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SUPOtA RY

The discovery and identification of a vehicle or other obstacle on or
above the earth by radar from the air ii difficult because the reflected
signal from the obstacle is obscured by the signals scattered from the
earth. The intensity of these latter depends on the reflecting and absorb-
ing properties of the earth ’s surfac e, which may be dry , moist , or frozen

V 
‘ soil; lake or sea water ; or ice or snow — all with very different electri-

cal characteristics. Furthermore , the angle of the incident beam can
range from nearly graz ing to perpe ndicular to the ear th ’s surface . Depend-
ing on the proximity of the obstacle to the earth , the currents induced in
it which generate the reflected field may differ significantly from their
values in the absence of the earth with corresponding changes in the re-
flected field and in the identifiable characteristics of the obstacle.

The primary objective of the teak is to determine the effect of the
earth on signals scattered from simple obstacles — especially circular
loops and co~~ inations of loops as well as dipoles — in its relation to

the propert ies and the proximity of the earth’s surface.

The technical problem involves the following: 1) A theoretical and
experimental study of the currents induced in circular loops with various
sizes when isolated and when at different heights over the earth . The
loops are illuminated by a plane wave arriving with different angles of
incidence. 2) The determination of the scattered field due to the induced
currents as compared with the fields due to the currents in the loops in
the absence of the earth. The method s used include the solut ion of V

Maxwell’ s equation subject to appropriate boundary conditions and the
direct measure ment with a suitably designed experiment. This includes
measurements on loops over soil at an outdoor sits and ~sasursments over
a tank of water indoors. An apparatus has been constructed at an outdoor
site and measurements have been completed on single circular ioops and
dipoles over the earth . These indicate subst antial effects due to the
earth over a range of heights up to one wavelength. The indoo r apparatus
for measurements over water has been completed and tested and measurements
are in progress.

A rigorous theoretical f ormulation has been completed . This involves

the so—called Soemsrfe ld integrals . A new method of solution using the

V iii
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variatissal principle is being d vslopsd. It is hoped to compare theoret-
ical and eaperiasm tal results whsn both arm available.

Vhss the soluties of the problem of scattering from the single cir-
cular loop at as arbitrary distance over the earth has been completed and
verified emperimentally, two and more coaxially placed loops will be in-
vestigated a first appro ach to a thre .—d4— nsiona l vehicle. V
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PART I
MEASURENENT OP THE SCATTERED FIELDS FROM A METAL LOOP AND A STRAIGHT WIRE

PLACED ABOVE THE GROUND

1.1. Introduction

V V A knowledge of the scattered field from objects located above a di-
electric half—space is of interes t in radar . While the well—known So er—

V f.ld problem of radiation from a Hert z tan dipole in such an environment
has received extensive study in the past (see bibliographies in [l)— [3J ) ,
the determination of the surface current distribution induced on a finite
object by an incident plane wave remains unsolved. This surface density
of current , which corresponds to a continuous distribution of infinitesi-
mal dipoles that are dependent on the geometrical and electrical proper-

ties of the scattering object and the presence of the dielectric half—
space , must be evaluated before the solution of the Sosmerfeld problem

can be applied to find the scattered field.

A conducting thin circular loop is chosen as the scatterer becaus e
of its geometrical simplicity , because a solution for the current in the
loop can be extended readily to cylindrical or other objects , and because V
when it is in free space , the current distribution is known [41. Experi-
ments are being carried out to measure the scattered field f rom loops of
different sizes at different heights above earth and water . 

V

‘ I
V 1.2. Experimental Setup

The frequency used in this experiment was set at 1.5 Clis, which cor-
responds to a fre .—space wavelength of 20 cm. The transmitting antenna
was supp orted by a quarter—circular arc , as shown in Fig. 1. The struc-
ture was made of low—densit y polyfoam with dielectric constant approxi-
mately equal to 1.02. Radial holes were drilled .v.r y 15 degr ees in the
arc so that the t ransmitting antenna could be mounted at different posi-
tions in order to launch waves with various angles of incidence. The
transmitting antenna was 2 a or 10 wavelengths iay from th. scatterer.
Th. latter was sufficiently far from the antenna so that it could be con-
sider ed to be illuminated by a uniform plane wave .
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The structure that supported the receiving antenna was a semi-
circular arc made of polyfoan, as shown in Pig. 1. The receiving antenna
was fixed on a plexiglass rod which could be inserted into one of the
radial holes drilled every 15 degrees on the polyfoam arc. The distance
between the receiving antenna and the scatterer was 1.5 a or 7.5 wave-
lengths. The semi—circular polyfoam arc could be rotated to vary the
azimuthal angle of the receiving antenna . The azimuthal angle was marked
by wooden golf tees embedded every 10 degrees in the ground on a circle
of 1 meter radius. To check the effect of the polyfoam and the layers of
glue in the semi—circular arc , the signal from the transmitting antenna
was measured by the receiving antenna with the polyfoam arc placed at
various positions and angles between the two. No difference in amplitud e
of the received signal could be detected , and the change in phase of the
received signal varied less than 3 degrees. It was concluded that the
structure did not change the incident wave or the scattered wave in any
significant manner.

