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ABSTRACT

Theoretical analysis and measured data are presented for
determining the characteristics of High Frequency (HF) sub-
surface dipole antennas. The agreement between theory and
experimental data is shown to be excellent. It is shown
that HF subsurface dipoles radiate a surface wave having the
same characteristics as that launched by an above ground
vertical monopole and also radiate a space wave which has a
pattern identical to that of a half wave horizontal dipole
located a quarter wavelength or less above ground. The sub-
surface dipole length is shortened to about one-third to
two-thirds of its above ground equivalent.

Engineering curves are presented which enable the system
engineer to design a small, physically hard, relatively cheap
HF antenna array having a gain of approximately -10 dB below
that of simple above ground antennas, and having the radiation
characteristics of both above ground whip and horizontal dipole

antennas.

iii



TABLE OF CONTENTS

SECTION 1. INTRODUCTION 1
SECTION 2. THEORETICAL PERFORMANCE 3
A. INTRODUCTION 3
B. RADIATION FIELDS OF HORIZONTAL SUBSURFACE
DIPOLE 4
C. RELATIVE GAIN OF SUBSURFACE DIPOLE 9
D. IMPEDANCE CHARACTERISTICS 14
E. RELATIVE GAIN OF SUBSURFACE ARRAY 17
SECTION 3. MEASURED PERFORMANCE 35
A. INTRODUCTION 35
B. PHYSICAL DESCRIPTION OF TRANSMITTER SITE 35
C. ELECTRICAL CHARACTERISTICS OF TRANSMITTER 45
SITE
1. SOIL PARAMETERS 45
2. SUBSURFACE DIPOLES 46
3. REFERENCE MONOPOLE 68
4. REFERENCE DIPOLE 70
D. AIRBORNE MEASUREMENTS OF RADIATED FIELDS 73
1. DESCRIPTION OF RECEIVING INSTRUMENTATION 73
2. SPACE WAVE GAIN 76
3. SKYWAVE FIELD STRENGTH VS DISTANCE 86
E. SURFACE MEASUREMENTS OF RADIATED FIELDS 93
l. INTRODUCTION 93
2. SURFACE WAVE GAIN 93
3. SKY WAVE GAIN 101
SECTION 4. SUMMARY 115
A. INTRODUCTION 115
B. ELECTRICAL MEASUREMENTS 115
C. RELATIVE GAIN MEASUREMENTS 115
D. CONCLUSIONS 118
REFERENCES 125



LIST OF ILLUSTRATIONS

Figure No. Title Page No.

2-1. Coordinate System for Subsurface Electric Dipole. 6
2-2, Skin,Depth VS Frequency 6 0 o o c o 6 o o0 0 0 O 8
2-3, Surface Wave Field Strength VS Distance . . . . . 10

2-4. Space Wave Field Strength VS Elevation Angle -
Subsurface Dipole . . . ¢ ¢« ¢ ¢ ¢ &« & ¢ o & o o o 11

2-5, Propagation Constant of Antenna ' = a + i . . . 15
2-6. ' Characteristic Impedance of Antenna (z°=R°-ix°) . 16
2-7. Resistance of Open-Ended Antenna . . . . . . . . 18
2-8. Reactance of Open-Ended Antenna (Part One) . . . 19
2-9, Reactance of Open-Ended Antenna (Part Two) . . . 20
2-1C. Reactance of Open-Ended Antenna (Part Three) . . 21
2-11. Normalized Power Gain - Subsurface Dipole . . . . 22
2-12. Surface Wave Gain (G_) of a Horizontal Subsurface
Dipole Element Relative to a Perfect Vertical
Monopole (eg =10; L = Ac) 5 600 oo oo Ao o A
2-13. Surface Wave Gain (G_) of a Horizontal Subsurface
Dipole Element Relative to a Perfect Vertical
Monopole (¢ = 30; L = A.) ¢« ¢ ¢« ¢ ¢ « o« o o o« o« 25
g C
2-14. Surface Wave Gain (G_) of a Horizontal Subsurface
Dipole Element Relative to a Perfect Vertical
MOHOpOle (Eg = 10; L = AC/Z) . ] . . . . . . . L] 26
2-15. Surface Wave Gain (G_) of a Horizontal Subsurface
Dipole Element Relative to a Perfect Vertical
Monopole (eg =30; L = AC/Z) 5 0 o 0o o o o o o o WY

2-16. Depth Attenuation Loss (Gd) in Earth . . .. . . 28

]
—
O
g

2-17. Array Gain (Ga) for Parallel Dipoles (s 30

2-18. Array Gain (G,) for Parallel Dipoles (s = 1.56) . 31

2-19. Surface Wave Gain of Subsurface Dipole Array

Relative to Perfect Monopole (L = Ac) 5 o 0 o0 o o &4

vi



2-20.

3-10.
3-11.
3-12.

3-13.

3-14.
3-15.
3-16.
3-17.

3-18a.
3-18b.

Surface Wave Gain of Subsurface Dipole Array

Relative to Perfect Monopole (L = Ac/2) - » .E B BB
Antenna Site Layout . . « « « + o o o o o o o o o 37
Aerial Photo of Antenna Site . . . . . . . . . . 38
Subsurface Dipole Construction . . . . . . . « . 39
One-Foot Trenches for Dipoles 1 & 2 . . . . . « » 40
Three-Foot Trenches Dipoles 3 &« 4 . . . . . . . . 41
Completed Subsurface Dipoles . . « « « « « « o o 42
Transmitting Stations . . « « ¢« & ¢ ¢« ¢« ¢ o o« « o 44
Ground Conductivity Measurements . . . . .« . . . 47
Dielectric Constant Measurements . . . . . . . . 48
Subsurface Dipole 2 Balanced Input Impedance . . 49
Subsurface Dipole 4 Balancad Input Impedance . . 50

Subsurface Dipoles 1 and 2 Balanced Input
Impedance L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] 5 1

Subsurface Dipoles 3 and 4 Balanced Input
Impedance L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] 5 2

Mutual Coupling Balanced Input Impedance . . . . 53
Balanced Impedance Measurements . . . . . . . . » 54
Unbalanced Impedance Measurements . . . . . . . . 55

Subsurface Dipoles 1 and 2 with Balun Unbalanced
Input Impedance . . . . « « « « « o o s s s &« o« « 56

Subsurface Dipoles 3 and 4 Unbalanced (Thru Balun) 57

Subsurface Dipoles 3 and 4 with Balun Unbalanced
Input Impedance . . . . . « « « « « o o« « « « o« o 58

Impedance Ratio of Dipoles 4 and 5 Illustrating
Mutual Coupling Effects . . . . . . . . . . . . . 60

Theoretical and Measured Impedance of a Subsurface
Dipole L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] 61

vii



3-21.
3-22.
3-23.
3-24.
3-25.
3-26.
3-27.
3-28.
3-29.
3-34.
3-30.
3-31.
3-32.
3-33.
3-35.

3-36.

3-37.
3-38.

3-390

3-400

3-41.

3-42,

Transmitter Configuration . . . « ¢« ¢ ¢ ¢ ¢ & o &
Antenna Matching Unit . . . . . « ¢« « ¢ ¢ & « « &
Subsurface Dipole Balun . . . « « &« « o o o o o &
Antenna TUNEr . « o« o o o o o o o o o o o o o o o
Subsurface Dipole Matching Network Losses . . . .
Reference 30' Monopole Impedance . . « « « « +« &
Monopole Coupler LOSSES . « « o o o o o o o o o o
Photo of Flight Test Aircraft . . . . . . « « .« &
Aircraft Test Equipment NKC-135 . . . . . . « « &«
Balanced Receiving LOOP « « + « « o o o o o o o &
Horizontal Dipole Antenna . « ¢« ¢ « ¢ o o o o o« o
Vertical Monopole Antenna . . « « « « « o« o o o &
Subsurface Dipole Antenna . . « « « ¢ ¢ ¢« ¢ o o o
Subsurface Dipole/Reference Dipole . . . . . . .

Theoretical and Measured Vertical Profiles for
Halfwave Dipoles (A/4 Above Ground) . . . . . . .

Subsurface HF Dipoles Theoretical and Measured
Vertical Profiles « ¢ ¢ ¢ o o o o o o o o o o o &

Measured Vertical Profiles . ¢« ¢ ¢ ¢ o « o o o o

Measured Azimuthal Patterns of the Reference and
Subsurface Dipoles . « « « ¢ o o o o o o o o o o

Measured Azimuthal Pattern of Subsurface Dipoles
1 and 2 L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L]

Extended Range Signal Strength Measurements . . .
Comparison of 30 Foot Monopole and Subsurface
Dipole with Theoretical "E" and "F" Layer Propa-

gation . . . . . . . . . . . . . [ . . . . . . L]

Compaison of Reference and Subsurface Dipoles with
Theoretical "E" & "F" Layer Propagation . . . . .

viii

62
63
64
64
66
69
70
74
75
76
77
78
79
80

82

83
85

87

88

89

91

92



3-43.

3-44.

3-45.
3-46.

3-47.
3-48.
3-49.
3-50.
3=5i.

