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ABSTRACT

A detailed analysis is presented for a circular array of Beverage
antennas over a conducting earth. Equations are derived for azimuth and
elevation patterns for any number of similar antennas in the array taken
any number at a time, spaced in any manner, and summed in any arbi-
trary manner with or without phasing. . Of particular interest for HF
direction f£d1n applications are sector)arrays of 10 to 20 antennas
located 2 /apér% and operated between 1 Jand 40 mc .. Simple summing
{nenphased) of typical sector arrays froduces patterns which have
greatly reduced beamwidth compargd to single element patterns, At
10 mc, a 25 meter long single eJ#ment, one meter high, has a }
beamwidth of about 78°, while”a circular sector array of 21 a1
elements 2° apart has a b€amwidth of about 18 withoutphasing. Ele-
vation patterns for rt element, large sector arrays show similarly

narrow atherng up-to-€levation angles of 70° at 10 mc for an

array djafheter-of less than 900 feet.

";ghe analysis provides both ground wave and sky wave patterns.
For sky wave patterns the polarization of the incident field may be
linear or elliptical (any-eendrtiomrbetweenrvertical andortzomtapotari -
-zation}. Calculations show the sector arrays considercd so far to have

low polarization error. Polarization error is further reduced as beam-
width is reduced.

The analysid\also provides antenna impedance, antenna line
constants, effective Neight, wave tilt angle and various other param-
eters. Calculated peXformance shows the antennas to have impedances
and patterns normally §ssociated with frequency independent antennas .,
The results show that D/F performance over a 100 to 1 frequency range
extending as low as 1.5 mc, should be obtained in a single array including
good azimuth patterns at high elevation angles. Furthermore, the sim-
plicity of the antenna element design permits what is probably the-lowest
cost wide aperture direction finder antenna array yet designed for the
MF, HF, and VH,L;" {requency rapges:

o

%Calculated ‘udaismasreported-in P EIL g geured) effective

heights indicate that the summed sector arrays provide an adequate sen-
sitivity with resulting effective heights ranging from a few meters to the
vicinity of 100 meters. Bearing sensitivity is probably as good as present
day instrumentation ¢ %fﬂize either in a scanning or fixed beam mode.

i1




It is also apparent from the analysis that the performance of the
antenna array is not highly dependent on a specific earth conductivity as
in the case of some D/F antennas. Reception is improved by an increased
wave tilt angle usually associated with poorly conducting earth. Thus the
system is probably more adaptable to varying site terrain than is the usual
D/F system.

This is Part IV of a four-part report and is concerned primarily
with theory. Part Il is concerned with system design and performance
for long range HF D/F while Part IIl 1s a detailed report on measured
accuracy of a 900-ft diameter array of 180 antennas. Part [ was submitted
in 1962. All theoretical background material necessary to the analysis has
been reproduced in the Appendix.
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A, Analysis of a Circular Array of Beverage Antennas

1. Outline of the Derivation of Array Equations

It was required that a procedure be developed for deriving
optimum circular arrays of Beverage antennas for high frequency direction
finding. Criteria for an optimum array are bearing accuracy. a narrow
beam azimuth pattern and a favorable elevation pattern for sky waves.
Although bearing accuracies will not be calculated directly in the analysis
which follows, it will be assumed that if the azimuth pattern, formed by a
wide aperture distribution of antenna elements, can be made more directive,
then the resulting bearing information will move in the direction of improved
accuracy. The conditions for favorable elevation patterns and maximum
effective height will also be determined. The analysis will also permit
estimates of polarization error.

The principal variables to be optimized are the number of
antennas, the manner of summing, antenna spacing geometry, antenna
location or overall array size, antenna length and height above ground.
Other variables such as the termination geometry and antenna conductor
geometry will usually be determined more on the basis of practical
requirements rather than on optimization of electrical characteristics.
Certain other variables will not be considered in this analysis, such as
the mutual coupling between antennas, it being assumed that acceptable
conditions can be specified from experience. (The reference of Appendix I
is sufficiently general to treat mutual impedance theoretically if this should
be of interest at any future time.)

The procedure followed in the derivations given below was tc
assume the geometry shown in Figures 1, 2 and 3 and to assume independent
ground and sky wave components arriving at the same azimuth. The sky
wave component includes both vertical and horizontal polarization components
which may be specified independently.

The total field strength for direct and reflected rays is calculated
at a point on the antenna wire, with phase referred to the origin. The exact
reflection coefficients of the earth for hoth polarizations are retained in the
calculation for the sky waves, and the earth constants as they determine the
wave tilt for the ground wave.

The analysis is applied to the kth antenna of a circular array
as shown in Figure 1, all antennas being arranged in symmetrical pairs
about the x axis. All antennas are assumed to have similar geometry and
electrical characteristics. The earth under the antennas 1s assumed to he
constant in the x and y directions.




The receiving ¢nd current of the kth antenna is found by
integration along the conductor. The currents for all antennas are then
summed and assigned arbitrary amplitude and phase constants such as
would correspond to insertion of a goniometer cr special phasing networks
for fixed beams.

Analytical methods of summing antenna element currents to
determine the complete array patterns are various, such as the use of
Fourier transforms. Most of these methods are useful onlinear arrays
particularly with omnidirectional elements. In the case of radially oriented
end fire elements in a circular array, no significantly useful short-cut
methods have been found which allow clear-cut trading between beamwidth
and side lobe level (for instance). It has, therefore, been decided to use a
digital computer to sum the antenna currents derived. For the present,
"trial and error'' pattern calculations are being used; that is,most calculations
are based on assumed antenna arrays. with substitution of measured
electrical characteristics which are appropriate to the local site. The
resulting patterns are then evaluated for quality. This method has been
found to be quite satisfactory.

A large number of calculated patterns are presented in this
report (Part IV) . * At some later date it may be advantageous to use more
advanced programming methods to design arrays for specific optimum
conditions, i.e., specified side lobe level, bandwidth, etc. At the present
time, however, the problem to be solved does not require this degree of
sophistication. Some of the more interesting patterns calculated have been
experimentally checked by field measurements. A few examples of these
checks have been included in Part II of this report.

B Symbol Definitions and Some Assumptions

The following symbols and definitions will be adopted in
addition to those of Figures 1. 2, 3 and 9. All parameters are in MKS
units except where noted. (The use of emu units has been retained in
certain parts of the calculation which are based on early references).

*Although detailed analysis and interpretation of the patterns has been placed
in Part II.




)
."SYNN3LNV 39VH3A38 40 AVYYV ¥VINDJYID
1 3¥N9oIl4

“INVId A-xNI

- 2
- « S

o;m J
ol NSO\ i
~ N , ,.
d 3 ® oM.
o 5
3

u t— m/.

-
g ./ ;

$3 40 NOILD3YIQ

z




'YNNILNV y; ) IHL 8V3IN 3AVM GNNOY¥HO 3HL 40 1ivi3a

< 3¥Nn9id
6o -0
Ovl =+
0365 -5

NOI93¥ HLI¥V3
wddl A-X NI

3dviuns aNnowo—p _  ,, fp,
¥

SIXV X

WO¥4 NOILD3NIa="L

3ANVId A-X

WM 40 zo.._.ou..oma\

3HL1 NI VNN3LNV

(3AVM 3NVd)
AVYH 3AVM
aNNo¥9o

ANOY 43AVM

(T3 = J) yNNILNV

NSO oL >

/

N191H0 oaro..-:
40 GON3 G31VNIWNY31 OL =
< ol -
VNN3ILNV (- 4 VNN3LNY
.: | (Me-B¢) 40 QN3
0=0 Q- ONIAI13D34 OL
O =9
ow - w O>M
NOI93Y dIV




"YNNILINVY ¢, ¥ IHL ¥V3IN NOILI31438 HLN¥V3 3HL 40 1IvLi3a
£ 3Jyneid

Ob =0
orf =7
03 65 -5
1NIOd
(3AVM 3NVd) NOILD3143Y NOI93¥ HLINV3

AVY 1O3¥10

Q‘\cﬂﬂ.x NI \

N
39V4NNS aNNOND —

3INVId A-X
3HL NI VNNILNY
ys¥ 40 NOILI3rOoNd

‘SIXV X %
WOY4 NOILD3¥Ia="k

NIOIHO O1

>
0 O4
(M2=z J)YNNI LNV niow

40 ON3 G31VNINY31 ClL

‘ 0, =) f
Maub ol R 10 ON3 SNIASSY 01
(3AVM 3INVId)
0:=o0 AVY 123410
Orf =vf
03 = 3
NOI93Y dIV




o2 HT®e
s O oa = O

=

Torrm;ijwwmmm

TABLE |. SYMBOL DEFINITIONS

= Attenuation constant (nepers per meter)

= Phase constant = 2r/\ (radians per meter)

= Free space phase constant

= Parameter designating an arbitrary antenna

Propagation constant = a + jp

Wave tilt angle

Permittivity

= Relative dielectric constant of the earth

= Permittivity of free space

= Angle defined in Figure 3

= Amplitude of Wise's correction factor

= Phase of Wise's correction factor

= Plus or minus azimuth of kth antenna

Angle of incidence

Wavelength, or wavelength on the antenna

Free space wavelength

= Permeability, also an integration parameter in
equation (44)

= Permeability of the earth

= Permeability of free space

= Phase angle representing path length difference between
direct ray and reflected ray at Point Pk

= Arbitrary phase constant for k(-)th antenna

= Arbitrary phase constant for k(+)th antenna

= Conductivity

= Conductivity of the earth

= Arbitrary phase constant for horizontally polarized
sky wave

= Arbitrary phase constant for ground wave

= Arbitrary phase constant for vertically polarized
sky wave

= - Azimuth of signal arrival

= - Azimuth of arrival of Eg

= - Azimuth of arrival of Eg

= Angle cf elevation above xy plane of direction of
arrival of Es

= 2nf

= Parameter in Wise's analysis
= Arbitrary constant

= Arbitrary constant

= Parameter in Wise's analysis
= Radius of the antenna conductor




TABLE |. SYMBOL DEFINITIONS (Cont'd)

C = Capacitance per unit length

c = Velocity of light = 3 X 10° meters/second

Egp = Component of ground wave electric field parallel
to kth antenna at Py

Ehg = Horizontally polarized part of ground wave electric

field (perpendicular to direction of travel)
Ehgp = Component of horizontally polarized ground wave electric
field parallel to kth antenna at P

Eyg = Horizontally polarized part of sky wave electric field
(perpendicular to plane of incidence and direction of travel)
Ep = Total electric field parallel to kth antenna at Py

= Horizontally polarized part of ground wave which is also
in direction of propagation, sometimes called the wave tilt
component or the radial component (lies parallel to the
xy plane)

Ergp = Component of radial ground wave electric field parallel

to kth antenna at Py

Esp = Component of sky wave electric field parallel to the kth
antenna at Py

E\,g = Vertically polarized part of ground wave

E,s = Vertically polarized part of sky wave (in plane of incidence
and perpendicular to direction of travel)

f = Frequency

G = Conductance per unit length

Gk(-) = Arbitrary amplitude constant for k(-)th antenna
Gk(+) = Arbitrary amplitude constant for k(+)th antenna

h = Height of antenna above ground

he = Effective height

h' = Parameter in equation (44)