The block diagram of the experimental setup is shown in Fig. 2. The
key element in the setup was the hybrid , which made possible the complete
cancellation of the incident and reflected fields and the field from the
transmitting antenna picked up directly by the receiving antenna. The
procedure was as follows. With the transmitting antenna and the receiv-
ing antennas set in their respective positions, the scatterer or target
was removed and the variable attenuator and phase shifter were adjusted
to obtain a null reading on the vector voltmeter. The scatterer was then

P put into position. The reading on the voltmeter was recorded as the
scattered field strength. It was found during the experiment that the

V 
direct pick—up by the receiving antenna in the absence of the scatterer
was approximately 30 dB higher than the scattered field. It would have
been impossible to detect any change in reading with and without the
scatterer present if this cancellation scheme had not been used. The

• null or noise level which the cancellation circuit was able to achieve
was found to be better than —40 dB below the uncancelled signal , thus

• giving a range of about 10 dB for detection of the scat tered field
strength which , as mentioned earlier , was about —30 dl below the uncan-
celled signal.
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1.3. Transmitting and Receiving Antennas

The transmitting antenna used in this exper~.men t was a half—wave,
folded dipole with one parasitic element, 0.51 wavelength in length end
spaced 0.25 wavelength behind the folded dipole, which acted as a re-

flector. The signal was fed through a section of coaxial line, a balun,
and a 10—meter long shielded two—wire line before it reached the folded
dipole. The balun was adjusted until the most symeetrical field pattern

V was obtained. The field pattern is shown in Fig . 3a. The receiving an-

tenna was similarly constructed , except that the shielded two—wire line
was 7 meters long. The balanced field pattern for the receiving ant enna
is shown in Pig. 3b. It should be noted that, although these antennas
had neither high gains nor narrow beams , the cancellation scheme described
in the previous section eliminated the need for longer or more complex
arrays. Furthermore , balancing the two—wire line using a simple balun at
1.5 CHz for a long array was found to be rather difficult to accomplish.

In order to minimize interference with the incident and received
fields , the wires attached to both antennas were supported by we’oden
stands and were either perpendicular to the polarization of the wave, or
lying on and shielded by the ground . The polarization of both the inci-
dent and received waves was In the —direction (azimuthal direction).
The supporting structure for the antenna contributed to a depolarized
component of —14 dB in the forward direction. This level of polarization
purity was considered to be adequate.

1.4. Properties of the Ground

The ground over which the scatterer was placed was soil with no
vegetation with in one meter of the scatterer. There were no utility
cables or pipes under the experimental area, except f or a plastic sewer

pipe , 15 cm In diameter , approxima tely 2 meters below the surface. The
skin depth of the soil at 1.5 GHZ was lass than 20 cm. Thus the presence

of the pipe could not have affected the measurements.

The complex permittivity of the soil sample on the ground of the
experiment was measured with various moisture contents and at different
depths. A General Radio 10 cm, coaxial air—line was modified to bold a

1
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s ple 2 cm In length, with a 1.9 cm section of the remaining line filled

with air , and then short—circuited at the end. This sample holder wee

connected to a slotted coaxial line. Data of the VSWR end the position

of voltage miniamim were obtained experiasotally. These data were then
compared with theoretically calculated contour curves , shown in Fig. 4,
which were obtained using transmission—line th.ory. The results are
listed In Table 1. The top layer is presumed to be th. most important

V parameter in dstermin ing the overall ground effect on the scattering of

the target. It was noted th at a day or so after a moderate rainfall, the

F moisture content of the top layer vii approximately 92, and that after

several days it dropped to approximately 42. Pros the data in Table 1,
it was estimated that thes e ground conditions corresponded to relative

c~~~1ex psrmitttvities of approximately 13 + i2.2 and 5 + iO.6, respec-

tively.

