2+1)  3(h+z)?

7

3 + = %

_5(htz)?

r

. 3(h+z)?  E, -j

- +=5+FE -y -
koR;® Ry M|k Ri®

A MR, 41881 e ki n s e % ST

+ ;
koz R* ! kOR‘y

ORI By
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(34) + 8(h+z)z] -JkoRl 2e JklP -k;(h'*'z)ll -n?
ko 2R,° -

(cont.) (s} Pz 1. j cotO 372
\il nz o
(2) w00 b .
where

h+z=Rjcos6 , p = Rysin®

% =% + [nl +7 [n]?+ ofa[*

E =-14+ sin®0 [n"'cose+ J1 - n%sin?0 ] 2
xo==9-’-n.|1 - n®sin?6

2c0s%0-35in%0 - n®  §in?0 cos?0 sin%0
1-n%sin0 2 (1-n?sin?@)32 cos®

cos04 n Il - n%sin0

For a dielectric half-space, the asymptotic approximation in Eq. (34)
yields a transient waveform

N z ; 2 6 -
(35) E;(B,t) - Ids Zo [l- (h+z) + €y (.:Os (h+z) 1 ]
4w Ry €r COS 0+ cp-5in?0 \\ Rt
Rj
o' t-—') +2\2 2eyxcos ®
_( c/ l:l ) {h_) N r

cos 6+ €y - sin20

€

(CRRRIEE ) e
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' 2 2 €y cos @ 2
. (35) 4 |—' ] 3(9.’12.) + r (3(%:_%) 1
(cont.) L R, ercosB+ Ier- sin?9 1
+E, (1-5(m)‘)) "“(" - T)
Rl R1

4 c2¢.cos0FE 2
. r 1 (t_&) [4(23‘33)]“( __I_g)
c R, c

(ep cos B+ ,lfr - sin®6)R,*

2 (r u(e = eo)

- p(er-l)”‘(eer~ pz)3/4

‘ cos[%tan’l(-ﬁiliﬂ)] (h:z)ﬁ-;j - sinEtan"(.%_))]@- t)‘lq.
| ) N

where in E; and 8, n =1/ fez. The last term in Eq. (34) is inverse
transformed under the condition that the time function be real. This pro-
cedure properly yields the delta function singularity at t =Jezp/c when
h=2z =0 as is evident from Eq. (34) if we set h =z = 0 and 0 = /2 before
transforming. The waveform in Eq. (35) specialized either to the
vertical axis (p = 0) or to the case of both source and observation point
on the interface (h = z = 0) correctly predicts the singularities known
from the exact solutions, but yields incorrect magnitudes for the jump
discontinuities. '

It is interesting to observe the precursor for the surface field
(last term in Eq. (35)) when either the dipole source or observation
point is raised above the interface and 8 > 6,. Similar effects have been
noted!® from asymptotic scattering approximations when the assumed path
is not a minimum time path. In this case, the delay time (& p/c is the
maximum delay possible for a wave traveling via the dielectric. When
shorter delays are possible, i.e., z or h # 0, the asymptotic approxi-
mation properly predicts a surface-type field prior to Jepp/c. Previous
expevience indicates that such an estimate is good only in the vicinity of
this time however. ' ~

27

§ L yri AN e 2 ) . .- - e . 2 o 0e e - - AN e bRt TS SRR




ESRIY
$

Horizontal Electric Dipole

. For the norizontal clectric dipole, the two term expansion by
L}
Banos® yields

(36)

where

E,’

IdsZ, |/ k (1+k_ 2 p?) 2 2.2
RIS A N G5 B
R, R JKoR; Ri®  jkoR,®
L
B[4 olcoo N PR OV S
Ry[ncos0+ !l - n?5in% 0] -ikoRy
- 2nécos 0 r 1 (14+ko2p%) pl 3¢? o 3p?
- - 1
cosB6+n 1-n%sin0 R;® j}'\—JR-,j Ry IkoRy
v 2.2 .
. KoiR, KSR, koRr®  k7R:®
- e-jk,p P-kl(h+z)\!l - n?
¥ [ 13/2 (0 - O)
p¥(1-n?) |1 -j SO0 |
Il -nzj
2 g
+ 2n4e‘k}(_h+Z) l'n e—"k]p 1<!Z ) 41(1 6 . ;
o |7 +J—p‘3-'-p1 w0 - 0,) ¢
koky(1-n2) {1 - —f—f:::] :
J1~nZJ
——-12
. 13,3 20 1 2n sin%0 n®cos 04 ndl-n?sin?0
-"-é—‘f'-B.COt G“i'-g- csc U+1 2—.;.—2—6— - =
S GEEL n cos 0+ .[l - n“sin“0,
ncos 0(1-nasiz.120)3/2 +n2cos 20,1-n2s5in%0) - -‘II n*sin220
+