I = Current

Ik = Current of kth pair modified by summing networks
Iko = Current from the kth pair

Ig(-) = Current on k(-)th antenna at Py

Ix(-)o = Current from k(-)th antenna

Ix(+) = Current on k(+)th antenna at Pk

Ik(+)o = Current from k(+)th antenna

j = Imaginary unit

K = A constant prbportional to square root of resistivity as in
equation (67)

k(-) = Denoting the k(-)th antenna

k(+) = Denoting the k(+)th antenna

L = Length of the Beverage antenna in meters, also inductance
per unit length in henries per meter




Tc
Tcw
Tk
To
L
Ts

i =i
—

[

TABLE 1. SYMBOL DEFINITIONS (Cont'd)

= First direction cosine

= First direction cosine for Ng

= First direction cosine for Ng

= First direction cosine for F)

= First direction cosine for T

= Second direction cosine, also a constant integer
Second direction cosine for N

= Second direction cosine for Ng

= Second direction cosine for T)

= Second direction cosine for T2
Unit vector in direction of propagation of ground wave

= Unit vector in direction of propagation of sky wave

= Summing index in computer program
Velocity ratio or subscript denoting the nth antenna,
also the third direction cosine

= Third direction cosine for Ny

= Third direction cosine for Ng

= Third direction cosine for T}

= Third direction cosine for T2

= Parameter used in Carson's analysis as in equation (43),
emu units

=P X 10-7 (P' is in MKS units)

Parameter used in Carson's analysis as in equation (43),

emu units

Q X 10" 7(Q' is in MKS units)

Resistance per unit length

Real part of Z,

= Radiation resistance

= Complex reflection coefficient of the earth for horizontal
polarization

= Complex reflection coefficient of the earth for vertical
polarization

= Distance from origin to Pk

= Carson's parameter defined by equation (49) in emu

= Wise's modification of Carson's parameter rc in emu

= Distance to Py from point (Z = h, y =0, x = 0)

= Inner radius of the array circle

= Quter radius of the array circle

= Distributed loss resistance in Carson's analysis

= Vector in radial direction from origin to Py

= Arbitrary vector

= Arbitrary vector




TABLE 1. SYMBOL DEFINITIONS (Cont'd)

8 = Wise's correction factor
t = Time
\ = Voltage

Vp = Voltage induced by Ep

Signal velocity on the antenna
Imaginary part of Zg

Zo Characteristic impedance

<
n

>
o
"

Z1, = Load impedance, terminating impedance of the line
Zin = Impedance locking into the line at the point Pk
los = Sending end (receciver end) impedance of the line

Certain other symbols and equivalents to the above symbols
are given in Section D o1 this report where the digital computer program
15 described.

A previous analysis by A. D. Bailey1 considered the problem
of a single Beverage antenna. The analysis which follows is similar and
extends results to the case of the array described in Figure 1.

We first wish to establish the total electric field intensity at
an arbitrary point on the kth antenna, the induced current will then be
summed over the length of the antenna. Proceeding with the ground wave
Eg arriving at the azimuth direction -¢g, for the components parallel to the
antenna at Px we have

—E-rgp = ErgCOS (¢)g - nk) (1)
Epgp - 0 (2)

In extreme circumstances such as a very close target trans-
mitter. or very unusual values for the earth constants ¢y and €g, it might
occur that the horizontally polarized ground wave Epg is not equal to zero,
hence equation (2) is an approximation. Nevertheless, it is valid under
almost all circumstances of practical interest, especially when a vertically
polarized far zone transmitter is used. The case of the antenna considered
as a source yields a solution which bears this out as the Epg component

1. Bailey, A. D., Dyson, J.D., and Hayden, E. C., "Studies and Investi-
gations Leading to the Design of a Radio Direction Finder System for the
MF -HF-VHF Range, " Fourth Quarterly Report, 30 June 1962, Contract
No. DA 36-093-SC-87264. EERL, University of Illinois, Urbana, Illinois.
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tangential to the ground 'varies as the inverse square of the distance and
is of no significance at radio frequencies?, "

Proceeding with the sky wave there are four components,
two direct and two reflected (or two vertical and two horizontal), all arriving
from -azimuth ¢4

Esp = Evg cos (¢s - nk) sin Y5 + Ehg sin (¢5 - nk)

§

+ Bys Rye’® cos (05 - MK) sin ¥ + Ehs Rpe'® sin (¢ - nK)

(3)

There is no radial component of the sky wave since the medium
above the earth is nonconducting. The tctal parallel electric field at the
point Pk 1s therefore

where -Egp is the sum of equations (1) and (2).

A plane earth is assumed with electromagnetic constants which
range within reasonable values such as

Mg = Mo

1<€g<100

10°5 < ¢, < 5 mks

g

It has also been assumed that the transmission efficiency of the
line is reasonable, that is, the attenuation constant of the line is not excessively
large, and the phase velocity on the line is somewhere in the vicinity of the
velocity of light (at least . 3c).

3. Derivation of the Total Electric Field at a Point Pk on the

kth Antenna

From inspection of Figure 1, which is based on a conventional
spherical coordinate system, the direction cosines of any radial direction
from the origin, defined by the vector T, are by definition

2. Wait, James R., "Radiation from a Ground Antenna, " Canadian Journal
of Technology, Vol. 32, No. l. January 1954, pp. 1-9.
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L =sin b sin ¢
m = sin 6 cos ¢ (5)
n =cosf

The cosine of the angle between any two directions defined by

unit vectors ?l and T, is therefore

Fy FH>=00 tmm2 t nn2 (6)

Now consider the ground wave component at the point Pk on
the k(-)th antenna as indicated in Figures 1 and 2. Note that the planes of
constant phase are tilted forward by an angle 6. The coordinates of the
point Py are

X =I'r'| cos L cos nk

y=|?|cos§sin nk (7

z=|'r'|sin§

The direction cosines of the unit vector Ng normal to the plane
of constant phase (wavefront) of the ground wave3 are -

ﬂg = -cos 6 cos fbg
mg = -cos 6 sin ¢g (8)
ng = 81 H

Note that the ground wave is assumed to arrive from a direction
above the x-y plane by the amount of the wave tilt angle 8. The details of
the wave tilt phenomena are covered briefly in a later section and are

3. In general Erg and Evg are not in phase,in which case what is meant is
the direction of the minor axis of the ellipse formed.
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thoroughly reported in the litcrature4'6. The wave tilt angle normally

ranges from zero (or near zero) over highly conducting surfaces to some-
thing less than 25° over most dry soil surfaces. Wait! has shown that this
may be increased over a stratified ground, Typical values are given in a

later section of this report.

The equation of the plane of constant phase which passes
through the point Py is therefore Ng - F = a constant®. Therefore

Ng O 2 lgx + mgy + ngz = - Irl(cos 5 cos 6 cos My cos ¢g
+cos § cos 6 sin ny sin ¢g - sin § sin §) (9)
Now since r = |F|, the phase distance from the origin, of the

point Py along the direction Ng' is by simplification of (9)

ﬂo(Ng ©F) = - ﬁor[cos 6 cos{ cos(qag - 'qk) - sin 6 sin §]

(10)

Hence the ground wave component of the electric field parallel
to the kth antenna at P} is
N,'T ¢
jw<t M-S __03)
c w

Ergp=|Erg|COS (¢g~r]k)e (11)

4. Zenneck, J., "The Propagation of Planc Electromagnetic Waves over
a Flat Earth and Its Application to Wireless Telegraphy, "Annalen der Physik,
Vol. 23, 1907, p. 846

5. Feldman, C. B., "The Optical Behavior of the Ground for Short Radio
Waves, " Proceedings of the [LR.E., Vol. 21, No. 6, June 1933, pp. 764-801

6. Piggott, W. R., ""A Method of Determining the Polar Diagrams of Long
Wire and Horizontal Rhombic Aerials, ' Dept. of Scientific and Industrial
Research, Radio Rescarch Special Report No. 16, London, H. M. Stationery

Office, 1948.

7. Wait, James R., "Propagation of Radio Waves over a Stratified Ground, "
Geophysics, Vol. 18, 1953, pp. 416-422.

8. Jordan, Edward C., Electromagnetic Waves and Radiating Systems,
New York, Prentice-Hall, Inc., 1950. '
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where w = B c and @, is an arbitrary phase constant used only to relate
Erg to the other electric field components. Substituting equation {10) into
(11),the complete expression for the ground wave component parallel to the
kth antenna at Py is

o
iw{t i< [cos & cos { cos (q>g - Mg) - sin & sin ¢ - Trg}
- IE . c
lErgpI - IErglcos “"g ) e (12)

When only the ground wave is present, equation (12) is sufficient to complete
the analysis; however, when sky waves are present,the component Egp, is

also required. Referring to Figure 3 the sky wave ray which is reflected
at R is delayed in phase by an amount § at Pk where

€ = RPy - QP (13)
This simplifies to

Boh A h cos 2dg - 4rh sin Yg

sin \Ps sin \ps XO

= 2Boh sin Yg (14)

Therefore, the total sky wave at Px may be written

—_ —_ -j2B,h sin ¢ -id - -i2B,h sin ¢ -1¢
Eg = Ei g (I-RVeJBO s>ers+Ehs <1+RheJﬁ° s)eJhs

(15)

The phase of fs at Pk relative to the origin is Bo(Ns - T) similar to the
manner in which equations (9), (10} and (11) derived the ground wave phase
ﬁo(ﬁg  F). The direction cosines of Ng are

is - cos Yg cos dg) both direct
and reflected

mg = - cos \lJS sin ¢4

(16)

ng =1 sin yg (direct)

ng = - sin Yg (reflected)
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Now equation (15) has been written entirely in terms of the incident field,
hence the third direction cosine with the minus sign is not used. [If
equation (15) were written in terms of the incident and reflected components,
the difference in the third direction cosine would contribute the term 2for
sin § sin yg, however, this term was derived by another method as shown
by equation (14). ] The coordinates of Py are given by equation (7), hence

Bo(Ng « F) = -Bor lcos { cos yg cos ¢s cos nk
+ cos § cos Yg sin ¢g sin M - sin § sin yg| (17)

Therefore, the total sky wave parallel to the antenna at Py is

EsP = {I-EVSI sin yg cos (¢s - nk) [1 - Rve.JZBOh st “‘s] e-j(bvs

_ . 1 . Ns ?)
t IEhSISin(¢’s - nk) [1 +Rhe_32‘3°hsmws] e'Jth} eJ¥ (t TTTC
(18)

where

Ng " T=-r [cos L cos g cos(dpg - M) - sin {sindg] (19)

When the ground wave and the sky wave arrive at the same azimuth, then
¢ = ¢s = dg. The total electric field parallel to the antenna at Pk is therefore
the sum of equations (11) and (18)

EP - {Ifrgl cos (¢ - my) e"j(ﬁoﬁg ST <I’rg)