1.3. The Scatt.rers

Six loop, and one rod were used as scatterer.. They were all made

of brass rod, 1/8 Inch in di ter . The di eters (denoted by 2b) of the

loops wars 3.49 cm (kb — 0.55) , 4.45 cm (kb — 0.70), 5.40 cm (kb — 0.85),

V 
6.35 cm (kb — 1), 7.30 cm (kb • 1.15), and 8.26 cm (kb — 1.30). The

V lemgth of the brass rod was 10 cm. These scatte rsrs were placed on
styrofoam blocks of the desired heights when data were taken.

1.6. Ixperimsutal Results

The following coordinate system was used : The loop with radius b

lay in the x—y plans with its center at the origin of the coordinate
system. The positive s—axis was upward and the ground coincided with the

* —ii plans. The axis of the transmitting antenna lay In the x—z plane
with its dipole pointing to the y—directio n. The incident wave traveled
in ths positive x and negative a directions.

The location of the transmitting antenna was dencrib.d in spherical

V coordinates by r • 2.15 m, the polar angle O~ , and - 1 azimuthal angle

• 180’, while that of the receiving antenna was denoted by r — 1.5 a,

and r’

8
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TA3L! 1
II~A$UUD RELATIV! COI1PLEX PERMITTIVITY

(a) S~~~1. at Sur face Layer

Water Content
by Weight Complex Permittivity

02 (2 + iO.3)c0

42 (5 + iO.6)e0

7.72 (12 + i2.4)c0
11.12 (14 + i2.0)*0

14.32 (15 + il.4)e0

(b) Sample at Different Depths

Depth wa~;r~~~~~~tt Complex Permittivity

Surface 13.72 (12 + il.7)e0
V 10 cm 12.72 (8 + iO .7)e0

20 cm 14.22 (7 + iO.4)c0

30 cm 13.32 (6 + iO.4)e0
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The scattered power is given in Figs. 5a—c as a function of in
Figs. 6a,b as a function of 8r’ ~~ Figs. 7a ,b as a function of the size
of the loop, and in Figs. 8a—d as a function of the height of the loop 

V

above the earth .

The measurements were restricted to horizontal polarization of th~
electric field with the loop placed horizontally above th. earth. Even
with this restriction , the measurement of the couplets scattered field of
loops of d i f ferent sizes, at diff erent heights , and with fields incident

at different angles, was a forbidding task. Since the variat ion of the
parameters associated with the loop was of fundamental importance in
checking a correct theory, it was decided to reduce the data in future

measurements by obtaining only the back scattered fields which are of
primary practical importance.

When carrying out the cancellation technique suggested by T. T. Vu,
it was possible to obtain a noise background as low as —65 dBM. But when
the scattered signal was —55 dBM or below, when the loop was small (Pigs.
7a ,b), or when the loop was at particular heights (Fig. 8d) , it was not
possible to obtain an accurate reading or , in some cases , to detect any
signal at all. While the meter can read up to 10 dBM and the strongest
signal obtained was around —37 dBZf — assuming that a noise background at
the level of —65 dBM can always be achieved — it is desirable to increase

the power output of the transmitting antenna for the next experiments. 
V

1.7. Experimental Setup to Measure the Back Scattered Field from
Conductive Loops Above Water

a) Operating frequency. 1.5 CRz was chosen to be the working frequen-
cy. The dielectric constant for pure water at this frequency was estimated

V 

to be 77c0(l + iO.0785).

b) Th. scatterer. Seven loops made of brass strips , 3 ma wide and
a 0.0762 ma thick , were used as scatterer.. The circumference of the loops

increased from 11 cm to 29 cm i n 3  cm steps.

c) The transmitting antenna. A six—element Yagi array was used as
the transmitting antenna . Accord ing to calculations by RIng ~~ ~~~. (5J ,

11
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I
a maximum front—to—back ratio could be obtained if the four directors and

V the driven element were 8.52 cm long and equally spaced at 4.96 cm intet— 
V

vals , and the reflector were 10.2 cm in length and 5 cm away from the
driven element. Because the four directors were supported by an acrylic

V 
bar 0.5 inch in diameter, the length of the directors had to be adjusted

to achieve optimal forward gain. By trial and error , a length of 8.02 cm
V was selected for the directors. The field pattern in the plane contain-

ing the axis and the directors of the antenna is shown in Fig. 9a. A
back—to-front ratio of —22 dB was obtained and all the side lobes were
— 19 dB below the main one .