2(1 —n?‘sinzﬂj’/z [n cosO+ ‘[1 - l?;’l:‘;z'g]

cot 20cot 0 + (Zcotze _ COt\ sinﬂ[nzc:050+ n\l,l—n"Si_t}"O )

2 /Jl‘:x‘:x:ao [n cos 0+ J1-n?sin?0)
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For a dielectric half-space, the asymptotic estimate in Eq. (36) yields
a transient waveform

Ids Z 2 2
(37) ﬁ:s (et)__—____(z [ - —E_) _ 2cosb + 2 cos® (_l)
4" Ry cos 9+|er-sin’-e €r cos 9+J'£r-sin"6 R
)
c |- 3(_&2 2 cosP ;' 2 cos 6
cR, Ry cos 9+ ler sm"ﬂ €y cos 0+ |‘r'5m

() )]

[t b o))

S (@) 5 o

2(e,-1)*/4pi0-6,)

+ -
",l—ﬁ-rF(ErRlz _ p2)314
3 Aer(htz)\ | hia r(h+z) (37
. cos[ztan I(N — )](—E——)‘]er l-sm[z (p,re- = C-: t)
h+z\? JG_P 2
(%) e "( c 't)

2c u(0-0,)
(rp3/2 (er-l)l/-t (erRlz _ PZ)3/4

~J&r(htz)\ | /htn [3 _ [-Jeclht2)\] qezp
S\oo cos[z tan” ( P.jﬁz-l )]( 5 ).lfr’l - Sm['ztan ‘(p\l—-—-—(r_r 6‘{; - 'r)
] a 2
=00 (b{—%) (ex-1) + (Jf_:‘P - 1‘)

u(t - 7)dr
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2 ,(8-0
(37) . 12 c€ u( o)

(cont.) €Y 2 pslz (er-l)l/‘(eer'- pa)"'[4

C

per-T Plfr’l

~-€r(h ! 1
cos [—;—tan‘ '(_Si{(_.tz_))](-}-%l)m si:{%tan‘l( ﬁ(h-&z))} (JTI:P - -r)

.S"’“ ) s (F—?ﬁ i T)z

(o4

e (t-7)u(t-7) dr

where in E;', E; and 6, n — 1/, .

Again, specializing Eq. (37) to the vertical axis (0= 0, p = 0) one finds
that the singularities agree with those in Eq. (27) but the jump magnitude
does not agree with the result given in the Table. We conclude that the
two term asymptotic expansions given by Banos® correctly predict only
the highest order singularities in the transient waveforms for a dielectric
half-space. It follows that the dependence of the jump discontinuity on
the conductivity of the half-space for arbitrary observation points cannot
be established from these results. A numerical inversion of Eqs. (34)
and (36) with the singularities removed would be pointless since the
results for a dielectric half-space are incorrect. Formally, one could
derive a third term in the expansion using the procedure given by Banos.
Assuming this led to the correct jump discontinuities for a dielectric
half-space, dependence of the jump discontinuity on the conductivity might
then be inferred with some confidence. For observation points where the
last three terms of Eq. (36) are needed, i.e., 0 > 0;, the precursor secn
in the case of the vertical dipole is again evident except when both the
dipole and observation point lie on the interface.

For both the vertical and horizontal electric dipoles, application
of the initial value theorem to Eqgs. (34) or (36) yields the same weights
for the doublet and impulse singularities as given in Egs. (35) and (37)
respectively. That is, the two term asymptotic expansions predict
doublet and impulse singularities independent of the half-space con-
ductivity. We have already seen that for the horizontal dipole, an im-
pulse weight dependent on the half-space conductivity is obtained from
a three term expansion on the vertical axis. As noted, on the vertical
axis the two term expansions correctly predict the singularities for a
dielectric half-space. However, for a dispersive half-space the two
term expansions are only reliable in predicting the weight of the doublet
singularity in the transient waveform. Unfortunately, the two term
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expansions given by Banos appear to be the most advanced asymptotic
development available for obsexrvation points in the entire upper hemi-
sphere. It seems clear that additional terms are needed in order to
estimate the effects of the half-space conductivity on the lower order
singularities and jump discontinuities of the transient waveform. Note
that this specifically requires that the displacement currents not be
neglected because it is the short time character of the waveform which
is of interest. Thus the numerous developments where displacement
currents are neglected’ are not useful in resolving the singularities
and discontinuities.