+IE I sinyg cos (¢ - my)

o -j2p hsin\bs] j(EoNg - T+ Pys)
vs [1 R,e o o o'Vs Vs

+Ifh5| sin (¢ - ) I:l + Rhe-jZBOhsmws] e.i(ﬁoNs Tt q)hs)} ejwt

(20)
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where
Ng «T=-r[cosbcos{cos(d-mk) - sinbsin{)
Ng* T=-r(cosdgcos {cos(p - ng - sin ¢g sin L)

(eg . Jwif—) sin ¢ - \/(eg i )ffg) - cos? ¢

Ry = : (21)
(eg wao sin Yg + \/eg Jweo cosé Yg

. i} _."'g)_ 24
sin g \/(Gg Jw_eo- cos® g

Ry, =
o
: + - _i - 2
sin Yg \/((g Jweo) cos \bs
4, Derivation of the Array Pattern

It may be assumed that in an elemental length drk of the kth
antenna, at the point P, the parallel electric field Ep will induce a voltage
such that

dVp = Epdrg (22)

Thus the potential gradient is

E

= E 23
P - F, (23)

o,

The current and voltage distribution on the Beverage antenna
may be expressed by transmission line equations?. If the transmission
line (or Beverage antenna) is immersed in a field Ep, parallel to the line,
the usual transmission line equation for the potential gradient must include
a term such as given by equation (23). Therefore, the transmission line
equations when written for a Beverage antenna are:

9. Beverage. Harold H.. Rice, Chester W., and Kellogg, Edward W.,

"The Wave Antenna, a New Type of Highly Directive Antenna, " Transactions
of the American Institute of Electrical Engineers. Volume 42, February 1923,
pp. 215-266.
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av
V(R +juL)I+—P
drk dry
(24)
d . G+ V
drk

These equations may be solved in the usual manner for the
receiving end current as was done by Herlitz10, or the line may be assumed
to be terminated in the characteristic impedance Zy = Ry + jXp. at the far
end (the point where rk - r[, for the kth antenna), and also at the sending
end (rk = ro), and the current at the sending end found by integration as was
done by Kellogg“. Either method will yield the same result. Following
Kellogg's procedure, the elemental current at Py due to Ep is

dVp

dl (25)

k(-) T
Zinl *+ Zin2

where the denominator (Zjp] + Zip2) is the complete series impedance of the
circuit. (Zinl and Zin2 are the impedances seen looking into the line in each
direction; with respect to the current in the antenna conductor, these
impedances are in series through the ground.) Z;,) and Z; > are in general
given by the usual equations

[Z; coshy (r; - r) +jZ, sinh y (ry - r)

Zin] = Zo L = 2 3 : S (25a)
L Zo cosh y (rL - r) +)Z1, sinh vy (rL, - r)
(2. coshy(r-r.) +jZ, sinhy(r - r.}

Do = Dy || = oo o o 25b)
| Zg coshy (r - ry) +jZ, sinhy(r - r)

10. Herlitz, Ivar, "Appendix B, Analysis of Action of Wave Antenna, "
(An Appendix to the paper by Beverage. Rice and Kellogg, "The Wave
Antenna, a New Type of Highly Directive Antenna"), Transactions of the
American Institute of Electrical Engineers, Volume 42, February 1923,

pp. 260-266.

11. Beverage, Harold H., Rice, Chester W., and Kellogg, Edward W.,
"The Wave Antenna, a New Type of Highly Directive Antenna, ' Transactions
of the American Institute of Electrical Engineers, Volume 42, February 1923,

p. 224, footnote 10.
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The elemental current dli(.)o at the receiving end is retarded in phase and
changed in amplitude by the propagation constant of the line hence

dly g = dly e rk e ol (26)

[Note again that ry is the distance measured from the point

(z=h, y =0, x =0) to P, whereas r is the distance from the origin to Py,
or rk = r cos {.] The total current at the receiving end is

o ry,

- . _ “Hrg - ro)

(=)o r[ Mo rf y(-ye > en
(o]

Substituting (25) into (27) yields the current at the receiving end

rL
IK(-)o = f Epe'ﬂr - ro F__L__. dr (28a)
To Zinl t Zin2

where fp may in general be given by equation (20).

The integration of equation (28a) is greatly simplified if it is
assumed that

z

“inl = Zin2 = 2 (28b)

(e}

This assumption is in accord with the usual manner of terminating the
antenna, although in practice it is never possible to achieve a termination
exactly equal to Zg for two reasons. First,the ground resistance of the
ground rod cannot be made zero,and second,Zy has a small reactive
component which cannot be matched over a wide range of frequencies.
Nevertheless, it is a good approximation in practice, and, when equation (28b)
is closely approximated,equation (28a) becomes

'L

Ik(~)0 = 1 f Epe-’}/(rk - rO) dl"k (ZBC)

27

To

In most instances it will be true that h << rg so that cos { " 1
and sin { = 0. Hence equation (28c) may be rewritten replacing rx by r

r
I L f - E e ¥(r - roldr 29)
k(=)o = 27, P \

o
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and the phase terms for equation (20) may be rewritten as

(Ng © T)!

-r cos 6 cos (¢ - nk)

(30)
(Ng © %)' = -r cos g cos (¢ - nk)

Substituting equations (30) into (20) yields
Ep :{lfrgkos (¢ - mellPor cos 6 cos (¢ - me) - Frgl
HEyglsin 4 cos (- mg [1- Rye 2P0 sinds] jlPor cos bs cosle - k) - us]

+|Ehslsm(¢ ) [l +Rhe°j2’3°h sin 4)5] ej[ﬁor cosgcos(d - n) - &) QJot
(31)

Hence the receiving end current for this case is given by
equation (29) with (31) substituted for Ep. This yields

jwt | s Lo ) ) i
Ik(-)o 5 -;7(;{|Erg|cos (¢ - mde Jq’rg f (.Tlﬁor cos 6 cos (¢ - mk)] -y(r l‘o)dr

To
+ [lEvsl sin Ygcos(o- k) (I - va'izﬁoh Sin‘*’s) e'jtbvs +lfhslsin (¢ - me)( 14

. . : S .
+ Rpe j2Boh sin ‘Ps) e‘J‘I’hs] ‘ f e]lﬂor cosygcos(d- k)| -y(r- ro)dr

To
(32)

The integrals are all of the form
r
L
f edlT + a2 gy
To
where
a) = jPocos (8, ¥s) cos (¢ - nk) - v

az=‘yro




19

Therefore
erealr vazy, . ejﬁorl_. cos (8, Yg) cos(d - nk) - y(rL - ro)_ejporo cos (6, Yg) cos (6 - k)
ro jBocos (8. yg) cos(d-mny) -y

Substituting the above solution into equation (32) and factoring the common
terms of the sky wave component yields for the receiving end current of the
k(-)th antenna

: eJwt l__ ] )8rg < ] - eJPolcosbcos(¢- nk) - 9L
k(<)o "2z Epglcos(¢ - nyle Y - iBocos b cos (¢ - ny)

)ejl’urocosécosw - ™)

-12Boh sin¢s) -j®ys
e

+ [vaslsin Ygcos (¢ - M) (l -R,e *’IEhslsm o - ) (l +

by

-j2Boh sin 4»5) -j®hs | - oJPoLcosyscos (¢ - nk) -7L>
c [ ‘ .

1 Ry,
Y- jB,cosy cos(¢- my)

. ejﬁoro cos Yg cos (¢ - m ) (33)

The current from the kth pair will be
Iko = Ix(-)o * Ik(+)o (34)

where Ij -)o is given by equation (33) and I} (), is given by equation (33) with cos
(b + nk) substituted for each cos (¢ - nk) term, and sin(¢ +nk) for eachsin(¢ - nk) term.

Introducing arbitrary amplitude and phase parameters C’k(;)
and py(7) for each antenna to correspond to an arbitrary combining network

equation (34) becomes

- PK( - P+
I = Gi(-) Ik(-)o & 5) + Gy Ig(yo & K (35)
In general Gy(.) # Gk(+) and py ;) = py(-)- For instance,to
investigate a single antenna at . = 0,let Gy ) = 1, Gyry) = 0 and py(y) = 0.
To investigate a difference pattern of two equal antennas let Gk(-) = Gk(+) and

pk(_) = O' pk(+) =1, etc.




The sum of a circular array is therefore
ltotal = Z Ik (36)
array k=1

Equation (36) is the complete three-dimensional pattern of the
array.
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B, Specification of the Beverage Antenna Elements

1. Antenna Constants and the Wave Tilt Angle

In order to use equation (36), it is necessary to specify the
electric fields incident on the array, the array geometry, the propagation
constant Y of the antenna, and the earth constants., It may also be prefer-
able in some cases to specify the wave tilt angle determined by the earth
constants, In the case of complex summing with phasing, it is also neces-
sary to specify the goniometer amplitude and phase functions Gy and py.

In order to simplify these steps in preparation for numerical calculations,
formulas for the propagation constant and the wave tilt angle are required.

The propagation constant of a transmission line is defined to be

v=a+ P (37)
where the symbols are defined in Table 1 and are:

a = attenuation constant in nepers/unit length

B = phase constant = 2w/\ where \ is the wavelength of the
antenna

The attenuation constant of the Beverage antenna may be
determined experimentally and found to vary with the earth constants and
height above ground as well as other factors. For most purposes where
the Beverage antenna is one or two meters above ground, the attenuation
constant in the range of 3 to 30 mcs will be found to be in the range of
.01 to .1 db per meter respectively for a reasonably good conductor such
as number 12 or 14 copper conductor. To convert db/meter to nepers/
meter, divide the db/meter figures by 8.686. This yields for the attenu-
ation constant range mentioned the following very approximate but typical
values:

10°3 neper /meter at 3 mc

o]
1

1072 neper /meter at 30 mc

P
i

These figures are a good rule of thumb for heights of about
one meter. At lower heights the attenuation may increase considerably

The phase constant may be conveniently expressed in terms
of a '"velocity ratio'" n where:
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N = === = = = (38)

An approximate value for n may be experimentally determined
by exciting the antenna as an open circuited line, noting the wavelength on
the antenna and dividing by the free space wavelength, Then it is possible
to write the propagation constant in terms of measured data as:

: adians/unit length
o a(db/unit length) + Bolradi nit length) (39)

8.686 n

Nearly exact values of n or B may also be calculated from
Carsonl? and Wisel3 as was stated previously for the attenuation constantl4

The wave tilt angle § may be calculated from formulas given
by various authors®~7 or it may be measured experimentally 15 Since the
measurements are usually dependen. on special equipment, calculaticn of
the tilt from the earth constants and the frequency is the easier procedure
when a nonstratified earth is approximated. Piggot7 gives the formula

2711/4
Ay
(Eg = 1)2 + (—f'g-)
6 = tan~1 (esu units) (40)
[ 20 272
()
e~ +
g f
which may be rewritten in MKS units as follows:
12, Carson, John R., "Wave Propacgation in Overhead Wires with Ground

Return, ' The Bell System Technical Journal, Volume V, 1926, pp. 539-
554 (paper uses emu units),

13, Wise, W. H., "Propagation of High-Frequency Currents in Ground
Return Circuits, " Proceedings of the IRE, Vol, 22, No. 4, A»ril 1934,
pp. 522-527 (paper uses emu units)

14, Values of a and n which were obtained in a number of experimental
cases are given in the Fifth Interim Report of this contract dated 7 February
1962, ""Use of the Beverage Antenna in Wide Aperture High Frequency
Direction Finding."