The elements of the Yagi array were made of 1/8 inch diameter brass
rods. It was driven by two rods of the same diameter, separated by 1/16

V inch to form a two—wire line. These two wires were held in position by
the same 1/2 inch diameter acrylic bar that supported the directors and
the driven element. This two—wire section , which was 20 cm long, was in-
serted into a brass tube 45 cm long with a half inch inner diameter so as
to form a section of shielded two-wire line with an impedance of about 65
ohms. This was designed to match approximately the input impedance of

the Tagi array which had a resistive part of about 62 ohms [5).

The two—wire line section was connected to a 25 cm long coaxial—line
section inside the same shielding brass tube. Two slots were cut in the
shielding tube in the plane bisecting the elements of the Yagi array . A
double ring, one part filling the space between the exterior of the coax—

V 

ial line and the inside wall of the shielding tube , the other part en—
closing the shielding tube , was screwed together through the slots to
form a convenient sleeve—type adjustable single-frequency balun. Two
sets of springy brass fingers were attached to the inner ring to assure

good contact with both tubes. Without them, the balun did not work at
all. The balun was then connected to an N—typ e bulkhead receptacle to be

V connected to the power source.

d) The receiving antenna. A folded dipole with a reflecting element
co~ irised the receiving antenna. A shielded two—wire line led the signal

• f rom the folded dipole to a modified CR 874—133 bamun. The balun was ex-
tended in length by inserting four connectors into it so that it could be
tuned to work at 1.5 CBs. The field pattern in the plane containing the

23
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antenna axis and the driven element is shown in Fig. 9b.

The receiving antenna was attached to the transmitting antenna with
the driven and reflecting elements facing and parallel to one another to

obtain the back scattered field. The front—to—back ratio of the receiv—
• ing antenna was enhanced by the presence of the directors of the trans—

mitting antenna.

The antennas were then put into a cubic box consisting of one layer
of Ecosorb 11—4 sandwiched between styrofoam blocks that enclosed the
sides and backward direction of the antennas and left an opening that ex-
tended through an angle of 57°.4 from the driving point. The resulting

far field patterns of the transmitting and receiving antennas are shown
in Figs. lOa,b for the planes containing the respective axes and the

driven element, and in Figs. lOc,d for the plane bisecting the driven

element.

e) Supporting structure. A wooden octagonal water tank was built
which was 303 cm in diagonal dimension and 61 cm deep. A Sears vinyl
liner for swiaming pools , 10 feet in diameter and 2 feet deep , was used

to prevent water leakage. The seam and drainage plug of the liner were
taped using a vinyl repair kit in order further to achieve this goal.

A styrofoam semi—circular arch, 400 cm in inner diameter, was built

to support the antennas. The entire arch could be raised upward in 1 cm
steps with 0.3175 cm and 0.635 cm as intermediate heights. The antenn a

set was mounted on the arch for incident angles of 45’ and a r ange from

0 to 80’ in 10° increments.

A 50 cm square, 5 cm thick , plate of styrofoam was hung from the -top
of the semi—circular supporting arch by four vertical Trilen. Monofila—
ment fish lines. A 40 cm diameter disc was drilled in the center of this
plate. Seven similar discs were made , each with a loop embedded from
below. This allowed the loop to be lowered as close to the water surface
as desir ed. Since the center of the loop coincides with the center of
the semi—circular supporting arch and the antenna set always oves with
this structure , the antennas are always pointing to the center of the
loop. -
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PART II

THEORY OF SCATTERING FROM HORIZONTAL-WIRE ANTENNAS

2.1. Introduction

• The problems associated with the scattering of electromagnetic waves
V 

by a wire at an arbitrary height d over the surface of the sea, a fresh—
• water lake , variou s types of soil and sand, or the arctic ice, are more

readily understood if the driven horisontal—vir . is studied first. This
V arises in part from the fact that the driven infinitesimal horizontal di— V

pole near the plan. interface between two electrically different half—
spaces has been the subject of serious analytical study beginning with
the work of Sommerfeld [6] , (7],  v. H~rsch.lmann (8), Weyl (9), Van der
Pol and Niessen (10], Niessen [11], Van der Pol (12] , and many others. A

concise review of this early work is given by Brenner [13). It includes
the exact theory and the related physical interpretations of the field of

the horizontal electric dipole and of an arbitrary system of currents over
the earth . More recent comprehensive work on dipoles over the earth is
contained In a comprehensive volume by Ba~os (2 ) ,  and in publications by
Wait [14] and Chang (15].