Receiving Instrumentation . . . . ¢« ¢« ¢« ¢ ¢ & &

Subsurface HF Dipoles Relative Surface Wave

Field Strength . . .« ¢« ¢« ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o

Surface Wave Measurements . « o o« ¢ ¢ o ¢ o o o

Subsurface HF Dipoles Surface Wave Relative Gain
VS Frequency L] [ ] [ ] [ ] L] L] L] L] L] L] L] L] L] L] L] L] L]

Mode Resoluitdom . = « « « p o ¢ ¢ & o o 5 5 3 P
Sky Wave Measurements . . « « « « ¢ o o o o o o
Pulse Data . ¢ . ¢ o ¢ o o o o o o % o o o o
CWData . ¢ ¢ o ¢ ¢ o o o o o o ¢ o o o o o o s
Ray Tracing . . ¢« ¢« ¢ ¢ ¢ o ¢ o o o o o o o o o

Subsurface Dipole Antenna Surface Wave Gain VS
Frequency L] L] L] [ ] L] L] [ ] [ ] [ ] L] L] L] L] * L] L] [ ] [ ] [ ]

.

Approximate Gain of Subsurface Array
Compared to Typical Antenna . . « « « « o ¢ o« &

Surface Wave VS Distance for 1,/2 Wide
Subsurface Array . « « ¢ o o o o o o o o o o o

Skywave VS Distance for ),/2 Wide Subsurface
Array (Fregq. 7 MHZ) . . ¢ ¢ ¢ o ¢ o o o o o o &

Skywave VS Distance for 1,/2 Wide Subsurface
Array (Freg. 2 MHZ) . . ¢« ¢ o o o ¢ o o o o o &

ix

94

100

103

104

110

111

113

119

120

122

123

124



LIST OF TABLES

Table No. Title Page No.
3-1. Subsurface Dipole Transmission Line . ... . . . 65

3-2. Subsurface Antenna Matching Network Loss . . . 67
3-3. Monopole Coupler Loss Dat . . « « o« o« ¢ ¢ o o & 71
3-4. Reference Dipole Characteristics . . . . . . . 72
3-5, Sky Wave Data (Freq. 6.763 MHz) . . . . . « . . 106
3-6. Sky Wave Data . . « ¢« ¢ ¢ ¢ o o o o o o o o o & 107
4-1. Relative Gain of Surface Wave for Subsurface HF
Dipole Pair at 6.763 MHz ., ., . . . . .. . . . 116

4-2. Relative Gain of Space Wave for Subsurface HF
Dipole Pair at 6.763 MH2 , ., . . . . . . . . . 117



1. INTRODUCTION

Subsurface antennas have invoked considerable interest
over the past 20 years because of their potential for pro-
viding communications to and from physicélly hard facilities
and submerged submarines.

The theory is rather well developed and designs for sub-
surface antennas in soil can be 2ngineered to meet most re-
quirements depending primarily on conductivity of media,
depth of burial and cost. The theory predicts that such
antennas excite a normal surface and skywave mode similar
except in gain to that excited by conventional above ground
antennas. There is, however, a paucity of experimental
measurements especially at the higher frequencies. Recently,
Some conflicting data was published (Ref. 1) which suggests
that subsurface dipoles at frequencies of approximately 7
MHz radiated a trapped surface wave of extremely low atten-
uation and radiated little or no space wave which could
propagate via the ionosphere. This represented a significant
departure from known theory and had important ramifications
to the use of such antennas. As a part of its overall pro-
gram in survivable antennas and at the request of various
government agencies, the Rome Air Development Center con-
ducted a detailed measurement program to determine the radia-
tion and electrical characteristics of subsurface dipoles in
the HF band of 1 to 10 MHz. In Section 2, we summarize the

pertinent theoretical work in order to be able to compare

1



with the measured performance and also to make available to

system emgineers the expected performance of large arrays of

subsurface dipoles. In Section 3, we present measured data

taken on actual buried dipoles and Section 4 summarizes the

results showing the close agreement between theory and

measured data.



2. THEORETICAL PERFORMANCE

A. INTRODUCTION

Subsurface antennas have been the subject of a number

of studies over the past twenty years and the reader is
referred to several papers which contain extensive bibliogra-
phies (Ref. 2-5). The classic papers by Moore (Ref. 6, 7),
Lein (Ref. 8), Baflos & Wesley (Ref. 9), and Wait (Ref. 10)
analyzed the surface wave fields of horizontal dipoles buried
beneath the surface for the case of low frequencies and/or
high conductivities. Practical subsurface antennas with these
same restrictions were treated extensively in a series of
reports by The Boeing Company (Ref. 11-14) and culminated in
a design handbook for underground antenna systems (Ref. 15).
These results have been extended recently (Ref. 16-20) to
include the space wave and a broader range of frequencies and
conductivities as well as the effects of tilting the dipoles.

The surface wave is the term used to describe the total
wave which would exist along the surface of the earth if the
ionosphere were absent. Over a plane, perfectly conducting
earth, it attenuates at a rate equal to the inverse distance.
At low conductivities and high frequencies it attenuates as
the inverse distance squared. The space wave is that part of
the total wave above the surface which attenuates at a rate
equal to the inverse distance. If the ionosphere were present,
the space wave might be reflected therefrom and appear at the

surface as a skywave.



It can be shown (Ref. 7, 13, 18, and 20) that the optimum
subsurface antenna is a simple insulated wire parallel to the
interface, and for practical reasons, of an ungrounded or
open-ended configuration at medium ard high frequencies.

We shall present, in this section, a summary of the oper-
ation of such a simple dipole by comparing its gain to that
of conventional above ground antennas and discussing the effect
of paralleling a number of dipoles to achieve higher gain.
The theory of the operaticn of subsurface antennas may be
divided into two major categories. The first category in-
volves the coupling of the energy of the antenna to the radi-
ation or far zone fields. For this we shall depend primarily
on the work by Biggs & Swarm (:tef. 16-18). The second cate-
gory involves the fields immediately adjacent to the antenna
which determine the current distribution, and self-impedance
of a dipole and the mutual impedance between two neighboring
dipoles. This category has been treated extensively by Guy

and Hasserjian (Ref. 11, 14) and we shall use their results.

B. RADIATION FIELDS OF HORIZONTAL SUBSURFACE DIPOLES
The semi-infinite conducting medium is represented by
a flat earth with a conductivity o and a permittivity €.
Above this medium is nonconducting air with a dielectric con-
stant €,. The permeability of both media is uo, which is the
same as free space. The fields have a time dependence exp

(-iwt) .



The coordinate system for the buried dipole is shown in
Figure 2-1. The air is described by the region Z > 0. The
dipole is oriented in the X direction and is located at a
depth d in meters with coordinates (0, 0, -d). The observa-
tion point in Z > 0, is given in spherical coordinates,
(r,¢,6,). |

The propagation constant is given by

k:= w? W€+ iwuoo for earth (2-1)
and

k§= w? u, € for air (2=2)
and the refractive index, n, is defined from

nl= kf/kz = €4+ io /uwe, (2-3)
where eg = g/ey, the relative dielectric constant of the earth.
When o/we >> 1, n? = o/we,, which is the usual approximation
made for buried antennas and holds for low frequencies in
earth but not for high frequencies in which we are interested.

For the range |k, r/n?|>>1, the surface wave electric field

components in Z > 0 are given by Biggs & Swarm (Ref..18, page

45) in volts/meter as

E,. = 60 M, cos ¢ I% i . (2-4)
Eq = =60 M_ cos ¢ sin 6 (nz-s?nze)"z] == (2-5)
E¢ = 60 My sin ¢ sin ¢ —?—-%-3—] J% (2-6)
| n?-sin?g r
where D = exp [i k (r + 4 in;-sinze)lh]
Mh = dipole moment = I(x) exp (i kox cos¢) dx. When

L2
the refractive index is large, the horizontally polarized ¢

5
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Figure 2-1. Coordinate System for Subsurface Electric Dipole



component in Eq. (2-6) is negligible. The ratio of the
vertically polarized component of the electric field intensity,
Ee, to the accompanying horizontal component, Er' corresponds
to the "wave tilt" as discussed in the literature and at

& = 0 is equal to the refractive index, n.

The space wave electric field components are given by

(Ref. 18, page 46)

2_cin2py M2
Eg = i 60 k M cos¢ |——cos8 (n-sin’e) :l L (2-7)
4 |112cose+(nz-sinze)”2 r
r cos¢ 1 D
E, =160k M i — y.
o =t o h SiN¢ lcos¢+(n2-sin?e) 2| T (p)

In both sets of field equations the effect of burial is
seen only in the term
exp [i k d (n? - sin? 0)2)
at 6 = 0, the magnitude of this term can be written as

ID| = |exp [i k dn]| = |exp [i k d]| = exp [-d/$]
0 1 (2_9)

where § is the skin depth of the medium and is given by

=-1/2

2 2] 12
2,.¢ 2
§ = Kﬂ_l;°—) + (‘-"-%3)] = 2 ;°€ meters  (2-10)

For o/we >> 1 this becomes the well-known expression

§ = \/G§3 meters (2-11)

Plots of Eq. (2-10) are shown in Figure 2-2. The range of

validity of Egs. (2-4) through (2-8) extends to within sev-
eral kilometers of the antenna. When distances are shorter,
the vertical component of the surface wave is given by (Ref.