15, Gill, E. W. B., "A Simple Method of Measuring Earth Constants, "
Proc. of the Inst. of Electrical Engineers (London), Vol. 96, March
1949, pp. 141-145.
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q1/4

-

o, \ 2
(g - N2+ (—ﬂ-)
§ = tan~! =
(41)

[é ((_%)Z]z -

In MKS units €, = 8.854 X 1012, As a matter of interest
equation (41) is plotted in Figure 4 for a variety of typical conditions.
Typical values of‘fg may be inferred from these curves; other typical
values for the earth constants are given in Table 2. It is evident that
wave tilt angles are in general less than 20° with perhaps 10° a rough
rule of thumb. Note that equation (41) gives the magnitude of the angle
and does not include information relating the phase of the tilted component
to the vertical component. Such data are available in the literaturef. 8

Equations (39) and (41) may now be used to determine numeri-
cal values for substitution into the pattern equations.

2. Theoretical Calculation of Characteristic Impedance, Input
Impedance and Propagation Constant

Nearly exact values of the characteristic impedance Z, and
the propagation constant ¥ may be calculated from the antenna geometry
and the earth constants by a method devised by Carsonl? and modified
by Wise. 13

The exact values of Z, and v for a uniform transmission line
are usually defined asl6

R + jwL
7 = 8b W M
°" A/ G +juC (42)

v =N (R +jwL)(G + juC) (43)

Carsonl provides the following expression for (R + jwL) in
electromagnetic cgs units (abohms/centimeter)

[00]
R +jwL = g +jzwfn(3£> taw | (NpZt)-we-2hiudy
’ 0 (44)

16. Skilling, Hugh Hildreth, Transient Electric Currents, McGraw -Hill

Book Company, Inc., New York, 1952.




TABLE 2 EARTH CONDUCTIVITY CONVERSION TABLE
(With Typical Dielectric Constants)
Resistivity Dielectric
(_l) Constant
Conductivity (¢) o (Typical)
Type emu esu MKS MKS
of {abmho (statmho (mho- (ohm- (Relative
Earth cm) cm) meter) meter) Units)
Sea Water 5x10°11  4.5x1010 5 .2 8l
Sea Water 3xl10-1l 2,7x10!10 3 .33 8l
Wet Rich Soil 3X10-13 2.7 X108 .03 33 15 - 36
Average Soil 1 X10-13 9 X107 .01 100 10 - 25
(Wet)
Average Soil 3X10°14 2. 7x107 3X10-3 333 10 - 15
(Dry)
Poor Soil 1 X104 9 X 106 1 X103 103 10
Poor Soil 3% 10-15 2.7 %X 106 3 X 10-4 3.3X10 8
(Dry)
Dry Sand 1X10-15 9 X 105 1X10-4 104 5
Dry Granite 1 X 10-18 900 10-7 107 Probably
(Subsurface) <5
20
f‘- 0
8 | 3¢10°4mho/m L :;.?u
«» |POORDRYSOIL - »
B - g &8
@ /
(L] 10
2 Z %
Y
gio
«
5
+ |.003mho/m
W | AVERAGE SOIL -~
>
3 //
03mho/m /
HIGH COND.
WET SOIL
& :=DIELECTRIC CONSTANTJ
0 T 11 |
2 4 5 6 7 8910 20 30

3
FREQUENCY-MEGACYCLES

FIGURE 4

WAVE TILT ANGLE VS. FREQUENCY.
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where p is an integration parameter and has nothing to do with perme-
ability,

The term r  represents the distributed loss resistance of the
antenna conductor,and the second term the distributed inductive reactance of
the antenna conductor alone over a perfectly conducting ground plane. The
integral term formulates the effect of the finite conductivity of the earth.
Carson provides the solution to the integral neglecting displacement current
(neglecting the dielectric constant of the earth) as

R +jwl =rg + lefn[-%h] + 4w (P + jQ) emu (45)
This equation rmay be rewritten in MKS units throughout as
follows
R+jwl =rg +j2w10'7ln(2—h-)+4m(P' +)Q) ME g
b meter
where
P' +jQ' = (P + jQ)1077 (47)

P and Q as derived by Carson are complicated functions (to
be considered below) of r. where

r, = 2hV ETm (NT0 X 1074 (48)

In equation (48), when h and 0g are in MKS units, r. is in emu
so that reference to Carson's original equations for P and Q may be made
without conversion, Egquation (48) may be simplified by writing

r. = ‘00317h\«6gf (49)

This function is plotted in Figure 5 for various conductivities
in order to illustrate that practical HF values for r. will be in the vicinity
of .5<r.<6.0

Wisel3 states that above 60 kc the dielectric constant cannot
be neglected., For earth constants corresponding to a ""highly conducting
earth,'" the error does not appear to be serious below 10 mc. Above this
frequency the correction may become significant. The effect of Wise's cor-
rection is to multiply Carson's parameter r. by a complex correction
factor s where

25
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) jn-[ (eg - D]
s=l,e =]1+] TG emu (50)

g
The function s is plotted in Figure 6 for typical conditions of 0, = .03, €, =
12. It seems evident that the correction should be made at higher frequencies
or lower conductivities. Wise's correction obtains a new parameter rqy =
rcs, which is to be used in Carson's original equations in place of r., The
new parameter is therefore

(€. - 1) 1/2
Tew ° Te l+_]"g_ emu (51)

2CA\O
cxg

This may be rewritten withthe term onthe right-hand side in MKS units as follows

(e - 1) 742

row =1 |1+ ) —B—— emu (52)

cw c J
2ckog10'7

Equation (52) provides the same numerical value for r_,, as equation (51),
if MKS input data for A and og are used., This allows the direct use of
Carson's original curves or equations without further concern over con-
version of units (the papers by Carson and Wise are in emu units). The
corrected formula for P + jQ is therefore given by the following. 17

0=T( - Yo 2¢ 1 (5 -
P+_]Q—8(l 54)+Z<'n(l.7811)(rcw))sz+\/_g(a3 T1)

1 11 2
+=0, +j4d = +={n —=—— (1 - S
2 ¢ J{4 z( I.7811 rcw)( 4)

1 m 1

+ — + -=5, -~
o (03 + 0y) 8523 04} (53)

where
2 6
1 Tew | Tew
S - ( ) N ( ) t

2 T2\ 2 e\ 2 /¢ Ee

17. Equation (53) is suitable for self-impedance calculations since Carson's
parameters 0, S'Z and S;l are zero and hence have been omitted, As
Carsonl2 shows,it is possible to make mutual impedance calculations in
which case these parameters are not zero. The complete formulas are
given in the Appendix reprint of Carson's paper. In general it will be found
that mutual coupling as it affects input impedance may be ignored when the
spacing between elements is greater than the height above ground




28

9 3¥N9Id
SNOILIGNOD IVIIdAL HOd S NOILOVY NOILOIHYHOD 3HL 40 3ANLINOVWN IHL

‘OW NI ADN3ND3NJ
ot 02Z Ol L 1.4 [4 | L v

I‘.I.Iﬁl 00l

10°1

20’l

€O’l

=S|

01
K
Go'1 °E

90°|

10|

80|




29

4 8
1 rcw) 1 (rcw)
S, = -
4% 330 ( 2 a5\ 2 )t (53)
5 9
r r D
o] = sl cw N "cw . (56)

1 111 (F : 1 1.1 1|11 (T °
S FETR\ IV L R W .
2 [ 2 4]1 2\ 2 2'3taglva\2 )
(57)
3 7
. = Tew Tew " ré\!v )
3 325 32.52.72.9 32.52.792.92.112. 3 (58)

1 1 11 (F * 1,1, 1.1 1] 1 (T 8
A DR ——(—C—“-') o) B IR NP PR B SR ——( Cw) +.
4 [ 2'3 6]&!3! 2 ARV SERRT ] I

= 354 approximately (59)
When the dielectric constant is neglected (¢, = 1), the above

series and equation (53) reduce to Carson's original solution. Plots of P
and Q taken from Carson's original paper (in terms of rc, not r¢y,) are
given in Figures 7 and 8.

Unfortunately, Wise did not provide either curves of P and Q
versus rew Or simple approximations valid in the range of greatest interest
particularly r. <5. He does provide formulas for ro <.25 and r > 5
Thus, in the important range of .25 < rc < 5 it is necessary to use equa-
tion (53), or if the correction by Wise can be considered negligible, then
the curves of Figures 7 and 8 may be used. In the latter case (negligible
dielectric) approximate formulas may be derived empirically for the range
of .25 < ro < 5. Itis then possible to write a set of simple equations for
all values of r. as follows: (Note the range limits imposed by Carson have
been relaxed somewhat since it appears that his limits were quite conser-

vative.)
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1
= < < iri
P RTINS 0<r.<6.0 (empirical) (60)
707 rg - 1
P= > 6.0<r.<om (Carson) (61)
r
C
= -,0368 +lln(z—)+ Tc 0<r.<.5 (Carson) (62)
2 r 4,24 ¢
1 ..
E < < 6.
Q 560+ 1 42 T, 5 < re 0 (empirical) (63)
Q= —:0—7 6.0 <r. <oo (Carson) (64)
c

where re > 15,a simple formula results which may be used with either r
(o5 (7

. 707

Te

P+jQ-=

(1+j) 15<r. <o (65)

Up to this point we have been evaluating the term R + juL in
equation (43). The term G + juC in equation (43) may be evaluated by
noting that in all practical cases G = 0 (nonconducting support posts) so
that

2me

. . farad

G+ oG = o~y e (66)
ln(;)

Equation (66) is also an approximation as was shown by Wise
in 1948.18 To see that it is Just an approximation, one has only to imagine
the earth turning into air in which case the height h ceases to have signifi-
cance. Nevertheless, the approximation is a good one for typical conductiv-
ities,and no analysis of a more exact solution will be provided. Wise's
paper is reproduced in Appendix IV, should further reference be required,

18. Wise, W, H., "Potential Coefficients for Ground Return Circuits, "
The Bell System Technical Journal, Vol. 27, April 1948, pp. 365-371.