22. Currents and Field of the Driven Horizontal—Wire Antenna Over the Earth

The infinitesimal dipole is a conveniently idealized source for
studying the properties of electromagnetic waves in and in the presence

of th. earth or another material body, but it is not a practical antenna
f or point—to-point communication. For actual transmission, antennas of 

V

finite size with desirable and known characteristics both as circuit ci.—

mente (admittance, current distribution) and as directional radiators
(field pattern) are required. The analytical determination of these prop—
erties is difficult since they involve not only the shape and dimensions
of the antenna, but also the conducting and dielectric prop erties of the

• earth or other body near which it is located or in which it is embedded .
Evidently , the field generated by the currents in an antenna can be cal—

• culated from the known field of an infinitesimal dipole only after the
distributions of current have been determined . Tb. frequently used ex—

V pedient of assuming a conveniently simple distribution is not generally
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adequate.

An antenna for which an analytically determined distribution of cur— l -

rent is available that takes full account of the electrical properties of
an adjacent or surrounding material half—space is the horizontal wire,
i.e., the wire parallel to the air— earth boundary at a height d above or
below it. When located in the air above but quite close to the surface
and provided with suitable terminations, it i. the well—kn own Beverage
wave antenna with its desirable directivity. In its original form it
consisted of a wire several wavelengths long and only a very small frac-
tion of a wavelength (e.g., O.OO1A) above the surface of the earth. Each

end was grounded through a nonreflecting impedance of which one was the
receiving load. Recently , antennas of this type have been considered as
possible elements in extensive transmitting and receiving arrays erected
near the surface of the earth for use as an over—the—horizon radar.

The current distribution along a horizontal—wire antenna at a height
d above a material half—space (earth) depends in a complicated manner on
the conductivity and permit tivity of the material. Nevertheless, if the

medium is electrically dense and the height of the antenna sufficiently
small, the current distribution is formally relatively simple — actually
simpler than when the same antenna is very far from the boundary . The
explan ation for this seemingly paradoxical observation is found in the
fact that - when the transfer of power into the material half—space greatly
exceeds that radiated into the air and so dominates the distribution of 

V

current, this has the simple sinusoidal form that is characteristic of
the transmission line. The loading effect of the adjacent conducting or

V dielectric medium is distributed uniformly along the antenna so that it

can be included in the series impedance per unit length. The current

distribution is then quite accurately sinusoidal with a complex wave num-
ber that depends on the effects of radiation and dissipation in the
material medium. Radiation into the air, on the other hand, affects the
distribution of current in a manner that does not permit its representa-
tion as a uniformly distributed load. The transmission—line properties

V of th. horizontal—wire antenna and the conditions under which they are
valid have been derived theoreti cally and verified experimentally by ring
ec al (161 , and Sorbello et ci. [17] for a single wire, and by Shen et
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~i. (18) for coupled wires.

The theoretically derived solutions for the currents in horizontal—
wire antennas apply specifically only when the wires are at an electrical
height In air (region 2) given by k2d < w/2 over a material half—space
(region 1) that is relatively dense . That is, the magnitude of the gen—

V erally complex wave number k1 — Bi + ini — w(u 0~1) 1”2 is large compared

with the real wave number k2 — w(u 0e0) U2 of the air. In symbols,

1k1/k2 1 2 
“ 1. The complex permittivity of the material half—space is

£1 
— te + io~I~u , where c and 0e are, respectively, the real effective

permittivity and conductivity. The t ime dependence is e tWt . When these
conditions are satisfied , the horizontal—wire antenna has all of the prop—

V 
erties of a transmission line like that shown in Fig. 11(a) . The complex
wave number for the current is kt 