3. Vicinity of interface

Banos® has also given three term asymptotic expansions for the
fields produced by both vertical and horizontal electric dipoles located
above a conducting half-space for observation points in the vicinity of
the interface. That is, it is assumed for these results that both the
observer and source dipole heights (z and h respectively) are much
less than the horizontal range, g, of the observation point. A major
portion of the book is devoted to this development and the vertical axis
results utilized ear'ier were intended as a supplement for small hori-
zontal ranges where the interface results are not applicable.

Explicit expressions for the fields in the vicinity of the interface,
for either vertical or horizontal dipole sources, are quite lengthy and
will not be given here. Note that Banos does not present explicit ex-
pressions for the fields, his results are asymptotic expansicns of
certain basic integrals from which the fields are obtained using standard
formulas® involving primarily second derivat’ with respect to the
obscrver height or horizontal range. No simp.tification of the expressions
occurs if either the source dipole or observer is located on the inter-
face, and one notes the same precursor effects found with the two term
upper hemisphere expansions. However, if both observer and source
are on the interface, then the expressions for the fields are greatly
simplified. Also, for this case we have an exact result for the vertical
dipole which offers a check on the asymptotic development in the limit
of zero conductivity.

For the vertical electric dipole, if both source and observer are
on the inter’ace, then
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s L [, 2 ,_ 3 ]+ 2 6 +l_5)e’jkoP
JkOPS N nZ(l_nZ) n4(1_n2) nZ(l_nZ)kOZp4 nz n4

1 39n2 15n? .
p‘koz(lunz) [2 + 2(1nd) + 12n” + 60n® e n

where in the three term expansion for the integral related to the phase
delay k_p/n, certain terms have been deleted. It is possible to do this
judiciously in the case because the exact solution for the transient fields
for a dielectric half-space is known. For a dielectric half-space the
result in Eq. (38) yields a waveform

5t .2
~; Z,1Ids 0'('--") (ep-1-2¢.2)
39) E3(p, t) = -2 < z ! 5[_.9.]
{ plPr ) = —= > + il t- 2
3¢, - 2¢x? A €
+ C l+ x r ] (t ..p. r 6 t rpP
d [ €r-1 " C) ¥ (ex-1)p c
2¢c [Sert6 &P .
Gl oy RY (S c) o

where the terms with a 1/p* dependence have not been written out. It
can be shown, by adding the direct term to Eq. (39), that the singularity
and jump at t = p/c and the singularity at t = [ey p/c agree with the exact
solution in Eq. (10) for an isotropic half-space. It is interesting to note
that no deletions were necessadry to obtain agreement at t = p/c and only
one deletion was necessary to obtain agreement {or the singularity at

t = ﬁp/c. However, it was not possible by any inclusion or omission of
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terms to obtain agreemsnt for the jump discontinuity at t = Jez p/c. In
the asymptotic expansions of the integrals related to the phase delays
kop and k,p/n, terms to order 1/p* were retained in each case.

For the horizontal electric dipole with both source and observer
on the interface and retaining terms only to 1/p3

/ 6
Z,1lds 2 2 2 2 ( "'—?-) -ik
40 s -_© L n - 4t n - cKoP
(40)  Egy(p) = — 1 p [1+1_n7] T 11—y Al | e
kap

-J__
1 [ 2n 2n® 1 n®
+ - + o = 24 6nt noe.
(;,r [ - 5] v [ vt ’D °

For a dielectric half-space, Eq. (40) yields a waveform

~ Z,1lds 2¢y 2c [bet-4e.3+e
(41) E® (p,t) = —2— J_ S s[t_-_E e (7x Sy 2

ox\Prt) = 47 (ep-1)p2 cl PP\ T e bl A

y 2 & J&p + c(6 +4er - 2¢,2) ¥er p
- 53 (e 1) uits ¢
Jerp? 3 G

For a horizontal electric dipole, if both source and observer are
on the interface (h = z = 0) and the half-space is nondispersive an exact
closed form solution for the radial cornponent of the transient field is
easily!! obtained as

1d 7 i .3/2_ l/z _ —
(42) EP(P, t) = > cozstb ° -1 % l.t 'ﬂ] + i : 6 [¢-LxrP
2mp e.-1 L ¢ ep! ?(er-1) c
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where
2 a1/2
T= [(‘r‘-'l) %) - €r-l .