The quantity rg in equation (46) may be determined from any
suitable text, For instance

- 2KNT ohms
4 b unit length

(67)

where K = 41,6 X 10°9 for copper!9,

Combining the solutions found thus far in equations (46), (66)
and (67) the characteristic impedance is given by equation (42) as

.832 }{)—74'_,3‘.11 n('z—h‘ ) + 4w(P +jQ)

T1/2
b

z =107 (68)

o juZWGO
‘ ( 2h )
nf{ —
b 2 (MKS)

The propagation constant is given by equation (43) as

wzne 10°T|°
me
Y= (.sn-‘?uwn(Zb—h)ww(PuQ))J—w"— (69)

nE

The input impedance of the Beverage antenna may also be
calculated from the above relations for Z, and ¥ using the familiar trans-
mission line equation

(MKS)

Z1, cosh YL + jZ, sinh YL

N
1

.. =7 70
n o Z, cosh YL + jZp, sinh YL ey

Note that to obtain an ideal (reflectionless) termination, the
terminating impedance must have a reactive component. This probably
partially accounts for the fact that,in practice, it has been impossible to
find a value for the terminating resistance which eliminates oscillatory
variations in the input impedance with frequency,

19. Skilling, Hugh H.. Electric Transmission Lines, McGraw-Hill Book
Co., New York, 1951. Equations (12-15) through (12-17). K = 40,2 X
10-9 for silver, 83 X10-9 for brass, etc.
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3. Estimate of the Radiation Resistance

The question is sometimes raised as to the radiation resis-
tance of the Beverage antenna, An approximate value may be found by
reference to formulas?0 for the radiation resistance of a matched two-
wire transmission line section, The following formula may be used for
the latter

sin (28 L)
- ‘ 2 o -aL

Rr = GO(Zﬁoh) [(C-Sh alb - —Z—po-]:— e ! (71)

For a single wire over a good ground plane, the radiation
resistance will be one-half the above value. Simplifying yields

2 sin (2B, L)
R. = 4730 (-}—1—) cosh alh - ————2— | ¢ -aL (72)
r Ao ZﬁoL

It is evident that even the best line (a = 0) will have a maxi-
mum radiation resistance when

4nL.
=mn
A

o

wherem is any integer,

This reduces equation (72) to

h 2
R, = 4730 (—-—) ohms (73)
Ao

For h = | meter and A\, ranging from 100 to 10 meters (the
high frequency range, 3 to 30 mcs) the radiation resistance ranges between
.47 and 47 ohms. Thus the radiation resistance never exceeds 10 percent
of the characteristic impedance, and is therefore probably not an important
factor in determining the input impedance of low Beverage antennas, It is
also apparent that the efficiency of the Beverage antenna will be low since
Ry is low compared to Z.

20. Storer, James E. and King, Ronold, '""Radiation Resistance of a Two-
Wire Line, ' Proceedings of the IRE, Vol, 39 No. 6, 1951, pp. 1408-
1412, Equation (5), Case I, first unnumbered equation




C. Effective Height, Sensitivity and Signal-to-Noise Ratio

The effective height of the Beverage array may be defined ast!.

| Ttotal ) Zo
he = array

|Evel

where ¢ = 0, |E | =0, | E,q| =0, and all G = 1, all p, = 0. Substituting
equations(33) and (36) into (74) yields for the above special case

(74)

Ifr | = (jBocos b cosnk - ¥)L

l-e
h, = G 7
"N IEVg] kZl °% Mk Y -Bocos §cos Ny (75)

It is evident from Figure 2 that

|Ergl =|Eyql tans (76)

Hence the effective height is

he =

n .
tand 1 -eliBocosb cosnk -7)
7
2 kzzl €08 Tk Y - B cosb cos ny (77)

This may be rearranged as follows

) 'L
Ltans < sinh{ — ) (iBo cos b YWL/2
_ an jBo cos b cos ni -
he = > kzl cos My - —(Tkl_—‘-j— . e\WJFo
2 (78)
where
Iy =7 -jBocosbcosny (79)

Since the term ' elfocosbcos nk(L/Z)I = unity, equation (78) simplifies to:

21. Schelkunoff, Sergei A., and Friis. Harald T., Antennas Theory

and Practice, New York, John Wiley & Sons, Inc., 1952, p. 301, problem
9,13. It is true that Evg is not parallel to the antenna conductors; however,
it is more convenient to refer the effective height to a vertically polarized
field normal to the earth's surface
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'L
sinh (—L—)
2

L L .
hy # J tanb z oSN T r Ly ¢ TL/2 (80)
R
2
Since ¥ = a + jp,equation (80) simplifies to
reL
L aL/2 i sinh \ =
he = = tanb e~ cos N ————— (81)
2 k=1 ( I‘kL)
2

If equations (37) and (38) are substituted into equation (79) and the result
simplified and substituted in equation (81), and alsoa = 0 the effective

height becomes
. L" ( l i 6 )
n sin | - - cosbcosng

L
he == tan} z cosny o (82)
= 2 = Lr (1
a=0 k= — | — - cosbcosmy
)\o n
For a single antenna atrn = 0,this becomes
. [Ln ( 1 )]
sin [ S— | = - cos b
he = % 0 (83)

tané T /1
a=0 — | —-cosb
A n

single 2
antenna

When the velocity ration = 1 and cos 6§ approaches unity, then (sin X)/X *1
and

L
he = 7 tan6 (84)

This may be taken as a rule of thumb for the effective height of
an ideal Beverage antenna.

It will be noted however that when cos § approaches unity 6
approaches zero, hence tan 6 approacheszero. Hence equation (84) is
only valid for small wave tilt angles, and since tan 6 = 6 when 6 is small
equation (84) may be written as:
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AL
he= T (85)

where & is in radians.

Equation (83) implies a minimum effective height at some frequency.
When (81) is simplified to a single antenna then

L
-aL/2 sinhk‘)"j Bocos 6) Z]

he = ZL tan 6 e T

a=0 (v-jPocesh) = (86)
single
antenna

According to equation (83) a minimum effective height for a = 0 occurs

when

Ln(l )
— | —-cosb = mn
)‘0 n

where m may be any integer. Thus the frequency of the first minimum

h, is approximately

e
c nc
f= = 87)
L(l-cosé) L(1 - ncos®) (
n
or
300n
f= 88
L(1 -ncesd) megacycles (88)

This may be thought of as a cutoff frequency for the antenna, for only
below this frequency can relatively large effective heights be obtained
In order to design to maintain this frequency above 30 mcs, it is neces-
sary that f > 30 and hence

10n=L(l -ncos§) =L -nLcosb
n(l0 + L cos §) = L

or

_ L
" 10 + L cos & (89)




but n > 1 cannot be obtained without modifying the antenna so the length is
limited to

L=(10+Lcos &) n

I{! - n cos A) = 10n

10n

[ Y—L
l -ncosh

for n <1

To successfully use 300-meter antennas,then

30= — 0
l -ncos é

or
30 - 30ncos 6 =n

30 - n

cos § =
30n

29

which means for % 0, 30n=30 - n, n= ] (min n) or for n =1 cos A= == .,
Therefore 31 30

n
"

max = 15° max forn =1

(90)
.965 min

=S
n

Experience has shown for h = 1 meter these criteria can be met for L = 300
at f = 30 mcs.

The sensitivity of the Beverage antenna may be estimated from the
minimum field strength which may be received, determined by noise limita-
tions. For this estimate we will make the simple assumption that the
antenna equivalent circuit consists of the radiation resistance in series
with a loss resistance equal to the characteristic impedance of the antenna.
The noise arising in the antenna may be calculated by Nyquist's theorem
which states that the mean square fluctuation e.m. {. in the frequency band
vto v + dv appearing in an impedance Z = R + jX is given by:

22. Nyquist, H., "Thermal Agitation of Electric Charge in Conductors, "
Physical Review, Vol. 32, July 1928, p. 110.
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de = N4kTRdv (91)

where k = Boltzmann's constant = 1.374 X 10°23 joules per degree Kelvin,
and T is the absolute temperature in degrees Kelvin. The value R is
assumed to be constant over the bandwidth dv; if R is a function of frequency,
a more general form of equation (91) is required. 23 However, for the
present analysis we will be concerned with bandwidths which are less than
one-half of one percent of the center frequency, so that while the previously
calculated radiation resistances are rapidly changing with frequency, the
changes are small over the bandwidths considered and equation (91) is
closely approximated

Burgess?4 shows that the radiation resistance of an antenna can
apparently be the source of thermal noise and that it obeys Nyquist's
theorem when the aerial is in radiative equilibrium with its surroundings. 25
Thus

dey = N4kTR dv (92)

The equivalent noise temperature Ty of the radiation resistance
R, is defined as that temperature which must be ascribed to R} so as to
give the value of the received noise electromotive force when substituted
in Nyquist's equation, so that

dey = V4kT R ,d (93)

Thus an antenna in an enclosure at a uniform temperature, T, is in

effect the source of a thermal e. m.f. whose value corresponds to the
condition T, = T. If the antenna temperature T, is not equal to T of the
enclosure, radiative equilibrium does not exist and there will be an
unbalanced energy flow between the antenna and its surroundings in the
sense which tends to equalize T, and T. It is concluded that the radiation
resistance of an antenna in free space has an equivalent noise temperature
of zero; expressed otherwise,there is no other source of radiation present
to return energy to the antenna and thus to induce a fluctuation e.m f

23 For instance see Terman, F., '""Radio Engineers Handbook, ' p. 476.

24. Burgess, R. E., '""Noise in Receiving Aerial Systems, ' Proceedings
of Physical Society, Vol. 53, May 1941, p. 293

25. Burgess points out that this statement is in disagreement with other
authors in papers published prior to his 1941 paper. The validity of
Burgess' paper now seems well established however.
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T, will in general be independent of the bandwidth, but it will not
be independent of antenna gain or effective height if the noise source is
not uniformly distributed in all directions. Burgess points out therefore
that T, will, in general, exceed T, and, in fact, high frequency measure-
ments by Jansky have shown that T, is always greater than T and can
exceed 1000T in unfavorable circumstances.

Assuming that the proper T, is attributed to the radiation resistance
then the noise e.m.f. of the lossless antenna is

er = N4kT R,B (94)

where B is the bandwidth. The noise e.m.{. of the assumed Beverage
antenna is therefore

er = V4kTB(R, + Ry) (95)

Now the voltage output of an antenna is related to an incident signal field
E by

V = Ehg (96)

Hence for unity signal-to-noise ratio at the output terminals, the incident
signal field strength must be

5 . VAKT{Ry ¥ Ro)
= =

(97)

Thus for typical values of Ry = 1092, R, = 4009, he = 10 meters B = 3 X
103 cycles and T = 300 degrees Kelvin,one could expect the unity signal-to-
noise ratio to occur at

£ - V(4)(1.374 X 10-23)(300)(410)(3 X 103) _uv (98)
10 meter
or E = .014 microvolt per meter. Of course, the '"'signal' in this case

could be atmospheric noise, or any other external source.