— + iat — 

~~~~~~~~ 
and the charac-

teristic Impedance is — 

~~L~
yL~

1’2 • Explicit formulas for kL and
V an well as for the series impedance per unit length z~ and shunt admit-

tance per unit length 
~L 

are in (16] for the single wire. The formulas
for L and Z are:

L C

-

V k.t — k2{1 + [2/tn(2d/a)][l/ (2k1d)2 
— K1(2k1d)/2k1d + ir11(2k 1d)/ 4k1d

— i(2k1d/ 3 + (2k1d)3/45 + (2k1d) 5/1573 + ) ) } i/2 (1)

• — ( ~2/2tk2)cosh
1(d/a) £ (kLC 2 /2wk2)L n(2d/a) (2) 

V

where 
~2 

— (u0/c0) U2 £ 120w ohms, K1 and I~ are the modified Bessel
functions. Comparable formulas for coupled horizontal wires are in [181.

V The general formula for the current at the point x along a horizon—
tal wire, shown in Pig. 11(b) , that extends from x 0 (termination Z0)
to x — s (termination Z5) when driven by an emf V at x — u is 119]:

~iV sIn (k~x + ieo)sin[kL(s — u) + iS5]
— sin (k.1s + iS0 + is5) 

; 0 c x c u (3)

—iv sin(k~u + ieo)sin(kL(s — x) + is]
I
~
(x). Z 4 sin (k

~s + i e o + i e ) ; u x < s  (4)
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FIG. 11(a) COAXIAL LINE DRIVEN AT ARBITRARY POINT u AND
TERMINATED IN IMPEDANCES AT EACH END. (b) ANALOGOUS
HORIZONTAL WIRE WITH IMPEDANCES AT ENDS GROUNDED
(BEVERAGE ANTENNA). Cc ) ANALOGOUS HORIZONTAL
WIR E WITH IMP EDANC ES AT EN DS CONN ECTED TO
NONOPOLES (GENERALIZED BEVERAGE ANTENNA).
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The complex terminal functions are: 0v — 0v — iCy COth
~
1(Zv/Zc)~ where

v — 0 or s. The driving—point admittance is Tin — I
~
(U)/V:. For a

center—driven wire (u — s/2) with length s — 2h and origin moved to the

V 
center with x’ — x — h, these formulas give:

—iV~ sIn(k~ (h — Ix ’I ) + iS]
I(z’) — 2Z~ cos(k.Lh + ~0,)

when 0o — 85. When the ends of the antenna are open with no attached
terminations or ground connections , e~ — p 5 — iS is nevertheless signif-
icant. In this case, p~ takes account of the relatively small radiation
into the air and of a small capacitive and effect (17]. When the gen-

erator is located at u — 0 and Z0 — • in Fi8. 11(b), the current in

the conventional Beverage antenna has the simple form:

~e ikLx
I~

(x) — e , 0 x -c s (6)

F In the generalized circuit In Fig. 11(c) , the combined effective

terminating Impedance of or and the impedance of the monopol. with
length £ ‘

~~ 
)/4 is chosen to be Z~ . In this case, the current in the

range 0 x c s is given by (6) and the currents in the two extensions
are:

sin[k.L(t + x) + iS0]• I (x) 1(O)  sin(k
Lt+iO O) 

— L< x (O (7)

stn(kL(s+ t_ x ) + iS)
1z~~~~~~

1x~’~ sin(k
~
(e+ty + iO ] , s~~~x~~~s + L  (8)

V 

where — V~/2Z and — (V~/2Z~
)e 

~~~~~~~

. It is shown by direct
measur ent In (17] that and £ for the monopole can be chosen so that

V (6) is an excellent representation of the current along the main part of
the antenna between x — 0 and x — s • Note that the generalized form
of the Beverage antenna shown in Fi8. 11(c) is often prefer able to the
for. with grounded ends shown in Pig . 11(b) since it does not depen d on

____________________ 
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grou nd connections which are practical only when the earth is quite high—

ly conducting .

The electro magnetic field maintained in the air or the earth by the

currents in the hor izontal—wire antenna shown in Fig. 12 can be obtained
by integration from the known field of an infinitesimal horizontal dipole
with moment I

~
(x ’) dx ’. In the air above the earth the component of in—

terest is usually E
~
. This is generated by the vertically directed com-

ponent of the currents induced In the earth. The field due to the element
of current I~ (x’) dx’ and the associated induced currents in the earth are
given by Baaos (2] in a compact form. When the indicated differentiation
in BaAos’ formula is carried out , the result for the incremental B25 is:

