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INTRODUCTION

It is interesting to note that one of the first video pulse radar
systems was proposed in 1937 by Melton (1937). However, the first
practical video pulse radar system introduced for tunnel detection was the
Geodar system (Lerner, 1974). There have been many research organizations
involved in this type of system. Some of these are MIT, SRI, SWRI, Calspan,
Teledyne, and GSS. .

The work at the ElectroScience Laboratory has followed three directions.
One of these is the development of a pipe detector system under the
guidance of Dr. J. Young and patented by Young and Caldecott (1976). This
has resulted in a unit which is to be marketed by Microwave Associates Inc.
under the trade name of Terrascan. Dr. Moffatt had earlier used a somewhat
less sophisticated system to detect a variety of geological structures
(Moffatt et al (1973)). These systems have two major improvements over the
Geodar unit. The most important advance is an improved loaded crossed dipole
antenna system. This development eliminated the hybrid T-R and ATR system
used in the Geodar unit to isolate the received and transmitted pulses., The
second advantage is that this antenna system can be made insensitive to
reflections from planar parallel surfaces. This greatly reduces the clutter
in any subsurface radar, and such a system is ideal for observing any
scatterers, such as tunnels, that are symmetric with respect to the antenna
axis.

More recently Burrell and Peters (1976) conducted a study on the
applicability of this type of radar system for deep penetration (depths
of the order of a kilometer). It has been found that such systems appear to
be practical but very careful system design is necessary. Ffor deep
penetration, it is found this radar must operate within the low frequency
window as defined by Gabbilard et al (1971). This also implies that the
antenna must be in electrical contact with the conducting ground., This
offers several significant advantages. Ffirst, the propagation in the
medium when the frequency of transmission is within the LFW is independent
of conductivity and frequency when a voltage pulse is applied to the antenna
terminals. Second, the antenna impedance, to a good approximation, is
frequency independent and is a constant resistance which is easily matched
to a well designed pulser. Thus a pulse can be transmitted through the
lossy medium without distortion.

The goal of this report is to extend this work to address the problem
of detection and identification of targets to a depth of 120 m, In
particular, this report considers pulse propagation in lossy media with
particular emphasis on its application to subsurface video pulse radar
with ranges up to 120 m. Signal radiation from a current element in a
lossy medium is studied and two possible frequency bands of operation are
identified. These are the Low Frequency Window (LFW) and High Frequency
Window (HFW) as defined by Gabillard et al,(1971). Propagation in each
window is considered separately. A suitable antenna type for subsurface




radar has been chosen, but detailed antenna design is not covered in this
report which addresses propagation loss and signal distortion. Nevertheless
antenna design is an important facet of subsurface radar, and modified
antenna designs will slightly affect the attenuation constants presented in
this report ?the effect is expected tc be of the order of 2-3 dB). !

In Section 1 the propagation constant for plane waves in a lossy
medium is plotted for use as a design aid in the later sections.
Section 2 examines the fields of a current element as functions of frequency,
range and ground parameters. A physical picture of the mechanism of
radiation from the current element is presented to explain the shapes of
the curves. Section 3 presents generalized curves for the E field of the
current element and introduces the LFW and HFW concepts. This follows
Gabillard et al (1971). A design chart is presented which can be used
to determine whether an LFW or an HFW radar is required for a particular
application (determined by the ground constitutive parameters and the radar
range). Section 4 investigates the desired properties of an antenna for
subsurface radar, and concludes that the dipole is a most suitable antenna
type for the application. In Section 5 the fields of finite length dipoles
are considered and their relation to the fields of a current element
established. In particular it is found that the fields of a current
element (which are simply evaluated) are a reliable guide to the type of
radar (LFW or HFW) required.

A computer model to study the propagation characteristics of the system
comprising the antenna(s) and the medium is developed in Section 6. This
model is then used to determine design data for LFW radars (Section 7) and
HFW radars (Section 8). A brief summary of how to use this design data
is given in Section 9. It is noted that the frequency band of operation of
an LFW radar is generally too low to get information about the resonances
of targets as electrically small as 1 meter radius tunnels. Consequently
LFW radars are potential detectors of such targets. HFW radars can operate
at frequencies of hundreds of MHz, and can be regarded as potential identifiers
of such targets.

A good understanding of the physical mechanisms involved is essential
to the understanding of any subject. Many of the characteristics of antennas
and propagation in lossy media do not follow intuitively from the familiar
characteristics in free space. Consequently those concepts presented in
this report which are "foreign", or differ from those which occur in free
space situations, are expanded in some detail and often from more than one
point of view. This is done to help the reader to thoroughly understand
the concepts presented.

1.  THE ATTENUATION CONSTANT FOR PLANE WAVES PROPAGATING
IN A LOSSY MEDIUM

The propagation constant v for a lossy medium having a conductivity
o mhos/m and a relative permittivity (dielectric constant) ey is given by

]1/2 -

Y = [Juwu(otjwe) = a+jB (1)




where w 1s the radian frequency (2nf), and e=cqe, is the permittivity, e
is the permittivity of free space, a is the attenuation factor and 8 is the

phase constant. These are given by

2
WE g .
Jz( 22
c2
B =ufr (1 7y ] (3)
3 W E
The low frequency approximations for a and 8 are
a = |2 (4)
- (% )
and the high frequency approximations are
o.ﬂ@ (6)
B=w/l_:€_ (7)

Note that (4) and (5) are independent of ¢ and (6) is independent of
frequency.