D. Beverage Antenna Array Calculations with a Digital Computer

To differentiate the present calculation from past calculations of a
similar nature on this and previous projects, the present computer pro-
gram is referred to as the ''Beverage Array [I. Program.'" The program
is written for i GE-225 using IBM cards and the GE ""WIZ" program
language. (Note: Much of the information which follows in this section is
of interest only to personnel at this laboratory. It is provided herein in
order to maintain a permanent record and for the future convenience of
project personnel. Those readers not interested in the computer program-
ming details may skip to Section E for plotted patterns,)

The Beverage Array l[. Program calculates the response of a
Beverage antenna or a circular array of radial Beverage antennas to the
following incident waves:

(1)  Vertically polarized ground wave
At the same azimuth
(2)  Vertical polarized sky wave if more than one is
specified at one time
(3) Horizontally polarized sky wave

The equation calculated gives the current at the receiver end of a Beverage
antenna or the array under excitation by any or all of the above waves. The
equation calculated is equivalent to equation (36) and is written

N =10
K =4N +1
"T - GKer(K * l)[Tl (T, + T3)T4] . ZIZ; (99)
K=20
N=0
where
B jo (l e_jﬁoLcosécos[(b-n(N)]"‘L)
= - T8 -
Ty = Epg cos L6 - n(N)Te ¥ - jBocos & cos [¢ - n(N)]
* JBoR, cos & cos (¢ - n(N)]

d — .
= E sin y cos [¢ - TJ(N)] eJ vs[] - R eJZﬁoh sin q;]

\'2-] v

)
~
1
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Ty = E,, siny [e/7he] [1 4+ R, eI2PoR sin ¥,
B, L -np(N)I -9L
?4 (- eJﬂo cos ¢ cos [¢ - n(N)] -9 | eJﬁoRo cos b cos (6 - n(N)]

Y - jBo cos ¢ cos (¢ -n(N)] (100)

Auxiliary calculations in order to obtain the antenna current given
above include the Carson impedance parameters P and Q, and the propaga-
tion constant for the Beverage antenna, see equations(53)and(69).

The array of Beverage antennas is assumed to be circular with pre-
scribed inner and outer radii (Ry, Rp) specifying antennas of desired lengths
(L). If a phased array is required, provision is made for the multiplication
of each antenna output by a magnitude and phase number which has the
effect of modifying the effective array geometry as desired (as for instance,
the insertion of delay lines). This array of multipliers is referred to as
the goniometer function [ see equation (35)].

The calculation proceeds by summing antennas by pairs, symmetric
about 0° azimuth. A center antenna at 0 degrees may also be specified and
calculated. The antennas do not need to be equally spaced

The array consists of (2N + 1) antennas, or less, divided into (N)
pairs either with or without the degenerate pair N = 0, which is a single
antenna located at 0 degrees. The specification of the number of pairs is
carried out by specifying the variable NIM (either 0 or 1) naming the
minimum number of the N array. Thus when NIM = 0, the single 0°
antenna is included; when NIM = 1, the calculation begins with the first
true pair and the center antenna is omitted. The total number of pairs
computed is, therefore, NMAX - NIM including the degenerate center
antenna. (This means it is possible to use NIM values greater than one,
however, there seems to be no advantage to this.) The variable NMAX
specifies the number of antenna pairs. The azimuth of each pair is speci-
fied by the variable ETA(N) symmetric about the 0 degree axis. There-
fore, ETA(N) where N = 0 specifies the 0 degree antenna

Although the antennas are specified in pairs, a suitable goniometer
function with 0 magnitude for the appropriate Kth antenna will specify an
array of irregular antenna spacings as desired.




The Beverage array calculated by the program is diagrammed
schematically below. One antenna, N = 2, on one side has been eliminated
by specifying a zero goniometer function at that position on the right
side of the array.

’I ..‘
ey .. K=4(NMAX) - 2

/
: , ;N = NMAX
- : Yn(NMAX)
K=4(NMAX) +1 £ 0o

N =NMAX
Ry
b L
\-‘ -\\U
jG
Example Goniometer Function G(K)e‘] (K+1)
)G
N Gigye’ (K+1) K
: 0
0 leJO 1 }
- 2
1 140 3
. 4
1¢J0 5
: 6
8
JO
le 9

L}

FIGURE 9. SKETCH OF BEVERAGE ARRAY
CALCULATION GEOMETRY

Table 3 summarizes the computer input parameters and their
definitions. Table 4 gives the order of input cards to the program.
Table 5 gives the description of sense switch options available to the
program operator. Table 6 gives the available output quantities.

The printed output from the computer consists of:
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TABLE 3

ANALYSIS AND MACHINE SYMBOLS

INPUT PARAMETERS

All input numbers in MKS units

Analysis Machine Remark
b B Conductor radius
h H Height above ground
g SIG Ground conductivity
€g EPG Ground dielectric constant
R, RO Array inner radius
R RL Array outer radius
A ILAMBDA Wavelength
n ETA Location of antenna
Gk(z) G(K) Goniometer Amplitude of Antenna
Pi(2) G(K + 1) Goniometer Phase of Antenna
rg ERG Amplitude ground wave
rg FRG Phase ground wave
vE EVS Amplitude vertical sky wave
L e FVS Phase vertical sky wave
Eps EHS Amplitude horizontal sky wave
B s FHS Phase horizontal sky wave
¢ PHI Azimuth variable
g PSI Polar variable
Ad DELPHI Azimuth increment
Pmax PHIMAX Maximum azimuth
A DELPSI Polar angle increment
Yrax PSIMAX Polar angle maximum
oy PHIO Initial ¢
Yo PSIO Initial ¢
N N No. antenna pairs in array
p P Antenna parameters real part
Q Q Antenna parameters imaginary part
a ALPHA Attenuation constant
B BETA Phase constant
B BMWTH Beamwidth criterion
A Ampcrit Amplitude criterion for
Z, 20 Characteristic impedance
NOF Number of frequencies to be run

in parameter study




TABLE 4.

Card No,

i

6a

Ta

|-

o

[T I SV S

LIST OF INPUT CARDS FOR BEVERAGE ARRAY II.
RUN ON GE-225 WITH WIZ LANGUAGE

Description of Card

Quantity of
Data on Numbere on
Each Card Each Card
T.NOF 2
&, VR,R,, X, ‘
B.H.F 3
LA 2
:V'I .V" 6
Eve, .vr
Epe. Oy
NIM, NMAX ¢ 6
Ry Ry, ¥y
n(N) {NMAX ¢ 1) whan
NIM = 0 and (NMAX)
when NIM = |
G(K) {(4NMAX + 2)
6
BMWTH, 2
AMPCRIT

Description of Option

Random dats changes for successive
cases (when T = 0, set NOF =0).
Not used.

Not used. Eliminated from
Not used. earlier program
Not used.

Only the frequency is changed in
successive cases and/or ép, ¥p.
Provide seven cards as usual for the
first case, then the eighth card will
have f, ¢, ¥, for next case only,
etc., and thereafter only one card
per case.

Mode of caiculation, T 2 0 or T = § (sae opttons below),
Number of frequanies to be run in parametar study
when T 5 8, when T = 0 sat NOF = 0,

Not required unless sanse switch 5 {s down, When
requirad put o in napers per mater, vaioctty ratto
{dimensioniess), R, in ohms and X, in ohms where
Ry ¢ jXg ® Z, = characterlstic impedance,

Wire radius in meters, wire height in meters and fra-
quancy in mce,

Ground conetants, Conductivity agin MKS units, and
g tha diefectric constant (dimansioniess).

Wava parametars, Vertical ground wave, vertical sky
wava and horisontal sky wave in arbitrary amplitude
unite (E) and degraas (9),

Array parametars, Whan cantar antenna (the dagenar-
ate pair) is prosant set NIM = 0, whan canter antanna

ie absant sat NIM = |, NMAX is numbar of symmaetricai
paire, Rg is tha innar radius In metars, Ry, is the outer
radius in meters, ¢, is tha normalisad asimuth in
degraas and §_ is tha normaiisad efevation angle in
degraes, (When calcuiating asimuth patterns at diffarent
eiavation angias specify the eievation angie with §,.)

Locations of pairs of antennas In azimuth in degrees,
(For a pair of antennas at £4° put only a single 4 on card,
for two pair at £2° and £4° put oniy a 2 and a 4 on card,
etc, When NIM = 0 first number on card will be sero,)
Maximum of 10 pairs pius the center antenna (or 21{
antennas),

Not required unlass sense switch | is down, When sense
switch { is down specify an amplituda and phase constant
for the center antenna and aii other pairs used, There
shouid be two numbers (which are the first numbers on
the card) to specify the amplitude and phase {ir that order)
for the center antenna. Thereafter there should be four
numbers for each antenna pair, [n the first group of four
numbers the first two numbers correspond to the right-
hand eiement {as seen from the array center) of the pair
ciosest to the center, The second two numbers corre-
spond to the left hand-element of the same psir, The
first number in each group is an arbitrary amplitude
constant and the second number is a phase constant in
degrees. The next ciosest pair of antennas is specified
by another group of four numbers and so on, Note that
two numbers must be used to specify the center antenna
even when it is omitted by setting NiM = | on card 6, In
this case, the first two numbers on card 6a will always
be 00,

Calculation parameters, Initiai azimuth point, azimuth
increment, maximum azimuth point, initial elevation
point, elevation increment, maximum elevation point {up
to 180°). All unite in degrees,

Not required unless sense switch 3 is down, When
required put beamwidth (degrees) and amplitude cri-
terion (normalized amplitude) on this card. For
instance, for 20° beamwidth at the 3 db points the 2
numbers would be: (20, ., 707).
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TABLE 5

SENSE SWITCH OPTIONS-BEVERAGE ARRAY II.

Sense
Switch Resulting Output
None Pattern calculation giving the following output arranged as
shown:
SIG EPG
EVG FRG
EVS FVS
EHs FHS
Antenna Parameters
NIM NMAX
R, Ry,
B H
ETA(N) ETA(N + 1)
% Yo
¢max Ymax
N YN
Normalized Point
N N IMAG HE
PHI IMAG [PHASE INORM -Ndb HE

1. Goniometer function incorporated. (See Fig. 11) Note the G(K)
array is printed in an array above all the other output data only
when and always when switch 1 is down. (Requires card 6a,)

2. Print a, B, VR, Rg, X, in addition to usual data

3. Beamwidth option. (Requires card 7a.)

4. Print R, R,, Phase, Ry, Ry Phase

5. Rd a, VR, Ry, X, input data. (Requires card la )

6. Self-normalization. (Requires no additional cards.) Computer
searchs in azimuth or elevation until first maximum is found,
pattern is normalized to this maximum. When function is
decreasing at zero the pattern is normalized at zero

7. Exit to next case after calculating normalized point.

8. Not used,

9. Unconditional exit to next case,

10. Diagnostic print




47

TABLE 6

LIST OF PROGRAM OUTPUT QUANTITIES

Machine

ALPHA
BETA
VR

R

X
DELTA
IMAG
IPHASE
INORM
-Ndb
HE(M)
RV(0)

RV(1)
RH(0)

RH(1)

Remark

Attenuation constant

Phase constant

Velocity ratio v/c

Antenna resistance

Antenna reactance

Wave tilt angle

Magnitude of antenna current

Phase of antenna current

Normalized magnitude

Normalized magnitude (db)

Effective height (meters)

Magnitude vertical Fresnel
reflection coefficient

Phase vertical Fresnel
reflection coefficient

Magnitude horizontal
reflection coefficient

Phase horizontal reflection
coefficient




(1) The specified input parameters.