For the same configuration and a conducting half-space, Wait’ has
given an approximate solutior for the component of the radial field in the
xz plane (¢ = 0), neglecting displacement currents, as

Tpop’

3/2 3 " —
(43) Blpot) = 92 Joggy + (TR)7p” o TR
2nap 4fwe®/?

u(t) c

The results in Eqs. (42) and (43) represent the extrcmes, respectively,
of neglecting the conduction and displacement currents. From Eq. (40),
the weight of the delta function singularity for the seconary field is

Ids Zoer

44) filp,t) = - __ “O°r
(44) ilps t) FeeoT) ,

and the magnitude of the jump discontinuity is

Ids 2 o 2 4de.3 . 7¢
(45) £lppt) = e (————— + 3 |——F .
2 4w €olen-1)p P €r-1

From the results in Egs. (43), (44) and (45), a reasonable estimate of
the radial field for an impulsive current excitation for all times should
be feasible. Wait, ! has plotted Eq. (43) (second term) and this result
could be corrected for short times using Egs. (44) and (45).
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Vi. SCATTERING MODEL FOR TARGETS
3 LOCATED ON A HALF-SPACE

A. Effect of Ground on the Dipole
Modes of Scatterers

1. Dipole modes of scatterers in free space

At low frequencies, i.e., when a target is electrically small, it
is possible to represent a scatterer by short electric and magnetic
dipoles. A maximum of three mutually orthogonal electric and three
mutually orthogonal magnetic dipoles is required for any object, and
these numbers are reduced for some shapes. The magnitude of any
one dipole moment is given by the product of the parallel component of
the incident field, E, (for electric) or Hy (for magnetic), and the polari-
zability of the target, Q. At very low frequencies, the polarizabilities are
constants and the resultant scattered field has an s(s = B +jw) Rayleigh
dependence. However, if the polarizabilities are made frequency de-
pendent the resultaut scattered field ic valid into the first resonance region
as well as the Rayleigh region. For example, the conducting sphere of
radius, a, has an electric polarizability, 0y, and a magnetic polarizability,
Gy, given by

(46) a_(s) =

K
g o m
am(s)" )
s+ S
a

where K, and K, are constants, and c is the speed of light.

Consequently, the response of the sphere has s-plane poles at

(-1/2 1 jN3/2)c/a due to the electric dipole and at -c/a due to the mag-
netic dipole. Other poles, farther from the origin, result from the
higher order modes but the inverse transform of the three dipole mode
poles, i.e., the frequency dependent scattering predicted, has been
shown!? to yield a fairly accurate ramp response waveform for the con-
ducting sphere.
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2. Change in polarizab:lity due to
ground when dipole mnodes do
not interact

If the scatterer is located above or within a half-space then an
interaction between the target and the interface occurs which alters the
target response. The simplest case to consider is that of a thin pro-
late spheroid which supports only an electric dipole mode along the
major axis. The poles of the thin prolate spheroid as a function of
eccentricity have been celculated by Page and Adams, 12 and the electric
polarizability has the following form

(47) it
O (s) = —Pe— ’
a(s) 1yl 1 B

where the complex poles are located at s = -y + jB (y and B real).. If an
electric field, Eg(s), is applied parallel to the axis of the spheroid then
the dipole moment, pg(s), consists of a free-space term plus an infinite
sume of interaction terms

[+ o)

Eo(s) Cxe(s) Z [Ge(.s)s G(s)]n ’

n=0 -

(48) Pels) =

where G(s) is the field scattered back from the interface to a dipole
source, which in this case is the excited sphercid, for a unit current
moment. The free-space term is represented by n = 0, and remaining
terms are n-th order interactions. Ther term, s, in Eq. (48) is re-
quired because G(s) is the field scattered back {or a unit current moment
whereas s G(s) is the field scattered back for a unit dipole moment.
Equation (48) can be summed in closed form as

O‘e(s)

1 - ae(s)s G(s)

(49)  pgis) = Ey(s)

Consequently, the target in the presence of the interface can be considered
as having a new polarizability, Ug'(s), given by

(50). Gg'(s) = = elsl .
. 1=Q(s
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Thus the new polarizability depends on the target location and orientation
> and the half-space composition, and these effects are included in G(s}.
As the height of the target above the interface approaches infinity, G(s)
goes to zero and @, '(s) goes to Gg(s).