The attenuation of plane monochromatic waves propagating through a
lossy medium depends upon a, Figure 1 shows a in decibels/meter for
Tossy media with constitutive parameters spannina a range typical of the
ground likely to be encountered in this study. Hote that when f<100 KHz,
a is given by (4). The high frequency form (6) is valid for frequencies
greater than 2 MHz for 0=.001 mhos/m and e,.=4, but is not valid until
100 MHz when 0=.02 mhos/m and e,.=16.

For pulse signals, the attenuation depends upon the value of a over
the frequency range for which the pulse signal has significant energy.
For propagation at high frequencies 38/3w = constant = 1/phase velocity
and consequently the shape of a transmitted waveform is preserved as long
as its spectral components lie in the appropriate frequency band., For
propagation at low frequencies, the shape of the transient waveform is
preserved primarily because the products aL = gL are negligible (L = path
length in the medium).
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-7 2, THE ELECTRIC FIELD INTENSITY OF A CURRENT ELEMENT
IN A LOSSY MEDIUM

[

The attenuation factor a applies to the propagation of plane waves
throug:: a lossy medium. A better idea of the transmission by a practical
antenna system into a lossy medium can be obtained by examining the fields
of an elementary dipole.

The electric field a distance r from an infinitesimal electric
dipole is given by Schelkunoff and Friis (1952, p. 119):

| 1dg sine
4r(o+jwe)r

E (1 + yr + \rzr'z)e-W (8)

In (8), I is the current which is constant alona the length d& of the
element, and & is the elevation angle of the conventional spherical coordi-
nate system. The dipole is coincident with the z axis. The behavior of

E, as the frequency changes is facilitated by manipulating (8) in the
following way (Gabillard et al. 1971). For zero frequency, (8) becomes

1 dt sin®
E, = _0__.__3.__ (9)
{ 0 4no r

Divide (9) into (8) to obtain

_ 2.2, -yr
T (T+yr+y°re (10)

Equation (10) is the ratio of the electromagnetic field component g4
at the radian frequency w to the same component for zero frequency.
The variation of the electric field with o,e and f is described by
this equation (Gabillard et al 1971).

Figures 2-4 show (10) plotted over seven decades of frequency for
a range of conductivities and dielectric constants. The important
feature in these plots is that when the range and conductivity are low,
and ¢, is high, |eyg| is constant at low frequencies and increases
smoothly at high frequencies. When the range and conductivity are both
high, |eg| rises to a peak of 1.45 (3.23 dB), then attenuates sharply
as the frequency increases. This means that at high frequencies there
is effectively no deep penetration of electromaanetic waves from a current
element into a highly conducting medium, Hotice that for certain com-
binations of conductivity and range between the two extremes there is a
small dip in the frequency response, but high frequency transmission is

- possible.

- It is worth examining (10) in some depth to determine the reason
for the shape of the frequency responses displayed in Figures 2-4
Basically it is the interference between the three terms in (10) and the

5
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behavior of y with frequency which change the shape of the frequency

response., When the range and the frequency are both small the dominant

term in (10) is the first term inside the brackets (which is the electro-

static field term). Hence leg| is approximately unity. As the frequency i

increases (thereby increasing y) the second and third terms in the '

i brackets in (10), grow in amplitude and |ey| rises in amplitude to a '

maximum of 3.23 dB. This peak occurs when yr % 2.5, As the frequency :

! increases still further the radiation field (the last term inside the

; brackets) dominates the expression contained within the brackets., How-
ever, an increase in frequency also increases the attenuation introduced
by the e@" factor in eY'. This attenuates the signal as the frequency
increases because a increases as ¥f (see (4)), i.e., the decrease due tg
the exponential terms becomes greater than the increase due to the (yr)
term. The net effect is that a severe attenuation of the fields occurs
when the conductivity (and hence o and e~®") 1is large and r is large. How-
ever when the conductivity is low, a reaches its high frequency form (which
is constant, see (6)) before severe attenuation of the fields occurs. Con-
sequently the freguency response displays at most a small dip. Notice

v that in Figures 2-4 |e,| begins increasing when the frequency is high
enough so that a becomes constant (the high frequency form), as shown in
Figure 1. Hence e=Y" only introduces a constant attenuation which is
independent of frequency, and |e,| is proportional to frequency. This
explains the 6 dB/octave of frequency increase in leeiat high frequencies.

] { Finally, it is observed that deeper penetration without dispersion

occurs for the dipole radiated fields at higher values of yr than is the
case_for plane wave propagation primarily because of the effect of the
(yr)2 term in Equation {10).

3. THE HIGH FREQUENCY AND LOW FREQUENCY WINDOWS

Gabillard et al (1971) have reduced the curves shown in Figures
2-4 to a set of universal curves, and have defined a Low Frequency
Window (LFW) and a High Frequency Window (HFW). Gabillard et al's
curves are shown in Figure 5. The LFW is defined as that band of
frequencies from zero frequency to a cutoff frequency fy,, which is the
frequency at which |ey; falls to -3 dB. It is given by
3

e o 3.76 x 108

m
Y o

(1)

where r is the distance to the observation point in meters, and ¢ is in
mhos/meter.