(2)  The calculated characteristic impedance, propagation constant
and wave tilt angle, if desired,by placing sense switch 2 down.

(3) The Fresnel reflection coefficients, if desired,by placing
sense switch 4 down.

(4) The initial current value at the normalized point on the
pattern (both azimuth and elevation) andthe effective height

(5) The antenna pattern,

The output numbers associated with each azimuth or angle of inclination
obtained for the antenna pattern include the magnitude of the current, the
phase of the current, the current normalized to the initial normalizing
point, the normalized current in terms of db down with respect to the
normalized point, and the effective height of the antenna or antenna array
(calculated only for the ground wave case). Both azimuth plane and polar
plane plots are available. An input-output block diagram of the calculation
is included in Figure 10, A detailed block diagram of the program is
given in Figures 11 thru 18,

One option (sense switch 3) enables a serics of cases to be
calculated in terms of beamwidth and an amplitude criterion. With switch
(3) down and the desired half beamwidth for a given normalized amplitude
specified, successive array patterns will be calculated but not printed until
the amplitude and beamwidth criteria are met. Then with switch (3) reset
to zero,the desired pattern will be calculated and printed. For the rejected
cases the description of the array and the beamwidth at the prescribed
amplitude criterion is printed before exit to the next case.

With switch (6) down,the program performs a self-normalizing
calculation as follows:

(1) Calculate the antenna response at ¢n, YN

(2) Increment the appropriate variable (¢ for azimuth, ¢ for polar
plane or elevation),

(3) Compare this contribution with the previously calculated point
until I{¢ + A4d) - I(¢) is negative.
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CALCULATE FRESNEL
REFLECTION COEFFICIENTS,

<

$sbn, Ve
SELF NORMALIZE

RESET Swt(3)
T0 ZERO

CRITERIA MET

CRITERIA

NOT MET

¥

INCREMENT ¢ /¥

UNTIL$/Vuax,

( PriNT THE COMPLETE PATTERN )

¢ NOF CASES DONE l o LESS THAN NOF CASES

RA.F.dn¥u
UNTIL NOF CASES DONE

FIGURE 10.

BEVERAGE ARRAY IIC SIMPLIFIED INPUT-OUTPUT-SENSE SWITCH BLOCK DIAGRAM.
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The normalized point is I(¢). This is a satisfactory method of
normalization when there is a single main lobe adjacent or coincident
with the initial ¢N’ LIIN.

With switch (7) down,the normalized point is obtained only, in addi-
tion to the initial parameters as desired which are available from switch
(2) and switch (4). This provides the effective height and location of the
main lobe, but exit to the next case is obtained automatically so that the
complete pattern is not calculated. This option is useful for instance in
computing polarization error vs frequency.

Further notes on program operation include the following:

(1)  For goniometer function operation the complete array beginning
with the 0° antennz is called for, even though G(o) may be
zero, Therefore, NIM = 0 for all goniometer cases and n(o)
= 0 must begin the ETA(N) array

(2)  For operation without the goniometer function and without the
center antenna,it is necessary to begin with the first pair in
specifying antenna locations,

(3) For parameter studies with the frequency as the only variable,
the input for successive cases consists only of the desired (mc)
frequencies and the desired normalized point ¢y, . For these
cases T = 5, NOF = total number of frequencies to be run includ-
ing the first case. After NOF cases are run, the program reads
in the next complete set of data

(4) The following equations were used for P and Q in the appro-
priate ranges:

P+jQ-= 1 +jl- o368+lzn(—2—)+ €
W= sa vt 34, T 2 "\7 /424
for0<r <.5 (101)

1 . 1
= +
2.54+1. 341, 7 .56+1 42,

for .5<r.<6 (102)
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071 -1 707
= +J
2 ;s
Te

fot6$rCSw

(103)
where

r. = 0.00317hv crg [Cps

(104)
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E. Theoretical Antenna Patterns

Ground wave azimuth patterns were calculated and reported in
Figure 3 of Part I of this report. These earlier patterns were displayed
as a function of antenna length and velocity ratio, and were calculated by
specifying the velocity ratio and other parameters in addition to antenna
geometry. Thus these earlier patterns while quite valid for the values
chosen did not relate directly to the earth constants. The theory has since
been improved,andthe dataare obtained without assuming velocity ratio
values or attenuation constants. It is now only necessary to specify the
antenna geometry and the earth constants (conductivity and dielectric
constants). The computer program (sece Section IV) will determine all the
intermediate parameters previously assumed and calculate the proper
pattern, either azimuth or elevation,in addition to the effective height.

In the patterns which follow, the datahavebeengrouped according
to certain fixed conditions and the frequency (or some other characteristic)
varied. For instance, in group I the patterns are for antennas 111.9 meters
long or shorter with the same outer radius. The earth conductivity has
been assumed to be .03 mho/meter and the dielectric constant equal to 12
though any other reasonable values could have been chosen. The chosen
values correspond to the D/F array which was described in Part I, page 67,
and which has been the subject of extensive experimental investigation as
described elsewhere in this report.

The analysis and associated computer program also permits cal-
culation of theoretical values for the attenuation constant, velocity ratio,
characteristic impedance and wave tilt angle. These calculated values are
also given for most of the patterns which follow.

‘The computer patterns are divided into four groups.

Group I consists of single and multiple element arrays, most 111.9
meters long, and all applicable to the present Navy D/F array at the
Southwest Research Institute D/F tower (outer radius 136.65 meters).

This group also includes some patterns for antennas and arrays which
could be formed by increasing the inner radius so as to shorten the antennas
but keep the outer radius fixed.

Group II consists of similar patterns for antennas 300 meters long
with a fixed outer array radius of 325 meters. This group includes some
patterns for arrays which could be formed by increasing the inner radius
and/or decreasing the outer radius of the array. These patterns are
primarily applicable to the Signal Corps D/F site.




Group III consists of patterns for pure horizontal polarization and
for mixture of vertical and horizontal polarization usually equal amplitudes
and in phase (linear polarization at 45°). These are for various lengths.

Group IV consists of a number of miscellaneous patterns plotted to
show certain special conditions, such as the elevation angle at which a
maximum occurs as a function of velocity ratio.

The patterns which appear in the four groups are listed at the end
of this section.

Data Group I first shows in Figure I-la through I-12b both the
azimuth and elevation patterns from 1 to 40 mcs for a single antenna 1|
meter above ground. The "a" figure is the azimuth pattern, the 'b' figure
the elevation pattern. The source field is assumed to be a vertically polar-
ized ground wave for the azimuth patterns, and a vertically polarized sky
wave for the elevation patterns. Many of the elevation patterns have been
plotted from 0° to 180° elevation angle at zero azimuth, thus these also
shcw the elevation pattern of the back lobe at 180° azimuth. Both rectangu-

lar log plots and polar plots are shown.

It is characteristic of the sky wave elevation pattern to return to
zero amplitude at zero elevation. This is not a mathematical limitation;
for a smooth earth it is quite correct for the sky wave component alone
(no ground wave) and always results when the ground wave or surface wave
component is ignored. The relationship between the sky wave and ground
wave for a real transmitter depends on the distance to the transmitter,
and yet there seems to be no reason to pick a particular transmitter dis-
tance as representative of the manner in which the sky wave blends into
the ground wave. However, it is evident that if a transmitter were to be
varied in elevation from some height down to zero degrees, and simul-
taneously was adjusted to maintain the incident field strength constant at the
Beverage receiving antenna, as zero elevation was approached, the eleva-
tion response pattern would not return to zero at zero elevation. At zero
elevation, in such a case, the response would be that typical of the ground
wave. This amplitude value (at zero elevation or the ground wave case) has
been indicated on each polar plot of the elevation pattern as a short line at
the appropriate amplitude, connecting the zero elevation axis with the sky

wave pattern.

For instance, this value is shown at the normalized amplitude of .44
in the polar plot of Figure I-1b. It will be noted that the transition region
from sky wave to ground wave in all cases in near or, at the higher frequen-
cies, less than the wave tilt angle. Thus the exact details of the transition
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at these low angles of elevation is not of great importance because no
arriving wave, either ground wave or sky wave, ever appears to arrive
at a lower elevation angle than the wave tilt angle. 26

The azimuth and elevation patterns show a decrease in both beam-
width and angle of elevation for maximum response, as the frequency is
increased. In general the back lobe of the azimuth pattern is also decreased
with increasing frequency. Azimuth patterns at higher angles of elevation
are given later in data Group I.

Note that the elevation patterns show the main lobe to be down to
approximately 10° elevation at 30 mcs. Since most long range sky waves
arrive at angles below 15° or 20° elevation,it is evident that good azimuth
response patterns should be obtained at all frequencies up to 30 mcs for
distant transmitters, say greater than 500 miles. This was found to be
the case during the bearing accuracy tests reported in Section III. The
beamwidth and beam elevation data for many ofthese patterns are summarized
in Part II in greater detail

Figures I-13 through I-18 show the change in the azimuth pattern
as a function of the number of antennas summed for 112-meter antennas 2°
apart at 10 mcs. It is evident that the beamwidth is significantly reduced
even though no phasing is used. Figures[-18throughlI-28 show azimuth
patterns for the same 2l-antenna array, as the elevation angle is increased.
It can be seen that a good azimuth pattern is obtained only for elevations
below approximately the 3-db point on the upper side of the main beam.
Above this elevation the azimuth pattern is split. This result is the first
of several calculations which suggest that optimum patterns for higher
angles of elevation will be obtained with short elements at a large array
radius. Figure [-28 is the elevation pattern for this example and shows
that the poor azimuth patterns obtained around 38° to 40° elevation are
associated with a minimum in the elevation pattern. It is apparent that

26. This is because the resultant field, which is the sum of the incident
and reflected rays, is tilted forward at an angle which approaches the wave
tilt angle, at low angles of elevation, but never achieves a value less than
the ground wave tilt angle. For further reference on this point, see Jordan,
E. C., Electromagnetic Waves and Radiating Systems, Prentice-Hall, New
York, 1950, Chapter 16; Piggott, W. R., "A Method of Determining the
Polar Diagrams of Long Wire and Horizontal Rhombic Aerials, " Department
of Science and Industrial Research, Radio Research Special Report No. 16,
London, His Majesty's Stationery Office, 1948, page 5. See also Feldman,
C. B., "The Optical Behavior of the Ground for Short Radio Waves, ' par-
ticularly page 789, Proceedings of the IRE, Vol. 21, No. 6, June 1933.
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if the antenna length is decreased this minimum will go up in elevation
improving the azimuth pattern at higher angles.

Figures I-29 thru I[-32 show that for nonequally spaced arrays
narrow azimuth patterns may be obtained at the cost of high side lobe
levels.

Figures I-33 through [-44 are largely a repeat of Figures I-1
through 12 at a slightly lower height above ground. The selected value
of . 85 meter is the average height of the 112 meter long antennas in
the experimental arrays described in Part II of this report. The results
are similar to those of the previous figures except that attenuation is
slightly greater, and the patterns are slightly modified in shape.