3. Interaction of coincident dipole modes -
in the presence of the ground

[

The new polarizability given in Eq. (50) is valid for any dipole
mode which does not interact with any other dipole mode. For example,
a vertical electric dipole produces only a vertical electric field and no
magnetic field on the vertical axis and, as a result, will not interact
with any other dipole mode. By the sameé reasoning, a vertical magnetic
dipole mode will not interact with other dipole modes. However, hori-
zontal electric and magnetic dipole modes which are perpendicular to
each other will interact because each mode produces fields which excite
the other. The perpendicular electric dipole moments, p,, and magnetic
dipole moments, p,, can be written in the following matrix form

51) Pe v | %5 GEe %ms GEm|" |% 9| (Eo
( = s

P, 250 | Ges Gpe %ns Gpm, 0 aq] {n,

where Gg, is the return electric field produced by a unit electric current
moment, Gy, is the return electric field produced by a unit magnetic
current moment, Gpe is the return magnetic field produced by a unit
electric current moment, and GHm is the return magnetic field produced -
by a unit magnetic current moment, The matrix summation in Eq. (51)
can be written in closed form as o

_ - , -1 r.
Pe l-aes Gpa - s Gy a, 0 E,

Pm ~Zes Gpye ! - s Gym 0 an| |He

It can be seen from Eq; (52) that each dipole mode is influenced by both
the incident electric and magnetic fields in contrast with the uncoupled
cases covered by Egs. (49) and (50).
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B. Use of New Dipole Modes
in Target Detection

1. Use of difference equation

If a target's scattering response can be written as a rational
function in s, then the inverse transform, R(t), must satisfy the follow-
ing difference equation as shown by Corrington}?

n
k=1 -

‘where the order, n, of the difference equation is equﬁl to the number of

poles in the Laplace transform of R(t) and the difference coefficient,
Fp, k» are simple functions of the poles and the time increment, At.
The difference equation holds for all values of t > nAt, and the time
derivatives of R(t) also satisfy the same difference equation. Conse-
quently, the ramp, step, and impulse response waveforms of a target
each satisfy the same d1£ference equation,

The exact solution for the frequency response of the (‘ondur*tmg '
sphere y1eld..- an infinite numbcr of poles, ‘but it has been shown that
the thud order difference equation, resultmg {rom the three dxpole—'
mode poles given earlier quite ac curately predlcts ‘the free space fam>

response of the sphere. -l the. dlpole-mod‘. poles of.a ‘general scatterer
in free space are knowrn, then it is- posmblc to.use Eqs.v (50) and (52)

to find the new. poles of the scdtterer in: the presence of ground. B

The case. of a thm prolatc sphermd over a perfectly conduf‘tlng

» ground is the sunpl;est to consu’.er,' 28 noted ealher, because only one
'electru':, f.hpole mode is mvolved. “The pOlal mab\hty in the direction of
the major axis'is gwen m Eq. (Lu), and the new polarx.zabxllty can be

found Lom Eq. (50). ; B or: verttcal omentatmn of the spheroid at a
helght, hy above: the ground, as shown in I‘1g. oial (z(q) can be show’q to

_ have the fOIIOng form usmg 1mage thﬂory a

; : ; i a0
: . : 8 & 53 L .
(54) Gls)=.—Eh__ BTC
o ' 8meg ¢ hls S
Gl8) & e [z(.c)?‘ - g ,
8me, c2hs \2h

& et
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Fig. 11. Vertical prolate spheroid above
conducting ground. :

where 2 power series expansion of ™3 2h/¢ pag been used to obtain the
approximate form of G(s). Using Eqs. (47), (50), and (54), the new
polarizability, Gg'(s), is written as

(55) ag'(s) = ‘ K

K. 2K(c/2h)? }
l CH— =R e sz + s + 2 + 2
( Bre. cha) 4 [Y P* - e, o B2

where the new poles of the spheroid-ground configuration are the zeros
of the denominator in Eq. (55). For a spheroid of semimajor axis, a,
and semiminor axis, 0.013a, the free space poles are located at

s = (- 0.1495 % j 1,536) c/a. This same spheroid located vertically on
the ground (h=a), has poles at s =(-0.136 £ j 1.45)c/a. The change in
the poles due to the presence of the ground is not as great as with wider
objects because tae very narrow spheroid is not a strong scatterer and
the mteractwn with the ground is not strong.