The HFW is defined as that band of frequencies from fy, which is the
frequency at which |ey! again becomes greater than 1, to infinity. HNotice
that for some ground parameters and ranges, e.g., when 0=.001, ¢,=16 and
r=30 m, fy-fy, so that there is no dip in the frequency response. Hotice
- also that for more lossy ground (e.q., 0=.01 mhos/m, e,.=4) fy is so high

e e g = e

.
ke AalA e iee s e - Y




§ A

PPN P VAP |

(L6l “Le 32 paeliiqey 03 3np) eipaw Asso| ul Judud|d
JULAND R JO PIILJ IL4IDAL3 pIZLLPWIOU BYJ J0J SBAUND |eSudAtun ¢ dunbiy

(23S /S¥313W WHO) °/%>
WL .0 o o 0 fi fi 0

0°08-

0°08-

0°0h-
07314 31413373 03SITUWHON

(o4

10

002~

8l

S

0°0

—Sae—e

14!

0°02
(80)

el

2
c)
LY
<
o
L]
|
&
e
L J
0°0h




that practical pulse signal sources could not be used (we have limited our
calculations to 1 GHz since high amplitude pulse generators with sig-
nificant energy beyond 1 GHz are uncommon).

Inspection of Figures 2-5 indicate that it is practical to use the

HFW providing the dip in the frequency response is not excessive. We

have set an arbitrary limit of about -10 dB on the amplitude of the dip

' if operation in the HFW is to be possible. When the dip is greater than
this, |eg| does not again exceed unity until the frequency is beyond the
range of many practical pulse generators. This condition is met when the

L radar range is less than 4L., where L. is the characteristic length of the
medium (Gabillard et al, 1991) and is given by

.

L =

2
c o

q (12)

|

Hence our arbitrary design condition is that for operation of an under-
ground radar to be possible in the HFW, then

8!'—"

€
d<TS‘j: (]3)

Note that in deducing the condition d<4L., the radar range d is half the

total propagation distance r. It is important to remember that r=2d
when using (11) to determine the LFW cutoff frequency for a particular
radar.

Figure 6 presents (13) in graphical form, As an example, consider a
radar design for which the ground constants are ¢=,001 mhos/m and e,=4.
The point on the qraph defining this medium lies to the left of the d=30 m
line. This means that the HFW can be used for a radar which has a maximum
range of 30 m (X100 ft). However the same point lies to the right of the
d=60 m line. This means that for a radar which is to operate to depths
of 60 m and greater, the operating bandwidth of the radar is restricted to
the LFW, whose cutoff frequency is given by (11). It should be remembered
that Figure 6 is based on an arbitrary criterion which is the allowable
depth of a null in the elementary dipole frequency response, but it turns
out that the depth of the null is very sensitive to the range and ground
constitutive parameters, so that in practice Figure 6 gives reliable data,
When the point defining the ground parameters lies very close to the line
for the desired range, Equation (10) should be plotted and fy compared
; with the spectra of the available pulse sources and the frequency range
4 P for which data is required before a decision is made.

The design of the radar depends upon the frequency range. In the
{ LFW, propagation is largely due to conduction currents, This means that
: good electrical contact between the transmitting and receiving antennas
- and the ground is essential., However in the HFW propagation is due to
- i’ the displacement currents (Gabillard et al, 1971) and it turns out
:. that electrical contact with the ground is not essential. Consequently

n
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a8 radar designed to operate in the HFW can have an antenna which is merely
close to the ground. For a LFW radar however, particular care needs to

be taken to ensure that the antenna is in electrical contact with the
ground. This is based on the fact that the input impedance of the in-
sulated antenna is a constant resistance. This means that whereas the HFW
radar can be operated as a mobile system, the LFW radar cannot.

4, THE CHOICE UF AN ANTENNA TYPE FOR AN UNDERGROUND
ELECTROMAGNETIC RADAR

The primary requirement of an antenna for a subterranean radar is that
it should transmit the applied pulse efficiently into the gqround. When the
radar is designed to operate in the LFW the freguency band of operation is
low so that the input pulse duration can become comparable to the propagation
time of the pulse to the target and back again, With such a system any
multiple reflections or "ringing" of the input signal on the antenna ef-
fectively extends the duration of the transmitted signal so that the wanted
low Tevel reflected signal is masked.

Effective coupling of the transmitted enerqgy into the ground is
achieved simply by lying the antenna on the surface of the ground, as shown
by the following simple argument. Consider an antenna that is designed
to respond to the horizontal electric field (e.a., a dipole), and is located
an infinitesimal distance above the ground. Since the characteristic
impedance of the ground is at most frequencies much lower than the character-
istic impedance of free space, the voltage reflection coefficient of the
air-ground interface is p%-1 for a wave normally incident from the air
medium, In this case, the electric field of the direct and reflected
waves interfere destructively. Since the reciprocity theorem states that
the reaction of an electric element is proportional to the electric field
at the current element, the voltage generated at the antenna terminals is
small. HNext let the wave incident on the interface come from below the
surface, i.e., from the lossy or conducting medium. The voltage reflection
coefficient in this case is p~#1 and thus the electric field interferes
constructively at the interface. The tanaential electric field is
continuous across the interface so that the response of a linear antenna
on the surface of the conducting interface is approximately l+p times that
of the same antenna immersed in a homogeneous conducting medium (p in this
case is the voltage reflection coefficient of the air-ground interface for
signals arriving from within the ground). It follows that such antennas
lying on the surface of the ground respond to signals arriving from within
the ground and, by the reciprocity theorem, they transmit most of their
energy into the earth (in reality some energy may be supplied to surface
waves, which propagate along the earth-air interface). This results in
what we call an "interface gain” which can be up to two times, or 6 dB for
each dipole of a transmit-receive pair.