18, page 47)
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1/2
E =i60kM 2 D' -
3 i n cosé [(1+n) ] F(p) 5 (2-12)
which reduces to

E =160kM
0

1 D'
o cos¢ — F (p) T (2-13)

h
n2
)
senting the ground wave attenuation function

when n? >> 1. D' = exp [i ko(r+d ﬂ with F(p) repre-

F(p) =1+ i vYmp exp (-p) erfc (ivp) (2-14)
and
P =i k,r/2n? (2-15)

Erfc is the complimentary error function. The asymptotic

expansion of erfc results in

2
F(p) = i -%+ 3 [_“i] + oeee (2-16)

Substitution of the first term of this asymptotic expansion
in Eq. (2-12) reduces it to Eq. (2-5) when n? >> 1 and 6 =90%
Plots cf surface wave field intensity are shown in Figure 2-3
as a function of distance and in Figure 2-4 for the space

wave at a fixed distance as a function of 6.

C. RELATIVE GAIN OF SUBSURFACE DIPOLE
It is of value to compare the gain of the subsurface
dipole to that of conventional antennas. Norton (Ref. 21,
page 1212) and Jordan (Ref. 22, page 625) give the vertical

electric component of the surface wave for a vertical dipole

it
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at the surface of the earth as

2= exp(-ik_r)
1) F(p) £ $

E,, = i 60 kM ("nz = (2-17)

for r >> )y,

For the case of n? >> 1, this reduces to

- exp (-ik,r)
E,,=160kM, F(p) =

. (2-18)

which is the usual form found in the literature.

A comparison of Egs. (2-13) and (2-18) show that the
basic difference between the surface wave fields of a vertical
dipole above the surface and a horizontal dipole below the

surface are that the horizontal dipole is modified by

Refraction Term: 1/n = (eg + i o/we:o)-”2
Pattern Factor: cos ¢

Depth Attenuation Factor: exp (-d/6).

The radiation resistance of a short unloaded monopole of
height h is given by
R. = 10 (k,h)? (2-19)
and since the radiated power Pr = Io’Rr we have (assuming

linear current distribution)

L
M, = 6/I(x) dx = /Pr740ko (2-20)

where I(x) is the current distribution on the antenna. When

substituted in Eq. (2-17) this becomes

12



B =i 210 <%2"{>F(p) (2-21)

FAYS r n?

For the sub-surface horizontal dipole, Mh can be repre-

sented by
3 R L2
M =Y i in J[ I(x) exp (i k, % cos¢) dx (2-22)
h I, -112
It is convenient to define a term f(¢) called the pattern-

length factor (Ref. 13) which is given by

kocos¢ = .
f(¢) = —jﬂr—-./.I(x) exp (i k, x cos ¢) dx (2-23)
-2

where I, input current

L = total antenna length
R, = input resistance
in
p 4 = distance along antenna from center feed point.

Substituting in Eq. (2-12), we have for the horizontal sub-
surface antenna
n 1/2

E, = i 60\/FI;7KI; f(o) [ﬁg;ﬁjﬁﬁ] F(p) D'/§2_24)
Assuming that the vertical monopole is perfectly efficient
(Pr = P;,) we define a relative gain (gm) which is a compari-
son of the power radiated from a horizontal, subsurface linear
antenna to that radiated from an ideal short vertical mono-

pole above the surface.

Ezh

v

Im =

2
= 40 Lgﬂ)_ﬁ |W| exp (-2d/8) (2-25)
in

13



where

n5

(14n2) ¥ (n?-1)?2 (22l
When o/we >> 1
this simplifies to
Wl = I3l = 2 (2-27)
and
g = 40 w§° |fl§‘f”12 exp (-2d/6) (2-28)

in

D. IMPEDANCE CHARACTERISTICS
Guy and Hasserjian (Ref. 11, 14) have shown that an

insulated wire with circular cross section in earth has a
complex propagation constant, I' = o + iB, which is a function
of the geometrical cross section of the wire, dielectric
insulation, conductivity of the medium, depth from the inter-
face, and distance from neighboring antennas. The antenna
essentially behaves as a coaxial cable transmission line with
a lossy shield. Guy and Hasserjian (Ref. 11, 14) have solved
for the propagation constant and characteristic impedance as
shown in Figures 2-5 and 2-6. Their results for 50 ohm co-
axial cable with the shield removed and dimensions as shown

in Figure 2-5 can be approximated by

-0.C554
1.631 (b/§) (2-29)

B/K,VE,

0.0563
0.179 (b/§) (2-30)

a/kovVe
r

14
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for practical values of b/§, for 4/ > 1.6, and &/ >> 1 and
where €. is the relative dielectric constant of the cable di-
electric covering. Input impedance of a subsurface dipole,
as taken from the data by Guy and Hasserjian (Ref. 11), is

shown in Figure 2-7 through 2-10.

E. RELATIVE GAIN OF SUBSURFACE ARRAY
Using calculated values of the propagation constant
2

and input impedance, a normalized plot of |f(¢) | /R, (Ref.
1l1) is shown in Figure 2-11. For ease in computation, two
cases of interest can be approximated by the expressions
given below:

Case I: L = Ac/2

2
|f(g)|
R

in

-3 ~0,894
4.5 X 10 [9.916 (B /k ) ] (2-31)

Case II: L = )

(o]
HOIN
R.

in

4.5 X 107°[7.522 - 0.647 (B/k,)) (2-32)

where Ac = wavelength on the subsurface cable and

B/ky = Ao/Ag-
Eq. (2-29) through (2-32) enable computer calculation of the
relative gain as given in Egq. (2-25). To simplify the pre-
sentation of the results, we can follow the example of a
recent Boeing Report (Ref. 23) and separate the relative

gain into three components. That is

17
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Figure 2-8.

-1000

%-moo(-m.a]

-100

2.00 (-94.2)

030

0.01¢
0.05

_' | i | 1 (] [l

O Ol 02 03 04 0S5 06 0.7

A

XC From: Hasserjian & Guy

Reactance of Open-Ended Antanna (Part One)

19



-1000

-100
-E- —— Xin
o(§)
=10
084 }Tals
- 1 1 A 1 1
07 0.9 y, N .S

N From: Hasserjian & Guy
Ac

Figure 2-9. Reactance of Open-Ended Antenna (Part TwO)

20



Xin

a_ |
K 9(3)

05 07 4 09 X
—7(2; From: Hasserjian & Guy

Figure 2-10. Reactance of Open-Ended Antenna (Part Three)

21

a



910dTQ@ 920BIINSONS - UTEH ISMOJ POZTTEWION *IT-¢ 2anbtg

€961 Ano pue uetli3ssey woxg

HIONIT JAVM 39VdS 3344 40 NOILOVYS = =%

11T of 6 & £ 9 & % ¢ 2 [ o

oN

L

O ~~ VO N ¢ N

S'¥

ut

1 (93] (0T

22



G, =G, -Gy + G, (dB) (2-33)
where Gt = the total relative gain gm expressed in db plus
the gain due to parallel elements, Ga'

Ge = the theoretical relative surface wave gain of a
single horizontal insulated dipole at zero depth,
referenced to a short loss-free monopole on the
earth's surface (expressed in dB).

Gd = the depth loss incurred as a result of moving
the dipole from the surface to a depth d, ex-
pressed in dB.

Ga = the array gain associated with utilizing multiple

elements, expressed in dB above Gg -

Figures 2-12 through 2-15 are plots of Ge for different
antenna resonant lengths and presented as a function of
frequency and ground constants. Ge is calculated from Eq.
(2-25) with 4@ = 0 and expressed in db. The plots of G, are
for shieldless RG-19 coaxial cable as an example but computer
runs for smaller cable such as RG-8 show a decrease in gain
of only 0.1 to 0.2 dB. Figure 2-16 is a plot of the depth

attenuation factor, Gq = exp (24/5) expressed in dB/meter.

Significant improvement .in gain can be achieved by paral-
leling identical elements close together. (Ref. 11, 13, 14).
As long as the mutual coupling between parallel elements is
negligible, then for an array of m identical elements the
gain due to paralleling the elements is directly proportional
i{o m, and G, then becomes

G, = 10 log m. (2-34)
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As the array width is increased beyond a half wavelength in
free space, the pattern is no longer that of a single element,
and directivity gain is achieved by loss of gain in certain
directions. Ga can be expressed for computation as the
number of elements spaced s meters apart arnd contained with-
in an area w meters wide:
G, = 10 log (1 + w/s). (2-35)

Figures 2-17 and 2-18 are plots of Ga for w = 1,/2 and for
spacings of 1 and 1.5 skin depths, respectively. These plots
do not include the effects of mutual coupling. The degrada-
tion due to mutual coupling between elements has recently
been measured experimentally and at a spacing of 1 skin depth
the array gain is reduced by as little as 2 db. (Ref. 24).

The total array gain, Gt' is shown in Figures 2-19
through 2-20 for typical parameters.

For the space wave of a subsurface dipole, we shall
compare its gain to that of a horizontal half-wave dipole
located a quarter wavelength above perfect ground. The field

at the zenith for the half wave dipole can be expressed as

(Ref. 25)
12
lElhw = == /pin/ss.s (2-36)

For the subsurface dipole, either Egq. (2-7) or (2-8) at ¢ = 0

and 6 = 90° become

Bl = 89 [injco =] (-a/8) (2-37)
l |SSd r VRin ¢ . n+1 exp
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Squaring these and taking the ratio, we have a relative gain

similar to that calculated for the monopole.