In order to find the new poles of a éon_ducting sphere over a ground,
it is necessary to consider both coupled and uncoupled modes. The
vertical electric and magnetic dipole modes are uncoupled, and the new
poles can be found using the method of Eq. {50). However, the orthogonal
horizontal electric and magnetic dipole modes are coupled and the new
poles of the configuration must be found from Eq. (52). Since the poles -
result from the inverse matrix. they are obtained from the zeros of the
determinant: '
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The solutions of Eq. (50) for a sphere on a conducting ground Lave been
obtained by 2gain taking the low frequency approximation for the G's and
solving the resuitant third degree equation in s. The resultant new poles
for the coupled horizontal modes for a sphere are s=- 0.898 c/a, and

(- 0.801 .!._jO.905)cIa. The new poles for the vertical elcctric mode of
the sphere on a conducior are s =(- 0,334+ j0.626)c/a, and the new pole
for the vertical magnetic mode is s=-0.875 c/a. Consequently, the
sphere-ground configuration contsins a total of six poles compared to
the three {rece-space poles given earlier, sorne of which may not be
excited for particular excitation ficlds. Fox example, vertical polari-
zation of the incident field will not excite the vertical magnetic mode,
and horizontal polarization will not excite the vertical electric mode.

To check this case, experimentzl backscatter measurements at four

odd harmonic frequencies!® were used to synthesize the ramp response
of a sphere lying on a conducting ground. The waveform did not fit the
free space difference equation well, but it did fit the free space differ-
ence equation resulting from the new péles quite well, particularly for
vertical polarization. !’

If the difference equation for a particular object is known, it can
provide the following detection scheme. The received waveform is
sampled in time and the difference cquation of the desired object is
used to predict a new waveform. If this wavclorin agrees closely with
the received waveform, then the presence of the desired object is in-
dicated

Note pariicularly that an analytical solution for the poles of the
target on the ground is not a prercquisite for utilization of this pre-
dictor type processing. The method requires only that the difference
equation for the ramp response waveform of a target on the ground be
known. The constants F, k in the difference equation may be deter-
mined from an analysis of experimental multiple frequency scattering
data on a particular target. A rational function approximation to the
complex scatiering amplitude as a function of frequency is formed,
wherein the order n of the difference equation is equal to the number
of poles in the rational approximate and the coefiicients Fj k are simple
functions of the pole locations aad the time increments, At. For spherical
scatterers and a few other shapes, the pole locations can be determined
analytically, and a rational approximant of any order obtained.

40
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The basic predictor or difference equation technique was tested
by trying to detect a hemispherical hoss on a conducting ground in the
presence of artificial trees. Backscatter measurements at four odd
harmonics'* were used to synthesize a ramp response waveform, and
the difference equation for the hemispherical boss, which is the same
as the difference equation for the free space sphere, was used to predict
a new waveform. The correlation of the predicted and received wave-
forms for vertical polarization was higher for the trees plus the boss.
than for the trecs alone even for a fairly iow signal to clutter ratio.
For example, using a time increment of 0.8 c/a, the addition of the boss
- to the trees produced an increase in correlation from 0.382 to 0.734
when the signal to clutter power ratio was 1.72. The increase in cor-
relation was greater for higher signal to clutter ratios and smaller for
lower signal to clutter ratios. Consequently. a proper threshold setting
for the correlation would permit detection of the boss in the trees. One
advantage of this method is that even though the backscattered field is a
function of aspect angle, the difference equation is not. Consequently,
an integratioxn on the aspect angle could be accomplished without changing
the difference equation receiver.