There is an additional effect which occurs on transmit. It will be
seen later that it is convenient to feed the antennas with a voltage pulse,
with the source impedance of the pulse generator chosen to give a desirable
match to the input of the antenna. Propagation calculations made between

13




antennas in a homogeneous medium and driven by voltaqe pulses will be
presented later. For a given input voltage, the current on the transmitting
antenna (which determines the fields) is determined by the antenna input
impedance. When the antenna is placed at the air ground interface and in
electrical contact with the ground, the input impedance is approximately
twice what it would be if it were immersed in the homogeneous medium
(because of the removal of one conducting half space and because the antenna
impedance in the homogeneous medium is much less than its impedance in free
space; Burrell and Munk, 1976). Therefore the antenna current and the
fields are reduced by 6 dB. The "interface gain" of about 6 dB acts to
make up this apparent loss, and the net effect is that the "interface gain"
for a dipole on transmit is about 0 dB. Therefore, because of the voltage
pulse input we use in our propagation calculations, the interface gain is
about 0 dB for the transmitting dipole. The interface gain is 6 dB for the
receiving dipole.

This can be cast into a somewhat clearer picture in terms of the
reciprocity theorem given in this case by

S T]-rzdnS T, E (14)
L

where By is the field at the second antenna caused by the current I
flowing on the first antenna, and

fé is the field at the first antenna caused by the current I
flowing on the second antenna,

If the two antennas are widely separated, there is no change in Tp if the
air-ground interface is inserted at the position of the first antenna.
However the fields of Té at the interface are now given by

Ez(1+p) N~ 2E (15)

9
The current in antenna 1 is halved when the source is a matched constant
voltage source because the impedance has been doubled. The field ¥
transmitted to the position of the second antenna is unchanged by use of
Equation (14). Next examine the current and voltage induced on the first
antenna by the second when this same interface is inserted at the position
of the first antenna. By the same reasoning, I» is unchanged and E2 is
doubled. The open circuit voltage induced in tﬁe first antenna is simply

JE, + dT, which is now twice the open circuit voltage in the homogeneous
media. These effects have been verified on a limited scale by

numerical results where the interface has been included via the Sommerfeild
integral,

14
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An important advantage of the effective couplina to the ground when
the antenna is lying on the surface is that the antenna is insensitive to
signal sources or reflections from objects above the qround. This is
important because most noise sources are above the ground.

In an efficient system the antenna must be properly ratched to the
feedline. There are two ways in which a radiating element can be matched.
These can be seen by considering the behavior of the radiating element on
transmission (Bates, 1967):

1) The reflections from the driving point and the various physica)l
discontinuities on the element are made to cancel in the transmission
line which feeds the element.

2) The element is constructed so that there is a smooth transition
from the feedline into the medium. Consequently only outward traveling
waves exist on the antenna when it is transmitting.

Narrow band antennas are usually matched by the first method (a dipole

is the simplest example of this). The first method can be nade effective
over a limited frequency range (e.q., a fat dipole). The second of the
above two methods is the one which is mnst suitable for achieving
efficient transmission of transients which have bandwidths of several
deca?es of frequency (Bates, 1967; Burrell, 1971, Ch, 8; Bates and Burrell,
1972).

The first method of matching is equivalent to enforcing the well
known conjugate impedance match

z =7

*
source antenna (16)

for all frequencies for which the input signal has sianificant energy.
While this approach produces a match on the feed line, it causes multiple
reflections on the antenna structure which produces a distorted radiated
pulse. As we will see later, if the input pulse is carefully designed,
these reflections on the antenna can be made to cancel each other. The
majority of narrow band matching networks (e.g., stubs) utilize this
principle.

The second method of matching requires that there be no reflections
from the antenna, i.e.,

ZSOU"'CG ) Zantenna (17)

which, in general, conflicts with Equation (16) since efficiency is a
design criterion. It follows that for efficient and faithful trans-
mission of pulses, both the feedline and the antenna must have real
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impedances for all frequencies for which the input pulse has sufficient
energy, This is a common constraint for the transmission line design,
but is an unusual and difficult constraint to meet for antennas required
to transmit or receive signal bandwidths of several decades.

An additional constraint for faithful transmission is that the
antenna must have a phase center of radiation which does not change
position rapidly with frequency (the phase center is the apparent
source of radiation). It is this requirement which precludes the use
of spirals and log-periodic antennas for transient transmission (Collin
and Zucker, 1969, sec. 22.5). This requirement also insists that the
input to the antenna be carefully balanced. Any radiation from an
unbalanced feed Tine will cause the phase center to shift.