Thais new rela-

tive gain which we shall call gq can be expressed in terms of

the previously derived relative gain compared to the monopocle

(gm) as:

2 3/2
(1+n°)
n(l+n§)

93 = 0.536 9

For n >> 1, this reduces to
9q/9y = 0.536 = =2.7 db
and for |n| = 10, which is a typical example,

93/9y = 0.44 = -3.5 db.

(2-38)

(2-39)

(2-40)

It is now possible to use the previous figures to obtain the

relative gain compared to the half wave dipole by simply

adding approximately -3.5 db for most practical uses or com-

puting the exact quantity from Eq. (2-38).
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3. MEASURED PERFORMANCE
A. INTRODUCTION

An experimental program was conducted to verify the
‘theoretical prediction of subsurface dipole performance at
high frequencies and investigate misleading results from a
previous experiment. (Ref. 1) Previous experimental work
has been concentrated mainly on lower frequencies (Ref. 12,
26-28) . Experimental work in the HF range had established
some performance parameters in a qualitative fashion (Ref.
29-33). However, most of this work is not available in the
open literature and for the most part is buried in company
proprietary literature.

The main objective of the RADC experiment was to measure
the gain of the surface and space wave radiation from sub-
surface HF dipoles. This was accomplished by burying the
dipoles, measuring their input characteristics, and comparing
the radiated field with that produced from known reference
antennas.

This section is devoted to a detailed description of the

test set-up and measurements.

B. PHYSICAL DESCRIPTION OF TRANSMITTER SITE
The transmitting site for the experiment was located
at Rome Air Development Center's Verona Test Facility at
coordinates 75° 37.1'W and 43° 9.12'N. This location pro-

vided an antenna site with level ground extending for more than
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several miles in any direction and free of any concentrated
wooded areas. The region in which the test facility is
located has a rather high water table with wet-weather
marshes. The soil would best be described as good agri-
cultural land and its electrical properties are discussed

in 3.C.1. The location of the test antennas in relation-
ship to each other and to nearby structures is shown in
Figure 3-1. The subsurface and reference dipoles were
positioned perpendicular to each other. With this arrange-
ment, it was possible to measure the maximum radiation

from both antennas while flying on a 239° heading. The
distance separating the reference dipole from the subsurface
dipole is approximately 340' and the separation between the
monopole and the subsurface dipole is 60'. Figure 3-2 con-
tains a photo which shows approximately the same area as
Figure 3-1. The subsurface dipoles are visible in the center.
There were some metal structures nearby, but the antenna
radiation patterns were not appreciably affected.

The subsurface.antennas consisted of five buried dipoles
as shown in Figure 3-3. The elements of dipoles 1 and 2 were
constructed of shieldless RG-8 cable and were buried one foot
below the surface. Dipoles 3, 4, and 5 were constructed of
shieldless RG-19 cable and were buried a depth of three feet.
Dipole number 5 was placed 13.8' from number 4 and was used

to measure the effects of mutual impedance. Figures 3-4
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RG-8 w/o Shield

1 Matching Buried
6.9' Network— Shielded 1 foot
Depth

7 ?

ends 13.8!
insulated
¢ RG-19 w/o Shield
Buried
T Matching s 3 foot
6.9' Network —’L‘/ Shielded Depth
A
13.8!
Q_ il RG-19 w/o Shield Buried
3 foot
Depth
< 26,25 w———p
-« 52.5" >

TOP VIEW OF DIPOLE PLACEMENT

2a(in) 2b(in)

RG-8 0.086" 0.283"
RG-19 0.260" 0.910"
er > 2.23

Figure 3-3. Subsurface Dipole Construction
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through 3-6 show the dipoles in various stages of construction.

For the tests, 1 and 2 were combined together in parallel
as were 3 and 4, to form two element arrays. The 6.9' spacing
between the elements of the arrays is approximately l.4 skin
depth at 7 MHz and resulted in very little mutual coupling
between elements.

Approximately one-hundred feet of RG-17 was used as a
feed line to the subsurface dipole matching unit. It approached
the antennas perpendicular to the elements so that it did not
affect the radiation.

The reference dipole was constructed of copper wire cut
to half-wave length and trimmed for resonance. The dipole
was positioned a quarter of a wave length above ground.

The reference 35' monopole was located on top of an eight-
foot shelter with a ground plane consisting of 30' lengths of
copper wire spaced every 22.5° around the antenna base and
tied to a central ground rod under the monopole.

Standard equipments were utilized in the instrumentation,
however, it was necessary to perform modifications to enable
pulsed operation. A block diagram illustrating transmitting
stations is shown in Figure 3-7. The power levels delivered
to the antennas were continuously monitored by calibrated
in-line wattmeters and oscilloscopes. Both pulse and CW
signials were transmitted from the reference and subsurface

antennas. CW was used primarily for the airborne antenna
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patterns and the close-in surface wave measurements where
contamination of the data with skywave signals was not a
problem. Pulse transmissions were utilized for the point to
point tests beyond 2 miles to provide mode resolution. The
100 microsecond (uS) pulse used with the reference whip and
the subsurface antennas was adequate to resolve all the
major propagation modes encountered during the tests but the
1.4 ms pulse of the reference dipole was too long to separate
the 1 hop E and 1 hop F modes existing a few times during
tests. The 100 uS pulse was lengthened to 400 uS for a
portion of the test because it looked too much like the noise
spikes and was difficult to identify in the photographs at low
signal levels.

Vertical sounding data taken simultaneously with the
measurements was provided by a Type C-2/A Automatic Ionosphere
Recorder located at RADC's Stockbridge Test Facility approxi-
mately 8.6 miles from the transmitting site at Verona.

C. ELECTRIéAL CHARACTERISTICS OF TRANSMITTER SITE

1. SOIL PARAMETERS
Accurate values of the soil constants were re-
quired in order to make theoretical praedictions of the sub-
surface antenna's capabilities. Originally, it was planned to
repeat the required measurements several times during the test
program but equipment non-availability prevented it.
The soil constant measurements were based on measurements

of the wave tilt of an electromagnetic wave near the earth's
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surface. The instruments and techniques utilized for the
measurements are described in a recent report (Ref. 34).

Data resulting from measurements completed early in the

test progran are shown in Figure 3-8 and 3-9.
2, SUBSURFACE DIPOLES

The input impedance of the subsurfacc dipole
antennas was measured as a function of frequency with and
without the transmitting baluns. The measurements without
the balun were made to determine the actual balanced input
impedance of the antennas, and the measurements with the
balun were made to determine the unbalanced impedance which
would have to be matched to the transmitter.

Figures 3-10 and 3--11 show the balanced input impedance
of subsuriace dipole 2 and subsurface dipole 4. Figures 3-12
and 3-13, respectively, show the balanced input impedance
of the paralleled combinations of dipoles 1 and 2 and of
dipoles 3 and 4. Figure 3-14 shows the balanced input impe-
dance of subsurface dipole 4 and subsurface dipole 5 plotted
on the same graph to display the effects of coupling between
dipole 3 and dipole 4.

The balanced input impedance of the subsurface dipoles
was measured as shown in Figures 3-15 with a Wayne Kerr type
B-801 admittance bridge. The R-390 receiver which had been
frequency calibrated served as a frequency indicator and bridge

detector. A standard HP-606A signal generator supplied the
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Normaiized to 100 ohms Frequency in MHz
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Figure 3-10. SUBSURFACE DIPOLE 2 BALANCED INPUT IMPEDANCE
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Normalized to 100 ohms Frequency in MHz

Figure 3-11. SUBSURFACE DIPOLE 4 BALANCED INPUT IMPEDANCE
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Normalized t> 100 ohms Frequency in MHsz

Figure 3-12. SUBSURFACE DIPOLES 1 AND 2 BALANCED INPUT IMPEDANCE
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Normalized to 100 ohms Frequency in Miz

32
——

Figure 3-13. SUBSURFACE DIPOLES 3 AND 4 BALANCED INPUT IMPEDANCE

52



T wmy

Normalized to 100 ohms

Figure 3-14.
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Frequency in MHz

m Dipole 4
Dipole 5
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53

e —— e e

P aa i o |

!_g

-



signal for the bridge. As shown in Figure 3-15, the antenna
leads were connected to the balanced input terminals of the
bridge and the shields were connected to a common ground.

The same arrangement was used in connecting the antenna to

the transmitting balun (see Figure 3-21).

S16G. GEN ADMITTANCE BRIDGE RECEIVER
HP 606A WAYNE KERR R-390
8 80!

& = BAL. INPUT _-I_-'

=
77777777 VA 77777777777
INSULATED

CABLE & — L__'h

TI_JYJ

COAXIAL SHIELDS
Figure 3-15. Balanced Impedance Measurements.