— 2 1 iy
2 l d — z I

2 I~
(x’) dx’ cos • / dl A Ji(Ap) ~±e

~ 4wk~ 0 1..
k2~r — k2 y ly (d + z) ~

+ 2 1  1 2 e 2 (9) V

J
where the upper sign is for z > d , the lower sign for 0 c z -C d. In (9),

— (j~ — ~~ and — (k~ — 12). The field due to the entire general-
ized wave antenna , shown in Fig. 11(c) , is obtained by integration over
its length. At radial distances from the origin tha t are great com-
pared to the length s + 2t of the antenna (p >> s + 2t) , p £ p0 — x’ COB

r and

V is~a0V~ (a ik~x’ 0 athlkL(L + x’) + ie~]B2, — 2 2  cos •oj J  dx ’ e P(x ’) + J dx ’ sin(k1 t +

ikLs 5+ £ sin(kL (& — z’) + iO
~
]

V x P(x’) + a I dx’ sin(lc,& + ie~) P(x’)

(10)
where

2 ( iv 2 I d — z I  k~~1— k ~y2 iy2(d+ s
F(x’)J  dAl 31((p 0— x ’ coe ~~~ 

(ic + 2 -
~~~ e

0 1. k2y1+k 1y2
11)
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is proportional to the field of an infinitesimal dipole at x’ • In (10) ,

B25 is the complete formula for the vertical component of the electric
far field at a height z above the earth due to the current in a horizon-
tal wave antenna at the radial distance p0 and at the height d above the
earth. It takes full account of the effect of the earth on the current
and on the field. The conditions 1k11k 2 1 2 >> 1 end k2d -c ‘/ 2 must be
satisfied. At heights k2d v/2 the simple sinusoidal form of the cur-
rent with a complex wave number k..1~ is not an adequate approximation since
the transfer of power into the earth is no longer the dominant factor in
determining the distribution of current. As k2d is increased, the dis-
tribution of current approaches that of the isolated antenna and for this
(6) — (8) with kL 

-
~~ k2 are not good zero—order approximations.

2.3. Scattering by the Horizontal—Wire Antenna Over the Earth

V The scattered or reradiated field from an unloaded , open—ended ,
V horizontal wire In air at a height d over the earth when illuminated by

an incident plane wave can be evaluated under the sane conditions imposed
on the horizontal-wire transmitting antenna. These are: 1k1/k2 1 2 

‘4 1
and k2d < w/2. The current induced in the scattering antenna is that due
to a continuous distributions of generators along its entire length with
plitude and phase at each point x — u equal to that of the tangential

component of the incident electric field at that point. That is, the
current in the wire due to the Incident field actin g at x — u over the
incremental length du is given by (3) and (4) with — du. Con—

aider for simplicity that the wire is oriented for maximum scattering

with its axis In the plane wave front of the 1n~ ident field parallel to V

the electric vector as shown in Pig. 13. It I.. at a height d above the
earth , perpendicular to the plane of incidence , x — 0. Th. prop agation
vector of the incident wave is perpendicular to the wir e but an an
arbitrary angle e~ with respect to the vertical s—axis. Tinder these con-
ditions, the total incident field acting to induce currents in the wire
Includes both direct and reflected components. This latter is determined • 

—

V 
by the plans—wave reflection coefficient f~~ for which the magnetic
vector is in the plane of incidence as in Fig. 13. The total field act-
ing to induce currents in the wire is:

-
~~~~~~ ~~~~~~~~~~~~~~~

•
‘
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E?c — ~~~~ ( ik2d cos ~ + f e ~~~ 
con 

(12)

with

— 

n cos — (1 — it
2 sin2 e~)~~

2 
(13)mr n cos Oi

+ ( l _ n  sin e~
)

Mere is the angle of incidence, the complex index of refraction is
given by it

2 
— t1/c2 — 

~lr 
ter + Ice/we0, and is the direct inci-

dent field along the x axis, i.e., at 0 in Pig. 13. Since C as given
in (12) is constant in amplitude and phase along the entire length of the
wire, the generator at x — u acting to induce a current in the wire is
v — E?c du, with independent of u. The total curren t due to the

entire field with its constant amplitude along the length i — 2h of the

wire is

~~~~~~ sin [k.~(s — x’) + iS 3
1 ( x ’) — 

~ 
+ ~~~~~ + j •~~

’ I sth(k~u + iS0) du

~~~~ sin(k~x’ + iS0)
— Zc sin(kLs+iSo+Tes) 

/ sin(kL(s — u) + iS5] du (14)

This is readily Integrated. If the origin of coordinates is moved to the
center of the wire with the substitutions x’ — x — h, s — 2h , and the
ends are assumed to be identical , i.e., Z0 — Z~ , 5

~ — — a’ the

induced current is given by:

_~~ flC r ~° kLx cos — cos (kLh + ieh) 
~iIZ(Z) — cos(k,Lh + 

~
5h~ 

j (15)

With (12) and (13), this is the final formula for the induced current at

a distance x from the center of a horizontal wire with th. length a — 2h
and at a height d over the earth, when terminated at each end in the
Impedance Z.,~ — coth •h• The usual scattering wire has open ends for
which — — has email values that tak. account of the cmpacitive
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end effect (in •h) and reradiation into the air (in 
~h~’ 

When k2dsmall, •h 
£ 0 and (15) reduces to:

con k~x — cce
I~

(x) — 