The Dipole Antenna as a Transient Radiating Element ;

It turns out that the simplest of all radiating elements, the dipole,
is particularly suitable for use in an underground radar system when it
is in electrical contact with the ground. The dipole has a phase center
which is constant with frequency. The characteristic impedance varies
only slowly along the dipole, so that a current pulse propagates along the
dipole almost undistorted.* The reflection due to the slowly changing
characteristic impedance is so small that it can only be detected indirectly
(Burrell, 1972). The dipole has an important practical advantage in that
it is a simple antenna to store, and is relatively easy to position on the
ground. Any other antenna of the required size would be too cumbersome to
be practical.

A dipole has two discontinuities which are potential sources of
reflections, the feedpoint and the open circuited ends. It is the
reflections from these discontinuities which give the dipole its
frequency sensitivity. For the dipole to be a good transient antenna
these reflections must be eliminated. The discontinuity at the feed-
point can be minimized by feeding the dipole with a transmission line
whose characteristic impedance matches the surge impedance of the dipole
(Ross, 1967) (which for free space varies with the pulse duration;

Burrell, 1971, sec. 5.4.2)**, Eliminating the reflection from the ends of the

*The dipole can be considered as a non-uniform transmission line whose
inductances and capacitances per unit length, and hence the character-
istic impedance, vary along the line (Schelkunoff and Friis, 1952).
This characteristic impedance for a cylindrical dipole increases as
the distance from the feed terminals increases.

g 2o 2

**The surge impedance is the apparent impedance terminating the trans-
b mission line as seen by the pulse. Its value depends only upon the
' "average characteristic impedance" of the dipole for a distance vt/2
from the feedpoint, where t is the input pulse duration and v is the
velocity of propagation of the pulse on the dipole.
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dipole is not as simple when the dipole is in free space. One approach is
to fold the dipole to form a loop, and load the ends with the appropriate
value of resistor (Dion, 1970; Young, 1975).

The preceding discussion refers to techniques used for dipoles in
free space, and for input pulses which are short compared to the propa-
gation time along the dipole. These techniques are also applicable to
radars which are designed to operate in the HFW, as will be discussed later.
For radars which must operate in the LFW the frequency band of operation
is necessarily low and the duration of the input pulse is many times its
propagation time along the antenna. Fortuitously, when the dipole is used
for transmission underground, the conducting earth medium can be used to
advantage in antenna matching. When a dipole is placed in electrical
contact with a conducting medium, conduction currents made a significant
contribution to the dipole input impedance. The effect of the conduction
currents is to reduce the frequency sensitivity of the dipole impedance.
The input resistance tends to a finite value at zero frequency, which is
the d.c. resistance measured between the terminals (conduction currents are
the only currents present at zero frequency). The reactance is small and
becomes zero at zero frequency. As a result an almost reflection free
match from zero frequency to the upper spectral limit of an LFW radar
pulse can be obtained for the dipole simply by arranging continuous electrical
contact with the ground.

Physically what happens is that the shunt resistance of the conducting
medium attenuates the currents propagating along the dipole thereby reducing
the reflections which occur from the ends. When the dipole is short, the
attenuation is not sufficient to reduce the reflections from the ends to an
insignificant amplitude. The reflection from the end of the dipole
corresponds to a resistive Joad at that point since there is no significant
energy storage mechanism., If, in addition, the total path from the feed
to the end of the dipole and back is very small in terms of wavelengths,
this reflected component is either in phase or out of phase with the
signal feeding the dipole depending on the sign of the reflected wave at
the end of the dipole. Thus the impedance is nearly a real quantity.

This reflected wave experiences a more significant phase shift as either

the dipole becomes longer or the frequency is increased, and then the
reactive component of impedance becomes significant. Note that this
discussion refers to a short dipole in a conducting medium, in which case
the current is in phase with the voltage as w*0 (Equation (8)) giving a

real impedance, whereas in the more familiar free space case the current

is 90° out of phase with the voltage as «+0. The presence of these multiple
reflections on short antennas does not contravene the design criterion
discussed earlier which required outward traveling waves only to exist on
the antenna. Since the waves traveling inward after reflection from the
ends of the dipole are lower in amplitude than the original outward traveling
waves, and since they overlap in time very closely, the outward traveling
waves dominate and effectively there are only outward traveling waves
present on the dipole, When the antenna becomes long and the medium
conductivity high, the attenuation of the pulse propagating along the