2. Hewlett-Packard Model 4815A Vector Impedance Meter was
used to make the unbalanced impedance measurements. A fre-
quency counter was used in conjunction with the Vector Imped-
ance Meter to give an accurate indication of frequency. The

test set up is shown in Figure 3-16 below.
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VECTOR IMP METER RF FREQUENCY
HP 48I8A OUTPUT COUNTER

BALUN

JI7T7T7T777TR V7N V777777777

INSULATED
CAILE\

b

COAXIAL SHIELDS

Figure 3-16. Unbalanced Impedance Measurements.

Figure 3-17 contains curves illustrating the unbalanced
input impedance of subsurface dipoles 1 and 2 through a S0
to 50 ohm balun over a 2 to 20 MHz frequency range and from
4.2 to 4.45 MHz through a 200 to 50 ohm balun. Similar in-
formation for subsurface dipoles 3 and 4 is contained in
Figures 3-18a and 3-18b.

The impedance measurements indicate that half-wave and
full-wave resonance of the subsurface dipoles occurs at
approximately 2-3 MHz and 4-5 MHz, respectively. Further
aralysis, which will be discussed later on, indicates that

the actual current distribution is resonant at slightly
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Figure 3-17. SUBSURFACE DIPOLES 1 AND 2 WITH BALUN
UNBALANCED INPUT IMPEDANCE
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Normalized to 100 ohms Frequency in MHz
— 50 ohm bal/50 ohm unbal.
200 ohm bal/50 ohm unbal.

el w i
% A- 2
X ’ i
(710
Rye//s
/ & ‘ -
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Figure 3-18a. SUBSURFACE DIPOLES 3 AND 4
UNBALANCED (THRU BALUN)
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Normalized to 100 ohms

Frequency in MHz

&— 50 ohm bal/50 ohm unbal

310",

.
4

Tinesisrance ¢
+4e e

iN313744303 NoISSINSNYYS X

23630 I

Figure 3-18b. SUBSURFACE DIPOLES 3 AND 4 WITH BALUN

UNBALANCED INPUT IMPEDANCE
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higher frequencies than indicated by the impedance measurements.
The difference is most probably due to stray capacitance and induc-
tance of lead-in cables and mutual coupling.

The level of mutual coupling between the parallel dipoles was
determined by impedance measurements. This was accomplished by
breaking the parallel connection of dipoles 3 and 4 and performing
measurements of dipole 4 alone. In Figure 3-19, the results of
these measurements are compared with the impedance of subsurface
dipole 5 which had been installed a sufficient distance from the
others to significantly isolate it from any mutual coupling effects.
The difference in impedance between dipoles 4 and 5 may be attri-
buted to the mutual coupling between dipoles 3 and 4. From Figure
3-19 it may be observed that significant coupling is present from
1 skin depth spacing (2 MHz) and below, but decreases to a very
low level at larger spacings (higher frequencies). Figure 3-20 is
a plot of the balanced input impedance of a theoretical subsurface
dipole and the measured impedance of dipole 5. The theoretical im-
pedance was based on the dimensions and measured ground constants of
the Verona dipoles. The actual length of the dipole (20 meters)
includes approximately 4 meters of shielded coaxial cable as lead
in and this was used as the length for the theoretical impedance.

-In ordc: to make a minimum number of meaningful measure-
ments of the radiation field, allocated frequencies near reso-
nances and slightly above were chosen. This resulted in select-
ing the test frequencies of 2.232, 4.450, and 6.763 MHz. Match-
ing the antenna impedance to the transmitter at these frequencies

was accomplished with a balun and an antenna matching unit. A
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Figure 3-19. Impedance Ratio of Dipoles 4 and 5
Illustrating Mutual Coupling Effects.

50 ohm balanced/50 ohm unbalanced TRANSLAB Model 6010 Furri_e
Balun was used in conjunction with a Collins Model 1805-1
Antenna Tuner to match the antenna impedance to 50 ohms for
2.232 and 6.763 MHz. A 200 ohm balanced/50 ohm unbalanced
TRANSLAB Model 6011 Balun was used with the same antenna tuner
for 4.450 MHz. This combination worked very well and it was
possible to keep the VSWR at the ends of the transmission line
connecting the transmitter and antenna to such a low value that
it was not measurable using forward and reflected power reading

from a thruline wattmeter.
Both the transmitter and antenna tuner were adjusted be-

fore each test. The transmitter was first tuned while
60



-——-)(-——-Theoretical 2 5> 1 Theoretical RG-19 Cable /B = 0.075
we L = 20 meters B/ko = 3,27

~———0 —— Balanced SSD No. 5 (16 meters buried) a/ky = 0.25
— A — Unbalanced SSD No. 5 Verona Earth
Normalized to 100 ohm Frequency (MHz)

23

Figure 3-20. THEORETICAL AND MEASURED IMPEDANCE:

OF A SUBSURFACE DIPOLE

61



connected to a 50 ohm dummy load to ensure that its output

impedance was 50 ohms.

It was then connected to the trans-

mission line leading to the antenna and used as a signal

source to perform the tuning of the antenna tuner.

In this

manner, one was assured that both ends of the transmission

line were terminated in 50 ohms and that there were no

standing waves on
transmission line
these tests since

Figure 3-21 shows

the line to cause radiation.

Figure 3-21.

A photo of the antenna

figuration.
SCOPE
XMTR THRULINE
P.A. 508 WATTMETER
THRULINE ANTENNA
WATTMETER TUNER

Keeping the
radiation to a minimum was critical for
the test antenna has a very low efficiency.

the block diagram of the transmitter con-

50 OHM
LOAD

BALUN

— 7o

ANT.

Transmitter Configuration.

matching unit is shown in Figure 3-22.
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The baluns were bifilar wound ferrite toroids as shown

in Figure 3-23 below.

BALANCED
oOUT PUT

UNBALANCED
INPUT

O

I

Figure 3-23. Subsurface Dipole Balun.

The antenna tuner consisted of two variable capacitors
and one variable inductor. The three components can be con-
figured in two basic schemes to give a wide flexibility in
matching different loads. (Figure 3-24 below shows the two
basic schemes were Cy is 2.7 - 770 upf, L is 0-15 ph and Co

is 4~-500 uuf.

INPUT W |
L P L j |c

L ;;_L_ Co c,‘7:_

(A) (8)

Figure 3-24. Antenna Tuner.

About 75 feet of RG-17 was used between the subsurface
antennas and the transmitter. The manufacturer's published
data on this cable shows a nominal loss of 0.20 dB/100 feet
at 7 MHz. The actual loss of the cable and connectors was

measured at each test frequency and the data is shown in
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Table 3-1 below. During the tests, thruline wattmeters

were attached to each end of the transmission line to con-
tinuously monitor the power and to detect any changes in the
VSWR on the line due to bad connections or breaks in the
cable.

TABLE 3-1. SUBSURFACE DIPOLE TRANSMISSION LINE

Frequency loss in dB
2.232 0.15
4.450 0.2
6.763 0.3

To determine the relative gain of the subsurface antenna,
one requires knowledge of the antenna matching network losses.
This loss was evaluated using the relation:

P.
L, = -10 log P—l (3-1)

o

where Pi is the power into the network and Po is the power
out of the network. Dummy antennas were made for each of the
three major operating frequencies and connected to the balun
output terminals. Using an HP 4815A RF Vector Impedance Meter
as an indicator, the antenna tuner was then adjusted to obtain
50 + 0j at the input. An HP 606A Signal Generator was attached
to the tuner input and a reference signal applied to the net-

work. The voltage applied across the tuner input and the

resistive part of the dummy antennas were measured and Pi and
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P, computed. Figure 3-25 and Table 3-2 show the test setup
and the data obtained. One can see from the data that losses

in the matching network are small enough to neglect.

Vi ANTENNA BALUN Xo
R, TUNER o 1
(o] Vo
)
2
V,
V 2 Po= .—l
P = .._l—— RO
I 50

Figure 3-25. Subsurface Dipole Matching
Network Losses.
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3. REFERENCE MONOPGLE
The impedance of the reference monopole (whip)
antenna is shown in Figure 3-26. From this data, it can be
seen that the primary test frequency (6.763 MHz) was very
close to the 1A,/4 resonant frequency (7.22 MHz) of the ref-
erence monopole.