~~~~~ 

[ Co. k~h ] (16)

Actually, the effect on the distribution of current of the terms in h in
(15) is not great when the assumed condition k

2d ‘ t/2 is sat isf ied. In
fact, the distribution I

~
(x) — I

~
(O) (cos kLx — cos kLh) / (l — cos kLh) I~a good zero—order approximation even when d . — and k.L + k2. However,

the characteristic Impedance In (16) cannot be used as defined in (16]
when k2d > w / 2 .

The larges t and most important component of the scattered field is
V 

E~~
1t on and perpendicular to the plane x — 0, as shown in Figs. 13 end

14. In the cylindrical coordinates (p,~,z) with origin on the surface of
the earth below the center of the antenna, the plane x — 0 corresponds to
• — w/2, 3r/2 , as shown In Fig. 15. The reradiated or scattered field at
the point Cx — 0, y — p — sin e, z — cos ~) shown in Pig. 14 and
due to the curren t element 1 (x ’) dx ’ at x — x’ in the wire is readily
obtained from the formulas given by Bai~os (2]. Thus ,

dE~~*t(, — z/2) — dg~~at — I ( x ’) dx’ T2x (17)

where
$ 

iy2 l d — zIV w o 
(i 

dA A e (k J 0(A0) — (A 2/2flJ0(Ap) + J2 (Ap )j}

+ (1/2) 1 dl A e
i
~
2 s) t k !(Y 2 _ Y

1) + v2(~~’
1
~~~’2)~~JO(Ap)

0 ~2 ~l k2~1+k1y2 J V

— 

~ 
iy2(d+z ) ( 1 2k~+ (1/2) f d A  A 5 2 2 J2 Oip) J (18)

0 V2 k2~1+k1~2J
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V i~ the field of a unit dipole moment. In (18), p — cos 0 and s —

sin 0, where 0 is the angle of observat ion and the distance from

the origin on the boundary to the point of observation. As before, —

— 12 , y~ — k~ — 12. The scattered ~~~ field at any sufficiently dis—
taut point in the plane x — 0 is readily obtained since such a point is
equidistant from all elements of current in the reradiating conductor.

V Thus, when (15) is substituted in (17) and this is integrated over the
length of the conductor, the variable of integration occurs only In the

current and the total field is:

1scat — 
_2iE?C 

~
- sin k.Lh Cos ieh — 

k.Lh coa(kLh + t0h~ 1 19
V 2x 

~~~ ~ 
cos (k Lh + J 2x ~

L c

In (19), is the total x—component of the incident field given by
(12) with (13) and 

~2x i. the field per unit dipole moment given by (18) .
V 

If S.,, i. neglected, the trigonometric factor in (19) reduces simply to V

(tan kLh — k.Lh), where k.L — + ic~ is, of course, complex. ~~~at 
~~

(19) is the total scattered field in the plane x — 0 of a horizontal wire
with length 2h at an electrical height k2d vIZ over a matter—filled
half—space with Ik~/k~ I ‘> 1. The other components of the scattered
field and the field at points other than in the plane x — 0 can be ob-
tained in the s general manner. The function T2x in (18) has been
evaluated by Bing and Sandler [20 ] for the infinitesimal dipole over wide
ranges of the par eters .

2.4. Conclusion

V The general formulas f or the electromagnetic field of a horizontal
Infinitesimal dipole over a dielectric or conducti ng hal f—spa ce as given
by In ner (13), $aaos (2) ,  and others have been combined with the cur-
rents derived by ftng et el. (16) for the distributions of current along
practical antennas near and in the half—space to obtain the far fields.
Two antennas for which the currents are known in their dependence on the
properties of the material half—space have been treated. These are the

generaiSs.d leverage wave antenna as a tranam~tter, and the horizontal—
wire antenna as a scatterer in th, presence of the half—space.
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