To test the discrimination r.uperties of the difference equation,
the theoretical free-space ran,p responses of spheres either larger or
smaller then the desired size sphere were fed into the receiver. Using
a At of 1.6c/a, the correlation dropped from 1.0 to 0.5 when the sphere
radius was increased 55% or decreased 20%. The correlation continues
to drop as the sphere size is changed more, but the drop is more rapid
with decreasing size. This is expected because it has been generally
observed that rapidly varying waveforms are easier to discriminate
against than slowly varying waveforms.

2. Backscattered field

The presence of the ground alters the low frequency scattering
properties of an object by modifying the polarizability of the dipole modes
and by changing the incident fields The first effect alone detexrmines the
shift in the poles and is sufficicnt for difference equation calculations
which involve only the poles and not the excitation. lowever, if the back-
scattered ficld as a function of frequency and aspect are required as in
a matched-{iilter receiver, then both effecis are important.

To illustrate a method of combining the two effects, consider the
case of a thin prolatc sphereid vertically oriented at a height h above
ground (Fig. 11). For a vertically polarized plane wave, the vertical
component of the incident field at the center of the sphercid is given by
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(57) E,s) = Eg(s) |1 + Ry © sin0

2h

- v—
= cos 0

[ 4

[ ]

_ where 0 is the aspect angle measured from the vertical and R, is the

reflection coefficient of the ground for vertical polarization. Using
Eqgs. (50) and (57), the dipole moment of the spheroid is

' -8 —2-—13- 0
0-(5) c cos

(58) )= E 1 ' in0 .
. p(s - G{s)s =0T ofs) l + Ry e sin

The far zone backscattered field in terms of the dipcie moment is

: 2h
_ -srlc : -s— 0
(59) ES(s) = s’p(s) e I+R, e c Cos

4reg r

sin0 .

Using Eqs. (58) and (59) the complex phasor response, G5(s), of the
spheroid over the ground is

, 2h 0 .
s%sin?0 afs) ol e's‘gws
4me,c® 1 -afs)s G(s) v :

(60) G5(s) =

?

The two effects of the ground on G5(s) can be seen directly from Eq. (£0).

The change in polarizability is represented by the factor, [1 - o(s)s G(s)] =’ .
and the altered excitation is represented by the factor, [ 1 + R, e~ &N/ € cosy2,
The probl’em is more complicated for objects which may require additional
dipole modes, but the procedure can be extended using the modified
polarizabilities in Egs. (50) and (52). r,

ViI. CONCLUSIONS

Exact, closed form solutions for the transient fields of vertical
and horizontal electric dipoles in the presence cf a half-space have been h
obtained for the special case of a nondispersive half-space and particular '
source-observer orientations. The same technique used to obtain these
results can be used to obtain exact closed form solutions for vertical and
horizc .tal magnetic dipoles under the same conditions, but these solutions
have not been carried out in this report. For a nondispersive half-space .
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but an arbitrary observer location, the formulation leads to a finite
. integral which must be evaluated numerically.

If the half-space is dispersive or Stratified, exact closed form
solutions are not possible for the transient fields and approximate
techniques must be utilized. For a dispersive hali-space and observa-
tion points above .r on the half-space, the form of the transient fields )
is such that reasonable estimates are possible from a combination of
short and long time approximations. Some of the necessary approxi-
mations have been obtained using both quasi-static and asymptotxc
approximations and a Fourier syntheals techmque. '

A general model for the bac,k's'c_attering including interactions
from electrically small (Rayleigh and low resonance range) conducting
targets located on the ground has been formulated. The model illustrates
that the low frequency effects of the ground on the scattering properties
of the target are a modification of the polarizability of the dipole modes
of the target and an alteration of the incident field. These effects’ have
Leen illusirated for the case of a thin, prolate spheroid target.

A predictor type difference equation has been suggested for target
detection and discrimination. The method requires that the difference
equation for the ramp response of a target, either in free space or on
the ground, be known and the equation can be determined from multiple
frequency scattering data. For a few target shapes, the difference
equation can be determined a.alytically. Application of the difference
equation for detection bas been illustrated using simulated measured
data of conducting hemispherical boss targets on the ground under trees.
Discrimination application has been illustrated for size separation of
free space spherical scatterers.

Research on the problems discussed in this report is continuing on
Contract F19628-67-C-0239. A detailed report including extended re-
sults for both the transient fields of dipoles in the presence of a hali-
space and applications of the difference equation to detection and dis-
crimination is anticipated in the near future.
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