The efficiency of the reference monopole below a perfect
loss-less monopole can be calculated from the measured im-
pedance at resonance (97 ohm). The input resistance of a
1/4 wavelength monopole perpendicular to an infinite
perfectly conducting ground plane is 36.5 ohms (Ref. 25,
p. 262). The efficiency of the test monopole is then
given by

Eff = -10 log 3275 = -4.25 db

The TRC-69 radio equipment which was used to feed the
whip has an auto-tune antenna coupler which matches the
antenna impedance to the transmitter's 50 ohm output.
Coupler losses were measured using a procedure similar to
that used for the subsurface dipole matching unit. After
the system was tuned in the usual manner, the coupler was
disconnected from the antenna and power amplifier. A dummy
antenna was then substituted to make loss measurements. It
was not possible to get exactly 50 ohm at the input to the
coupler using this technique so the actual input impedance

was recorded and Pi computed from Eq. 3-1. Po was obtained
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Figure 3-26. REFERENCE 30' MONOPOLE IMPEDANCE
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the same as before. Figure 3-27 and Table 3-3 show the test
configuration and test results. It can be seen that coupler

losses were significant only at the 2.323 MHz operating

frequency.
NES
— 1 Coupl B3
\/ pler Zo
Xo
v, 2
P = —— COS & P, f
I L=-10 LOG — Ro VRo
o

Figure 3-27. Monopole Coupler Losses.
4. REFERENC®E DIPOLE

The reference half wave dipole was made from
number 14 copper wire and was fed through a 1l:1 balun. At
each frequency, the elements were trimmed in length to come
as close to resonance as possible. It was found that very
little trimming was necessary after they were cut to (0.95)
of a free space half wave length. The 6.763 and 4.450 MHz
dipoles were raised to a height of one quarter wavelength
above ground. The 2.232 MHz dipole was raised only one-
eighth wavelength above ground because of pole height limi-

tations.
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The impedances of the reference dipoles are

Table 3-4 below:

TABLE 3-4
REFERENCE DIPOLE CHARACTERISTICS

Freq (MHz) Length Height
6.763 Ao/z Ao/ 4
4.450 Ao/ 2 Ao/d
2.232 Ao/ 2 Ao/4

shown in

Impedance
72 - 83
75 - 93
52 - 83

The antenna coupler for the reference dipole was identical to

the one used for the reference monopole. Based on the mono-

pole coupler loss data and ﬁhe fact that the reference di-

pole impedances were reasonably close to the transmitter 50

‘ohm output, it was assumed that the dipole coupler losses

were negligible for all practical purposes.

The transmission line loss for the reference dipole was

measured to be 1.7, 1.3, 1.1 dB for 6.763, 4.45,

MHz, respectiively.

72
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D. AIRBORNE MEASUREMENTS OF RADIATED FIELDS
1. DESCRIPTION OF RECEIVING INSTRUMENTATION
Airborne measurements were conducted to estab-

lish space wave radiation characteristics of the subsurface
dipole and verify results of the surface measurements. A
modified KC-135 aircraft, shown in Figure 3-28, equipped with
the necessary receiving and recording equipment served as the
airborne measurement facility. Figure 3-29 contains a block
diagram of the equipment installation in the aircraft. A
balanced loop located on the end of the refueling boom and a
90-foot unbalanced long-wire fastened on top of the aircraft
between the vertical stabilizer and the fuselage were uti-
lized as receiving antennas. The balanced loop was capable
of being oriented in either the vertical or horizontal plane.

The airborne receiving system was completely calibrated
at the beginning of the test program and periodic checks were
made to assure that system performance did not degrade during
the test period. The ground transmitting facility was iden-
tical to that used during the surface measurements.

To achieve the goals of the test program a series of
flights consisting of radials and orbits were conducted.
The altitude of the aircraft was maintained at 20,000 feet
for the duration of the test period and ground navigational
aids were utilized by the navigator to ensvre position and
heading accuracy. A radar missile tracker and beacon trans-

mitter were used to guide the aircraft.
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2. SPACE WAVE GAIN
The relative space wave gain of the subsurface

dipoles was measured by comparing their received field
strength with that of the reference 35-foot monopole and
the reference half-wave horizontal dipole located a quarter-
wave length above ground. These measurements were made
simultaneously by using frequencies approxi@ately 5 kHz
apart.

Figures 3-30 through 3-32 portray, in three dimensions,
the theoretical patterns of all three antennas. Figure 3-33
shows the specific orientation of the subsurface and reference
dipoles along with the polarization of their electric field
vectors as a function of angle. The radials were flown both
parallel and perpendicular to the subsurface dipole axis.

In measuring the various components of each antenna care
had to be taken to orient the balanced loop on the aircraft
in the proper position with respect to the received electric
or magnetic field vector. This is complicated by the fact
that balanced receiving loop, as shown in Figure 3-34, receives

in both a magnetic dipole and electric dipole mode (Ref. 36,
page 481).

Figure 3-34. Balanced Receiving Loop.
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Figure 3-33. Subsurface Dipole/Reference Dipole
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In the normal magnetic dipole mode, the voltage V is maximum
when the normal to the loop is parallel to the local ﬁ vector.
I£, however, the E vector is in the plane of the loop and
also perpendicular to the pair of wires, an extra voltage
appears on R which comes from the electric dipole excitation
and adds vectorally to the magnetic dipole mode.

Directly over the antennas, either reference or sub-
surface, the Eg (or H¢) component can be measured exclusively
in the magnetic dipole mode by orienting the receiving loop
in the vertical plane and flying along the dipole axis. At
low angles, however, the electric dipole mode adds to the
received voltage. The E¢ (or He) component can be measured
directly overhead exclusively in the electric dipole mode by
orienting the receiving loop in the horizontal plane and
flying perpendicular to the dipole axis. Aéain, though, at
low angles the magnetic dipole mode adds to the received
voltage.

Figures 3-35 and 3-36 are plots of the theoretical and
measured vertical profiles of the reference and subsurface
dipoles. The theoretical curve for the reference dipole E¢
component is taken from Berry and Chrisman (Ref. 35)
for the dipole over "good" ground. The Ee component for the

reference dipole is not usually given except for the case of

the dipole over pe:sfect ground. The dashed line on Figure 3-35

is a plot of Ee for the perfect ground case with a 3 db
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Figure 3-35. Theoretical and Measured Vertical Profiles for
Halfwave Dipoles ()\/4 Above Ground)
0
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decrease directly overhead in order to coincide with the E¢
component which is over "good" ground.

The theoretical curves for the subsurface dipole are
plots of Equations (2-7) and (2-8) with the measured ground
constants of the transmitter site at a frequency of 6.763
MHz. At the low angles (approximately 20° and below) the
effect of the other mode of the receiving antenna becomes
apparent, however, it is not greater than 3 db. This other
mode, of course, does not affect the gain measurements
directly overhead.

The subsurface and reference dipoles were oriented
orthogonal to each other in order to have similar pattern
shapes in the same direction. While it did accomplish that,
it complicated the airborne measurements because now the
polarizations directly overhead were orthogonal to each
other. The relative gain between the two was measured by
making closely successive runs over each antenna several
times to ensure that equipment calibration and aircraft
position did not drift.

Figure 3-37 is the measured relative space wave radia-
tion from all the antennas. This was taken on a heading of
239° which is the direction for maximum radiation from both
the reference and horizontal dipoles. Directly overhead,
subsurface dipole pair 3 and 4 is approximately =23 db below
the reference dipole and subsurface dipole pair 1 and 2

approximately -25.5 db below. For all plots, transmitted
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power is normalized to the same value. The difference
between dipole pairs 1 and 2 and 3 and 4 is somewhat sur-
prising since the field from dipole 3 and 4, being down 3
feet, has approximately 3.8 db more attenuation to the sur-
face than dipoles 1 and 2. The difference is probably due
to the smaller dimensions of the RG8 cable for dipoles 1 and
2 compared to the RG19 for dipoles 3 and 4. This affects
both losses and current distribution.

Azimuthal pattern measurements at low angles were also
made. Figure 3-38 shows measured data from both the refer-
ence dipole and subsurface dipole pair three and four as
received by the horizontal loop. The input power is normal-
ized and relative field strengths are plotted. The horizontal
loop senses the E¢ (He) field which is maximum broadside to
the dipoles. The slight skewing of the subsurface dipole is
attributed to coupling from the stronger Eg field. Figure
3-39 shows measured azimuthal data for subsurface dipoles 1
and 2 with the long-wire aboard the aircraft used as a
receiving antenna. The longwire antenna is sensitive to both
the E, and E, polarization and indicates as expected that the

0 ¢

Eq end fire pattern is maximum for the subsurface dipoles.
3. SKYWAVE FIELD STRENGTH VS DISTANCE

In addition to the orbits and short-range radials,

extended range radials were mace to investigate propagation
modes. The results are shown in Figure 3-40. Sky wave,
supported by F-layer propagation, becomes the dominant signal

at approximately one hundred miles. Calculations based on
86
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vertical ionospheric sounding data taken during the test
period show that E-layer propagation should become evident
at approximately 220 miles. Results compared with the
sounding predictions are shown in Figures 3-41 and 3-42.
The sudden increase of signal strength which is evident in
all three curves it approximately 225 miles is due to the

E-layer propagation.
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E. SURFACE MEASUREMENTS OF RADIATED FIELDS
1. INTRODUCTION

Several measurements were made on the surface
of the earth of the subsurface dipoles. The radiation of
the subsurface dipoles was compared to that of the reference
monopole and dipole. 1In this section, we will describe
experimental measurements performed to resolve the surface
and sky wave modes and measure the gain of the surface wave.

2. SURFACE WAVE GAIN

To determine the relative gain of the surface
wave launched by the subsurface dipoles, field strength
measurements were made at distances ranging from 4.8 miles
to 61 miles. To obtain these measurements, a mobile receiving
van was driven to various locations in line with the subsur-
face dipole elements where the surface wave is maximum.
Special attention was given to select receiving sites which
were free from overhead power lines and other metal obstruc-
tions which could affect the field strength readings. The
terrain at the different sites varied widely. The receiving
van contained equipment necessary to measure and record both
pulse and CW signals. The receiving configuration is shown
in Figure 3-43. The pulse signals were measured by photo-
graphing the IF output of the receiver and ther calibrating
the receiver system by substituting a calibrated signal source
in place of the antenna signal. CW signals were measured by

recording the receiver AGC voltage and calibrating the receiver
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gain. Calibrations were made after each 5 to 10 minute

recording interval. The surface wave launched from the sub-

surface dipoles was compared to that radiated from the ref-

erence whip antenna. Pulse transmissions were used where it

was necessary to discriminatz against sky wave propagated

energy.