dipole is so high that the end reflections will be instgnificant and the
design criterion is satisfied almost exactly.
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Plots of the input impedance of bare 0.002 m radius copper wire
dipoles immersed in infinite homogeneous media are presented in Figures
7-9. The impedances are computed by the moment method (Richmond, 1974a,
1974b). Notice the almost constant values for the input resistance when
the fréquency is below a certain value which depends upon the anteuna
length 2% and the medium conductivity o. It will be seen later that the
frequency band of operation of an LFW radar will usually be within the
region of constant input resistance. The reactance is observed to be
much lower than the input resistance at low frequencies, which is where
most of the pulse energy will be concentrated, It is interesting to note
that for the range of frequencies for which data is presented, the antenna
reactance never exceeds the antenna resistance, regardless of the antenna
length. However, at high frequencies the reactance becomes comparable to
the resistance, and the consequent deterioration in the impedance match to
the pulse generator means that there is an upper limit on the length Of
antenna which may be used for a specific application. For example, the
cut-off frequency of the LFW for a depth of penetration of 100 m in a
medium having a conductivity of 0.1 mhos/m is f, = 940 Hz. For a 50 m
long antenna, the antenna reactance is about 7% of the antenna resistance
at this frequency. This is probably not sufficient to cause a serious
matching problem. It will be shown later that for an LFW radar the delay
of the received signal is usually insufficient for it to be completely
separated in time from the transmitted signal when the transmitted signal
is a pulse bandlimited at f,. For this reason it is proposed that the
input signal have frequency components up to about 10 fy, which means that
the input signal is 10 times shorter. This allows separation of the trans-
mitted and received signals. The penalty is an increase in attenuation,
and this will be discussed later., If this procedure is used, then for the
example quoted above, a pulse with significant energy up to about 9.4 KHz
would be applied to the antenna. At this frequency the antenna reactance
becomes comparable to the antenna resistance and a matching problem could be
encountered at the upper end of the frequency band, although this will
be somewhat alleviated by the increase in antenna resistance when the
antenna is located at the air-ground interface (shown later). Several cal-
culations made with media of other conductivities with a radar range d=100 m
give similar results to the above example suggesting that 50 m is the longest
antenna which should be used for an LFW radar operating in this range.

Finally it is noted that a practical generator impedance equal to a
pure resistance can be achieved in the pulser design simply by setting
the characteristic impedance of its associated delay line equal to the
antenna resistance,

Placing the antenna on the surface of the earth will alter its input
impedance. Since the upper half space is a high impedance medium, it is
reasonable to expect the input resistance to be twice the values given
by Figures 7-9, We did a sample computation using the Array Scanning
Method (Burrell and Munk, 1976) at 100 Hz for a 1000 m long dipole buried
in a half space of constitutive parameters o=.01 mhos/m and ¢,=4, and
the results indicated that this assumption is valid. The computation also
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indicated that the reactance was the same as for an infinite mediun,

This relatively lower reactance means that in practice we can expect the
dipole to be even better matched than Figures 7-9 indicate. The input
impedances presented in Figures 7-9 are valid only for 0.002 m radius
antennas. Altering the radius alters the surface area in contact with the
ground thereby changing the input impedance. A curve illustrating the
change in input impedance as the radius changes is shown in Figure 10,

and it is seen that the input impedance is not a sensitive function of
antenna radius. We established that the source resistance of the pulse
generator should be set equal to the input resistance of the antenna. In
practice this could be determined simply for the constructed antenna with

a d.c. ohm-meter. Usually it will not be practical to bury the antenna
completely in the ground to ensure that continuous conducting contact is
made along the whole length of the antenna. We will be investigating
methods of achieving satisfactory electrical contact with the antenna lying
on the surface. One of these methods involves drivina conducting pins into
the ground at regular intervals along the length of the antenna. Another
method consists of covering the antenna with a mud solution.

The discussion in this section has mainly been concerned with antennas
for an LFW radar. HFW radar antennas are less critical with respect to
ground contact but pose their own particular problems with respect to
antenna matching. This will be seen in subsequent sections. We will be
seeking optimum designs for such radar antennas in our future research,

Again, we repeat that all of the preceding results are for the case of
a constant voltage source placed at the terminals of the antenna. For a
pulser constructed using a delay line, this represents a practical assumption,
For other applications, perhaps some ow tecnnique, these results can be
transformed to any sort of a driving function desired by the use of the
antenna impedance results given in the preceding section.

5. THE ELECTRIC FIELD INTENSITY OF FINITE LENGTH WIRE DIPOLES
IN A HOMOGENEQUS MEDIUM

The fields of a practical electric dipole differ from those of the
elementary dipole presented in Section 2. Figure 11 shows the magnitude
of the parallel electric field measured at a point 30 m from a 0.1 m long,
0.0001 m radius perfectly conducting dipole buried in homogeneous media.
The solution was by a sinusoidal Galerkin moment method (Richmond, 1974a).
The dipole is excited at its center by a 1 volt generator. This would be
equivalent to a 2 volt generator voltage with an internal impedance equal to
the antenna impedance, As we have observed, in the LFW, this is a practical
impedance match when the antenna is in electrical contact with the con-
ducting ground. HNote that the curves for the electric field in the
various media display the same characteristics as those for the current
element shown in Figqures 2-5. The frequency responses are identical in
shape up to the LFW cutoff frequency, and the depth of the minima agree to
within a few dB. In the HFW |Eg| is seen to increase at a faster rate as
the frequency increases than do the corresponding curves for the current

22

N

e o S PU! VICTQIIL I IR



1
L

(QHMS)

RESISTANCE & REACTANCE

B
V3
3
- 20 =5
"\ ——&- om
. 1Om
| —a—
K~
-—a)‘\
. RE&STANCE~/}
1
REACTANCE
x‘\; -\ =
e 22=50m
‘t: e
I
:\_
- 4 R 20m
J oy
4\\
. .’ N 10m
3 & 5m
.
-l
-l
%&D
Li | R Ll T v vy T ¥ f L] L 1
0.00 0.01% 0.02
ANTENNAR RADIUS (M)
Figure 10. Illustrating the change in input impedance of

bare copper wire dipole antennas as the radius

changes.