The received power from an satenna is given by

Pr = Pt + Lct + th + Gt + A + Gr + Llr

where
Pr = Power Received
Pt = Power Transmitted

Lot = Transmitting Antenna Coupler Loss

94
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Lig = Transmitting Transmission Line Loss

G¢ = Path Antenna Gain of the Transmitting Zntenna
A = Basic Path Loss

G.. = Path Antenna Gain of the Receiving Antenna
L, = Receiving Transmission Line Loss.

For the surface wave mode the difference between the pcwer
received from the subsurface antenna and the monopole is
given by:

AP = P (S) = Pp(R) = (Pgt+ Lot+L]¢+Ge+A+G+Lyp)g (3-3)

- (Pt+Lct+th+Gt+A+Gr+Llr)R.

If the power delivered to the antennas is the same and the
same antenna is used to receive both transmissions, the

difference becomes

Pyr(S) = Pr(R) = G¢(S) - G¢(R) (3-4)
or AP = AG

where

Pr(S) = Power Received from the Subsurface Antenna
P.(R) = Power Received from the Reference Antenna

Gy (S8) = Path Antenna Gain of the Subsurface Antenna

G¢ (R) = Path Antenna Gain of the Reference Antenna

and AG is the relative gain of the subsurface anternna com-
pared to the reference antenna. The data obtained is shown
plotted as a function of range in Figure 3-44. A theoretical
curve whose slope is based on measured ground parameters is

also shown in this figure for comparison and indicates
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excellent agreement. The slope for both the reference mono-
pole and the subsurface dipole, between 10 and 60 miles,
varies approximately as 40 log r. The average difference
(AG) between the reference monopole field strength and the
field strength of the subsurface dipoles is -18.2 dB. Using
this and the estimated efficiency of the reference monopole
(-4.2 db) we obtain a gain of -22.4 db referenced to a per-
fect monopole. This -22.4 db is the gain for a pair of sub-
surface dipoles. A single dipole is 3 db less or -25.4 db
below a perfect monopole.

Figure 3-45 shows samples of data taken at the 36.5
mile and 13 mile stations. The data has been calibrated and
normalized to 1 KW input to each antenna. The surface wave
signals can be compared directly but the subsurface dipole
rhotograph taken at Station B was not taken when the fading
skywave signal was at its peak and therefore, cannot be
quantitatively compared to the other which was taken at peak.

Looking at Figure 3-45 one can see that there is approx-
imately 18 db difference between the surface wave signal at
the 1l3-mile station and the 36.5-mile station for both an-
tennas. This is consistent with a 40 log r attenuation of
the surface wave. One can also see that there was -18 4B
and -17 dB less signal received from the subsurface antenna
at these stations than was received from the reference whip.

In addition to obtaining the surface wave data from

Figure 3-45, it is interesting to note how the skywave
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behaved. There was no observable skywave received from the
whip at 13 miles, but there was signal observed at the 36.5-
mile. station. This is consistent with the deep null found in
the whip antenna pattern directly overhead and the rapid rise
between the take-off angle of 90° and 80°. 1In comparison,
the data for the subsurface antenna shows skywave at both
ranges as one would expect from looking at its space wave
pattern.

Proper identification of the modes in these photos is
further exemplified by comparing the time delay of the two
modes. The theoretical transit time difference, based on
measured ionospheric height, between the ground wave and
skywave modes is approximately 1.8 ms and the observed value
was 1.7 ms.

A test was also conducted to determine the relative
surface wave gain of subsurface dipoles 3 and 4 as a function
of operating frequency. This was accomplished by measuring
the field strength of CW signals transmitted from the refer-
ence monopole and subsurface dipoles 3 and 4. An NF-105 Field
Intensity Meter with appropriate loop antenna was located 1.2
miles off the 239° end of the dipoles to make these measure-
ments. The gain of subsurface dipoles 3 and 4 relative to
the whip is shown in Figure 3-46 as a function of frequency.
It is significant to note that the gain is fairly flat (+3 db)
from about 2 MHz to 7 MHz and drops off markedly at 9.5 MHz

and 19 MHz. An attempt to measure the relative gain in the
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vicinity of 9.6 MHz failed because the signal level from the
subsurface dipole was so low that it was below the noise.
Using the noise level as an upper limit, the relative gain
of the subsurface dipole had to be less than -20 dB at this
frequency.

The data presented so far in this section is for sub-
surface dipole elements fed in parallel which theoretically
should give a 3 dB gain over a single element. To verify
this increase in gain over a single element, a comparison
was made of the ground wave field strength off the ends of
the subsurface dipoles 3 and 4 and subsurface dipole 5. The
field strength at 6.763 MHz was 3 dB less for the single
element than the two elements, verifying the prediction.

3. SKY WAVE GAIN

The subsurface antenna launches both a surface
wave and a space wave and if the operating frequency is
below the ionospheric critical frequency for a point-to-
point path, both surface wave and skywave propagated modes
can be present in the received signal. As a further verifi-
cation of the space wave gain of the subsurface dipoles as
determined by the airborne measurements, tests were con-
ducted to identify and measure the relative gain of these
modes on four point-to-point circuits from 5 to 540 miles.
The four receiver sites were (1) Rome Air Development Center
Stockbridge Test Annex, Griffiss AFB, N.Y.; (2) RADC Ava Test

Annex; (3) Seneca Lake Army Depot, Seneca Lake, N.Y.; and
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(4) Trabine Test Site, Wright-Patterson AFB, Ohio. The dis-
tances and bearings to these sites are: Stockbrige - 8.6
miles, 192°; Ava - 21 miles, 272°¢; Seneca Lake - 61 miles,
245°; and Trabine - 524 miles, 239°.

Both pulse and CW transmissions were used. Al. .. the
receiving stations had the same basic equipment and measuring
capability to receive and analyze the pulse and CW trans-
missions. The receiver configuration is the same as that in
the mobile van shown in Figure 3-43.

Where possible, a vertically polarized dipole or mono-
pole type antenna was used to receive the surface wave signal
and a horizontally polarizecd dipole type antenna was used to
receive the skywave signals. This was done to maximize the
signal-to-noise ratio by taking advantage of the directive
gain of these antennas. The Trabine Site was the only ex-
ception. Here a vertically polarized monopole array was
used for the skywave. This was very satisfactory, however,
since its main lobe was oriented along the circuit in both
elevation and azimuth.

There are three basic parameters which differentiate
the surface wave from the skywave:

(a) the relationship of field strength and range.

(b) the transit time between transmitter and receiver.

(c) the fading characteristics of the received signals.
The structure of pulse transmissions received from a sub-

surface dipole should look similar to that shown in Figure 3-47.
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Figure 3-47. Mode Resolution.
The first signal received at T1 is the surface wave and the
second arriving at T2 is the skywave. The surface wave would
have a steady amplitude whereas the skywave would fade be-
cause of multipath and Doppler. The power received on each
mode would be given by Equation 3-2. By analyzing the fading
characteristics, transit times and the power received at
various distances from the transmitter test site, we were
able to resolve the propagation modes and determine path
antenna gain.

We will first discuss mode resolution with reference to
the transit time differences between the surface wave and the
skywave. Figure 3-48 shows the time delay difference be-
tween signals received at the Ava Test Site. There is approx-

imately 1.9 ms delay between the first and second returns and
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2.0 ms between the second and third returns. This correlates
with the calculated delay differences based on the measured
ionospheric height between the 1 hop F and surface wave modes
and between the 2 hop F and 1 hop F skywave modec. Similar
results were obtained at the other stations and at other
frequencies.

The fading characteristics of the different modes were
also observed at these locations and frequencies. When
present, the surface wave was very stable in amplitude whereas
the skywave mode fluctuated greatly with time. Similar reso-
lution of the surface wave and skywave was obtained by com-
paring the field strength received from the subsurface dipole
with the fields of the reference monopole and horizontal
dipole, respectively. From these field strength measurements,
AP was calculated for the surface wave and skywave modes.
Results are tabulated in Tables 3-5 and 3-6. These tables
also contain corresponding values of AG which are calculated
from the measured airborne patterns and average surface wave
gain. These values of AG are ccrrected for the azimuth and
elevation angle. Correlation between AP and AG was very
good for the surface wave mode and was fair for the skywave
mode.

Table 3-5 shows data for the frequency 6.763 MHz taken
at four different sites. To illustrate how the data was
obtained, we show actual test data in Figure 3-48 which was

taken for the first Ava Station measurement listed. From
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Figure 3-48 one can see that the difference between the sur-
face wave amplitude of the reference whip and the subsurface
dipole as received on the vertical dipole (antenna A) at Ava
is -22 dB. This represents the observed surface wave gain
differences of the two antennas. Likewise, the -20 4B dif-
ference between the reference dipole and subsurface dipole
skywave signal amplitude received on the horizontal dipole
(antenna B) approximates the space wave antenna gain dif-
ference of the two antennas.

The agreement between the calculated and the observed
skywave values in Tables 3-5 and 3-6 is reasonable consid-
ering the fact that signals propagated through the ionosphere
experience multipath and Doppler which make measurements of
this type subject to a large statistical variance. Since
the two transmitters were not on simultaneously, errors due
to long-term fading (i.e. 5 - 15 mins) affect the data.
Another big factor affecting the accuracy of these measure-
ments is that each pulse must be photographed at its peak
amplitude to compensate for the short-term fading. 1In an
attempt to do this, the signal was observed over a five-
minute period and photographed at its maximum value. With-
out a continuous recording of the pulse amplitude, errors
may be present in assuming that the pulse was photographed
at its peak. The fading rate of these signals varied from
about 0.1 Hz to 0.5 Hz. Better agreement between AG and

AP would require continuous recording of simultaneous pulse
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transmissions radiating from both antennas, and averaging
the data over a longer period of time.

The data in Table 3-6 is for three different frequencies
(2.232, 4.450 and 6.763) and three different sites (Stock-
bridge, Ava and Seneca). From it, one can say only that the
results at 2.232 and 4.450 are comparable to the more exten-
sive results obtained at 6.763 MHz and that the mondes of prop-
agation are the same.

The pulse and CW measurements taken at Trabine are of
particular interest since this is approximately the same

range at which other investigators reported a super ground

wave. (Ref. 1l). Figure 3-49 shows samples of the pulse data
and Figure 3-50 shows CW data recorded at Trabine. The data
in Figure 3-49 was taken at the same time the airborne measure-

ments reported in Section 3-D were taken.

There Was no surface wave observable at Trabine as
would be predicted by existing theory. The pulses shown in
Figure 3-49 are from lE and 1F skywave modes. The calculated
transit time difference between these two modes is 0.5 ms and
the observed value was of the same order. The two modes were
resolved with the 100 us pulse of the subsurface antenna and
the monopole, but could not be resolved with the 1.4 ms pulcse
of the reference dipole. The reference dipole signal in
Figure 3-49 shows that the 1.4 ms pulse lost most of its
original shape because of the interference of the signals
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from the two modes. One can see that accurate AP measure-
ments could not be expected under these conditions. Both
the 1lE and 1F returns faded during this period. One of the
modes received from the subsurface dipole in Figure 3-49
had faded out completely in one photo (top right) and re-
appeared moments later in the second picture (bottom left).

To further substantiate proper identification of modes
in the Trabine data, a simple ray tracing was constructed
for the circuit and is shown in Figure 3-51. The ray tracing
is based on a vertical ionogram which was taken at the Stock-
bridge Test Site only 8.6 miles from Verona. From the virtual
height versus frequency data found on the ionogram (top right
corner of Figure 3-51), one can determine the virtual heights
and critical take-off angles for lE and 1lF oblique trans-
mission paths by using the Secant Law.

From the ray tracing it is apparent that only F modes
would be expected out to a range of 400 km (216 NM) and that
both F and E modes would be received beyond this range out
to Trabine. The recordings taken by the aircraft, Figures
3-41 and 3-42, Section 3.D, do show an abrupt change in
recording signal level at about 220 NM and the data in
Figure 3-49 shows lE and 1F returns being received at Trabine.

Figure 3-50 shows a recording of the amplitude of
separate CW transmissions received at Trabine. All three
transmitters were on simultaneously at Verona but offset

in frequency by 5 KHz. The chart shows the signal amplitude
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of the three transmissions received on the monopole array.
The receivers were operated with a 1 KHz bandwidth to sepa-
rate the 5 KHz space signals. Successful separation is
illustrated by the fact that during the long period the whip
transmitter was off for identification in Figure 3-50, there
was no observable effect on the other two signals. The small
off period observed on the other two traces was caused by the
TR switch at the receiver site when communication calls were
made from Trabine. This example shows the worst fading en-
countered during the test but illustrates that all three had
the same basic fading rate and fading depths. The calibra-
tion at the left of Figure 3-50 is the received signal
strength normalized to a 1 kw input to each of the three test
antennas. The actual powers transmitted from the reference
dipole, reference whip, and subsurface dipoles were 34, 55,
and 90 watts, respectively.

In general, the point-to-point data recorded at Ava,
Stockbridge, Seneca Lake, and Trabine shows that the sub-
surface dipoles launched conventional surface and space waves

which were subject to normal losses and propagation anomalies.
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4. SUMMARY
A. INTRODUCTION
Extensive measurements were made of the electrical
and radiation characteristics of subsurface dipoles in the HF
band and the purpose of this section is to summarize the

measurements and their comparisons with theoretical predictions.

B. ELECTRICAL MEASUREMENTS
A comparison of the measured impedance of a single
dipole compared to the theoretical impedance of a dipole having
the same dimensions is shown in Figure 3-20. Apparently, the
attenuation is slightly greater than calculated but fairly good
agreement is obtained as far as the general shape and resonant

frequency is concerned.

C. RELATIVE GAIN MEASUREMENTS
The relative surface wave gain of a pair of subsurface

dipoles compared to a 35-foot monopole antenna was measured
and shown in Figure 3-44. The average gain for a number of
measurements was éomputed as -18.2 db. Table 4-1 illustrates
the excellent agreement this gives when compared to that cal-
culated from the theory in Section 2.

The relative space wave gain of a pair of subsurface
dipoles was also measured compared to a half-wave dipole
which was a quarter wave above ground. Table 4-2 illustrates

again the excellent agreement between this measured data and

the theory of Section 2. Figure 3-36 shows the good correlation
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TABLE 4-1

RELATIVE GAIN OF SURFACE WAVE

FOR SUBSURFACE HF DIPOLE PAIR AT 6.763 MHz

THEORETICAL (db)

MEASURED (db)

Relative Gain of 1 element
Compared to Perfect Mono-
pole @ d=0, L=\

Measured Verona Soil -
Figure 2~-13.

Array gain for pair

Depth Loss (d=1 meter)
(Figure 2-16)

Meas. Rel. Gain of Perfect
Monopole Compared to Prac-
tical Monopole (Eq 3-1)

Total: Rel. Gain. of Element
Pair at d=1 m compared to
practical monopole.
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+ 3.0
- 6.5

+ 4.25

-18.25

+ 3.0

+ 4.25

-18.2
(Figure 3-44)



TABLE 4-2

RELATIVE GAIN OF SPACE WAVE
FOR SUBSURFACE HF DIPOLE AT 6§.763 MHz

THEORETICAL (db) MEASURED (db)

Relative Gain of Surface

wave for 1 element com-

pared to perfect monopole, -19.0 --
d=o0, L=Ac, measured Verona

soil (Figure 2-13)

Difference of relative gain

of surface wave compared to

relative gain of space wave - 3.5 --
over that of a perfect half

wave dipole A,/4 above

ground. (Egq. 2-38).

Array gain for pair + 3.0 + 3.0

Depth loss (d=1 meter) - 6.5 --
Figure 2-16.

Approx. relative gain of

perfect half wave dipole + 2.0 -
compared to practical half

wave d:oole (Ref. 35, pg 109)

Total: Relative gain of

element pair at d=1 m com- -24.0 -23.5
pared to practical half wave Figure 3-37
dipole at h = } /4.
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between the theoretical and measured pattern shapes of the
space wave radiation.

A comparison of the measured and theoretical relative
surface wave gain as a function of frequency is shown plotted
in Figure 4-1. By noting that the measured conductivity in-
creases with frequency as shown in Figure 3-8, the excellent

agreement is apparent.

D. CONCLUSIONS
The characteristics of HF subsurface dipoles can be

predicted well within measurement accuracy. The subsurface
dipoles radiate a normal surface wave field that attenuates
approximately as 40 log r and would be useful for limited
ranges. They also radiate a space wave field which attenu-
ates as 20 log r, with a pattern similar to that of an above
ground dipole. This space wave pattern would provide direct
line of sight communication to aircraft and when the signal
is reflected from the ionosphere would provide conventional
ionospheric hop communications to large distances. It is
apparent from Figures 2-19 and 2-20 that economical and
relatively small arrays of HF dipoles in average soil can have
gains of approximately -9 to -13 db compared to practical
above ground antennas as shown in Figure 4-2. Section 2 pro-
vides the necessary design information to enable system

engineering of such arrays and accurate predictions of their

performance.
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Typical performance estimates of such an array are shown
in Figures 4-3 to 4-5 with an input power of 10 KW and opera-
ting in soil with a conductivity of 20 milli-mhos/meter and a

dielectric constant of 30.
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“Theoretical analysis and measured data are presented for determin-
ing the characteristics of High Frequency (HF) subsurface dipole
antennas. The agreement between theory and experimental data is shown
to be excellent. It is shown that HF subsurface dipoles radiate a
surface wave having the same characteristics as that launched by an
above ground vertical monopole and also radiate a space wave which has
a pattern identical to that of a half wave horizontal dipole located a
quarter wavelength or less above ground. The subsurface dipole length
is shortened to about one-third to two-thirds of its above ground
equivalent.

Engineering curves are presented which enable the system engineer
to design & small, physically hard, relatively cheap HF antenna array
having a gain of approximately -10 db below that of simple above ground
antennas, and having the radiation characteristics of both above ground
whip and horizontal dipole antennas./
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