=0,01 mhos/m and ¢,=4,




‘W Of SL jutod juadwdJdnsesw ay3
01 2dUe3ISLp 38Ul “etpau snoausbowoy uyl 3lodip Buironpuod A|3dajuad
sniped w {0000 ‘Buo| w |°p 30 yjzbuauls paLy J143D3(3 40 Ipnjtubel | aunbiy

R

(ZH) AON3NO3Y4 =y
.0l 50! ¢Ol Ol <Ol 0 =
HIRRE TTT 711 _:::_ T T __::_: __::__ T |ove-7
> s}
—{oee-
‘/*" F —O-O"b “ql.-
] —ozz- 2 \ |
370410 - :
ONOT W1'0 —o1e s M
D :
Q34NSVY3IN _oer- < ¥
si 63 A o6l m |
HOHM LY LN]1Od _logi- = ]
< ,
O :
. —Jozi- 5 g
B > ;
n\h'\q’l\.\ v H
—Joai- § 4
mﬂ_ |
—0si- £ w
ﬂ H
—40bl~- ) :
- 4 -4 .,
ANVLISNOD 2181037310 ="2 _f.o = |
(Woyw ) ALIAILONGNOD = 2 = |
o2i- < ]

AR




element shown in Fiqures 2-5. The dipole used is small and since in the
HFW all media behave as lossy dielectrics, the dipole impedance does not
behave in the way shown in Figures 7-9, but follows the familiar free
space behavior. As a result the magnitude of the input impedance of the
dipole becomes smaller as the frequency increases sc that the current
at the dipole terminals increases as the frequency increases. Hence in
the HFW |Eg| increases at a faster rate than it does for the elementary

. dipole which assumes a constant input terminal current. At low frequencies
[Eg| for the 0.1 m dipole is seen to be independent of frequency: this 1s
the same as for the current element because the input impedance is constant
at low frequencies, as was shown in Section 4, The practical dipole also
exhibits resonance, and this is seen as a peak in the frequency response
for several of the dipoles whose frequency responses are shown in Figure 11,

The importance of electrical contact of the antenna with the ground
when the radar operates in the LFW is clearly shown in Fiqure 12, where
the magnitude of the electric field of insulated and uninsulated dipoles
is compared. A severe signal loss occurs if conducting electrical contact
is not made with the ground in the LFW. HMNote that at low frequencies when
the dipole is insulated, the electric field magnitude decays at a rate cf
20 dB/decade of frequency decrease. The physical explanation is that the
insulation acts as a capacitor in series with the conducting earth, and the
conduction currents are limited by the capac tor reactance which decreases
as 1/f. It is noted that it would be possible tc achieve results using an
insulated antenna which are comparable to those for the antenna in
electrical contact with the ground by using a reactive element in the generatcr
impedance at any single frequency. However if a broadband match is required
this would at best represent a verv difficult task, especially when high
voltage pulse generators are required, In the HiW, the concept of electrical
contact with the ground loses its advantage in that the maqnitude of the
reactance is comparable to that of the resistance. This represents one of
the problems for operation in the HFW and it becores necessary to load the
antenna structure in the form of resistive loads (or absorbers).

Thus in the HFW, the dipoles may be either uninsulated or insulated;
if insulated there is the advantage of the increased mobility of the antenna
? system. Note in Figure 12 the small signal loss (% 4 dB) caused by the
1 insulation. This is attributed to the insulated antenna having a higher
i input impedance and hence a Tower impressed current from the 1 volt generator
g
]

assumed in the calculations.

Figure 13 compares the electric field strengths of dipoles of different
_ lengths for a homogeneous medium o=,001 mhos/m and e¢,=4. HNote that for
‘ these medium parameters the fields of a current element (Figure 2) and a
' short dipole (Figure 11) do not exhibit a null in the frequency response.
. In Fiqure 13 the electric field decreases in magnitude as the dipole lenqgth
, decreases because of the decreased dipole moment and the increasing input
. : impedance. This means that when the radar operates in the HFW and the
- antennas are operated in the resonance region (which is recommended later
. ! in Section 8), the signal increase suggested by Fiaure 11 is not obtained.
! However the general behavior of each curve in Figure 13 is very similar
) to the relevant curve in Figure 11,
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Figure 13. Magnitude of electric field strength 30m from 0.0001m
radius perfectly conducting dipoles in a homogeneous
medium of ep=4, 0=0.001 mhos/m. Results are presented
for dipole lengths of 2m, 5m, 10m, and 20m.

Note that the dipole resonance, which is relatively sharp for the 2m
long dipole, becomes less prominent and broadens as the dipole lengthens
and the resonant frequency moves towards the LFW.
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Figure 14 shows the variation of electric field strength with dipole
length when the medium is more lossy, ¢=0.005 mhos/m and e,=9. For these
parameters the resonance of the 20m antenna is completely damped out. Again
note that the general behavior of the frequency response 1s similar to that
shown for the short dipole and the same constitutive parameters in Figure 11,
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- Figure 14, Magnitude of electric field strength 30m from 0.0001m

- radius perfectly conducting dipoles in a homogeneous
medium of ep=4, 02,005 mhos/m. Results are presented
for dipole lengths of 2m, 5m, 10m and 20m.
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The loss in signal at low frequencies when the dipole is insulated is
again shown clearly in Figures 13 and 14, Hotice that in Figures 13 and 14
that when the dipole is electrically shorter than a guarter wavelength, and
the frequencies are within the LFW, the electric field strength increases
11 dB for each octave increase in the antenna lenqth,

6. A COMPUTER MODEL FOR THE ANTENNA-MEDIUM
PROPAGATION MECHANISMS

The radar system we are considerina consists either of a dipole
antenna at the surface of the ground (if the same antenna is used for both
transmitting and receiving) or of two crossed dipoles at the surface of the
ground (if separate antennas are used for transmitting and receiving and
isolation between the two antennas is required). The target of interest,
a tunnel, is buried below the antenna, Figure 1% depicts such a system

DIPOLE ANTENNA AT
SURFACE OF GROUND

X / /’
-
P
\ -
-
-
r \ - -~
// ’/
-
- _-
’:~;~\- -
d 4’/ -
- ;><:,_
-~

- - \

N.TUNNEL BURIED
d METERS DEEP

Figure 15. Radar antenna at surface of ground
and tunnel target.
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when a single dipole antenna is used. We require a model from which we

can obtain the propagation mechanisms of pulse signals from dipole antennas
in the ground medium separately from the scattering mechanisms of the target,
This separation of target scattering and propagation mechanisms is necessary
to simplify the study by reducing the number of variable parameters to
manageable proportions. It also leads to a better understanding of the
various propagation and scattering mechanisms which combine to produce the
total system response. We have done this in the following way.

Figure 16a shows the radar when the target (the tunnel) is replaced by
a perfectly reflecting plane infinite interface parallel with the surface
of the ground. By applying image theory the model of Figure 16(b) can be
constructed. Next we have simplified the model to that shown in Figure 16(<;

2,l-—----i1
ANTENNA AIR

o o

PULSE GENERATOR
ul(t
1 MEDIUM 2u (1)
d SIGNAL
b4 TRANSMITTING
J PATH s ANTENNA
INTERFACE ?
(o)
ANTENNA AIR
I nda 2d MEDIUM €, o
MEDIUM
24 — NTERFACE POSITION _ _
Y _ 4
w RECEIVING
ANTENNA
R 2
e RECEIVER
IMAGE _ANTFS;JA AIR (¢)

Figure 16, Development of a model for analysis of pulse propagation into
the earth. (a) Reflection from an antenna d meters deep.
(b) Model of reflection from a perfectly reflecting interface.
(c) Simplified model of reflection from a perfectly reflecting
interface,
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by replacing the air with homogeneous medium, This is ji. *‘fied because
simple reasoning presented earlier in Section 4 showed tha. the major effect
of the interface is to introduce an "interface gain" whose nagnitude depends
upon the Fresnel reflection coefficient at the interface. By adopting the
model of Figure 16(c) we avoid the time consuming computation of Sommerfeld
integrals required to account for the air-ground interface. The effect of
scattering from a target such as a tunnel can then be included by normalizing
the result from the scattering solution of the tunnel by the scattering from
an infinite ground plane. This will be described in a forthcoming report.

As shown in Figure 16(c) we have modelled the pulse generator by its
Thevenin equivalent circuit. The Thevenin generator voltage is twice
the output voltage, because in antenna engineering it is common to refer
to the output voltage of a generator as the voltaqe delivered to a load
whose impedance equals the generator source impedance Zg. In general the
voltage appearing across the antenna terminals will not be u(t) because
the antenna impedance will vary with frequency. However if the LFW is
used, the antenna impedance is practically independent of frequency and
for this case the voltage applied to the antenna terminals will be
approximately u(t).

To obtain both the transmission and reflection characteristics of

the pair of parallel non-displaced dipole antennas in Figure 16{c) to the

input signal u(t), the z-matrix of the two port network comprising the

[ dipoles and the medium was computed for 512 equally spaced frequencies up
to a maximum frequency which was about 2.5 times the highest frequency

for which the input pulse had significant energy. The resulting integral

equation was solved by the moment method using a piecewise sinusoidal

expansion for the current distribution (Richmond, 1974a, 1974b). From the

: z matrix data computed as a function of frequency (Zy7(f) and Zy2(f)), the

: signal refiected from the transmitting dipole can be obtained from the

: reflection coefficient o(f). p(f) is obtained from the input impedance

() - it - % (18)
\ p = 7. (fT +
f Zin * S
where
] 1,(f)°
! Zintf) = I - 7oy (19)
;' The spectrum of the reflected signal vy(t) is Vy(f) (where upper case
H roman letters are used for spectra and lower case letters for time

domain signals) and is obtained from
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Vi (£) = o (f) U(f) (20)

where U(f) is the spectrum of the input signalu(t). Hence

v (t) = Fl (f) (21)

where F'] denotes the inverse Fourier transform. To obtain the signal
received on the receiving dipole we have defined a transmission coefficient
H(f) as follows

V,(f)
H(f) = TTFY (22)

where Vo(f) is the spectrum of the received signal vp(t) which appears
across the load impedance Zj.

The transmission coefficient is given by

in 3 N S

and the received signal vy(t) by

v,(t