Figures [-45 through I-55 show reduction in beamwidth with an
increased inner radius as a function of the number of antennas summed.
Note that both a more favorable elevation pattern and a narrower azimuth
pattern are obtained. Figures I-56 through I-66 show the same result
for a still shorter element. Figures [-57 through [-82 thcn explore azi-
muth patterns vs elevation angle at a number of antennas which produce
minimum azimuth beamwidth at zero elevation.

These patterns with larger inner radii and the same as previous
outer radius show much improved elevation patterns and in addition
reduced polarization error as will be shown in Group III. Twenty-five
meter long antennas show good azimuth patterns at all angles of elevation
of a summed group of 19 antennas each 2° apart with an outer radius of
136.65 meters.

The figures in Group Il are concerned with antennas 300 meters
long or shorter but on a site capable of holding 300 meter long antennas.
Figures II-1 through II-12 show single element patterns vs frequency for
both azimuth and elevation planes. These patterns are for antennas one
meter high. It is evident that the longer element has produced a more
favorable azimuth pattern and a less favorable elevation pattern compared
to the 112 meter long antennas (unless only low angles of arrival are of
interest). Figures I[-13 thru II-24 show the elevation patterns for the
same antenna at a height of two meters.

Figures II-25 thru II-32 show azimuth patterns vs elevation at
6.0 mcs for a single element 2 meters high and 300 meters long. Again,
as with the 112-meter antennas, split azimuth patterns are obtained at
elevations above the main lobe. Figures II-33 thru II-36 show variation
with frequency between 2.0 and 6.0 mcs at an elevation of 20°.

Figures II-37 thru [I-42 show beamwidth reduction with increased
number of summed antennas. Figures I[-43 thru I[-52 show an increased
beamwidth reduction for a greater inner radius and less outer radius.
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Figures I1-53 thru [[-64 show patterns for the same length previously
shown with an outer radius of 325 meters. Minimum beamwidth of
approximately 12° is obtained with 15 antennas at 10 mcs.

Figures II-65 to II-70 show azimuth patterns vs number of antennas
for a shorter element length than the previous set, but the same outer
radius. Figures [[-7] thru 74 show a single element pattern variation with
height above ground.

Figures II-75 thru II-78 show split sector arrays of antennas all
2° apart and illustrate how still narrower azimuth patterns may be obtained
at the cost of higher side lobe level. A pattern designated 7 on | off 7 on
means 14 antennas in two sectors of seven each. The two sectors are
separated by a gap of 4 degrees (one missing antenna). Similarly the
6 on 3 off 6 on array means two 6 element sectors separated by an 8°
gap (three missing antennas). These type arrays can be obtained with
the present commutator.

Further details and discussions of the various data obtained from
the patterns are given in Part II of this report.

Patterns in Group IIl are concerned with the effects of horizontally
polarized fields, or elliptically polarized fields. The first 20 patterns
shown in Figures III-1 thru III-20 show the response of one and two
meter high single elements to pure horizontal polarization. These patterns
are symmetrical and have a null in the direction of the autenna line.

Patterns like those in the first 20 figures of this group have rarely
been observed experimentally because the horizontally polarized compo-
nents almost always occur in the presence of vertically polarized com-
ponents. In general the response of the antenna is greater to vertically
polarized than horizontally polarized fields of equal amplitude. This is
because only the vertically polarized field occurs in a manner favorable
to a traveling wave buildup on the antenna. Figures III-21 thru III-24
iliustrate this for low angles of elevation on longer elements.

Figures III-21 thru III-24 show that polarization error is small at
low angles of elevation but may increase above the main beam. It can
also be seen that the patterns are increasingly asymmetrical as the elevation
angle increases (or the effect of the horizontally polarized component
increases). This asymmetry also appears in practice when signals are
observed which are changing in polarization. From the calculations it
would be expected that a sky wave signal would appear to fade and slightly
move in azimuth for low angles and long antennas. If the polarization
error is slight, the pattern would appear to fade on the bearing indicated
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when good symmetry occurred. This effect has been observed in
practice and gencrally the fading drops the amplitude of the displayed
pattern well below the maximum before a noticable polarizaticn shift
occurs. One would expect then on occasion to observe pure horizontally
polarized patterns at the lowest part of some fades; that is, patterns such
as those in Figurcs III-1 thru II[-20. This effect has also been observed
as expected although not frequently. The fact that these expected patterns
have been observed however, lends support to the general method of
analysis given in this report.

If the analysis given is correct, then for long antennas at low
angles, polarization error will not be appreciable for two reasons: (1) its
measured value will be low, and (2) the appcarance of the pattern will be
such that it can be recognized that at a given instant some polarization
error exists, i.e., asymmetry and slight back and forth swinging as the
polarization shifts, so that bearings can be read at an optimum time.

In Part III of this report results are presented for operators with no
experience at pattern interpretation vs those using symmetry as criteria.
Results bear out what has been stated above.

Further consideration suggests that at high angles of elevation the
polarization error should increase if the antenna element is long (Figure
[II-23). This leads to the same design direction indicated earlier, that
of using shorter elements to improve the elevation pattern.

This is exploredin Fizurcs III-30 thru III-33 where the azimuth
patterns for an array of 19 antennas each 25 meters long are shown as a
function of angle of elevation. It is evident that an improvement has been
obtained in that the polarization error is small up to 30°. The previous
remarks concerning asymmetry or a criterion for error detection are
equally applicable in this case. Further and more detailed consideration
of response to horizontal polarization is given in Part II of this report.

Patterns shown by Figures [V-1 thru IV-5 are a miscellaneous
group included to illustrate two methods of pattern improvement which
have not yet been attempted experimentally. Figures IV-1 thru I[V-4 show
the variation in a typical long element elevation pattern with artificial
variation of the velocity ratio on the antenna. As the velocity ratio is
increased to values greater than one, the angle of elevation of the main
beam is increased. Thus this could be a method for controlling response
for short range signal arriving at high angles. (A velocity ratio greater
than one implies a phase velocity faster than the velocity of light. This
may be achieved for instance by inserting series capacitance in the antenna
as was done by Beverage.9)
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Figure IV-5 shows a method whereby a very sharp azimuth beam
may be obtained without using a phased array. The patterns were obtained
by reversing the phase of a pair of antennas in the array before summing.
The null between the main beam and the first side lobe occurs in the
vicinity of the direction where the phase reversal occurs in azimuth. An
array of 180 antennas could be used to produce such patterns without a
phasing goniometer by using multicouplers (or other devices with both 0°
and 180° phase outputs) and a 360-input commutator (2 inputs per antenna).
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GROUP I - 112-METER ANTENNAS

Figure Pattern Freq.
No. Plane in Mcs
I-la Azimuth 1.0
[-1b Elevation 1.0
[-2a Azimuth 1.5
I-2b Elevation 1.5
[-3a Azimuth 2.0
I-3b Elevation 2.0
[-4a Azimuth 3.0
[-4b Elevation 3.0
[-5a Azimuth 4.0 All single antennas one meter high.
[-5b Elevation 4.0 Azimuth patterns ground wave
I-6a Azimuth 6.0 vertical polarization, elevation
[-6b Elevation 6.0 patterns sky wave vertical polari-
[-7a Azimuth 8.0 zation at zero azimuth.
[-7b Elevation 8.0
I-8a Azimuth 10.0
[-8b Elevation 10.0
[-9a Azimuth 15.0
I-9b Elevation 15.0
I-10a Azimuth 20.0
I-10b Elevation 20.0
I-1la Azimuth 30.0
I-11b Elevation 30.0
I-12a Azimuth 40.0
I-12b Elevation 40.0
I-13 Azimuth 10.0 Single Antenna
I-14 Azimuth 10.0 3 Antennas All antennas 2° apart,
I-15 Azimuth 10.0 5 Antennas { | meter high, zero
I-16 Azimuth 10.0 9 Antennas | elevation
I-17 Azimuth 10.0 15 Antennas
I-18 Azimuth 10.0 Zero Elevation )
I-19 Azimuth 10.0 10° Elevation
[-20 Azimuth 10.0 20° Elevation
I-21 Azimuth 10.0 30° Elevation All patterns
[-22 Azimuth 10.0 32° Elevation 21 antennas all
I-23 Azimuth 10.0 34° Elevation 2° apart, | meter
[-24 Azimuth 10.0 36° Elevation high, vertical
[-25 Azimuth 10.0 38° Elevation polarization
1-26 Azimuth 10.0 40° Elevation
1-27 Azimuth 10.0 42° Elevation
i-28 Elevation 10.0 Zero Azimuth 4
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GROUP I - 112-METER ANTENNAS (Cont'd)

Pattern

Plane

Azimuth
Azimuth
Azimuth
Azimuth

Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth

Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Elevation
Elevation

Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Azimuth
Elevation
Elevation

Freq.
in Mcs

10.
10.
10.
10.

OO O O

QO OO0 O0ODO0OOCOOoO WMo

2 Antennas,
6 Antennas,
6 Antennas,
6 Antennas,

220° azimuth

+18°, £20°, £22° azimuth
+16°, £20°, £24° azimuth
+16°, £18°, #20° azimuth

All single antennas .85 meter high.
Azimuth patterns have vertically
polarized ground wave.

Single Antenna } All antennas 2°

3 Antennas
5 Antennas
7 Antennas
9 Antennas
11 Antennas
15 Antennas
19 Antennas
21 Antennas

apart, one meter
high, zero eleva-
tion. Antennas 50
meters long, inner
f— radius 86.65
meters, outer
radius 136.65
meters. All

Single Antenna | patterns at

21 Antennas

10 mc.

Single Antenna | All antennas 2°

3 Antennas
5 Antennas
7 Antennas
9 Antennas
11 Antennas
15 Antennas
17 Antennas
21 Antennas

apart, one meter
high, zero eleva-
tion. Antennas 25
meters long, inner
f radius 111.65
meters, outer
radius 136.65
mcters. All

Single Antenna | patterns at

21 Antennas

10 mc.
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GROUP I - 112-METER ANTENNAS (Cont'd)

Figure Pattern Freq.

No. Plane in Mcs
I-67 Azimuth 5° Elevation A All antennas 2°
I-68 Azimuth 10° Elevation apart, one meter
I-69 Azimuth 20°* Elevation high. Antennas
I-70 Azimuth 25° Elevation 25 meters long,
I-71 Azimuth 30° Elevation inner radius
I-72 Azimuth 35° Elevation 111.6 meters,
I-73 Azimuth 40° Elevation outer radius
I-74 Azimuth 45° Elevation } 136.6 meters,
I-75 Azimuth 50° Elevation 10 mc. Verti-
I-76 Azimuth 55° Elevation cally polarized
I-77 Azimuth 60° Elevation sky wave. Azi-
I-78 Azimuth 65° Elevation muth plane
I-79 Azimuth 70° Elevation patterns for
I-80 Azimuth 75° Elevation sum of 19
[-81 Azimuth 80° Elevation antennas.
I-82 Azimuth 85° Elevation
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GROUP II - 300-METER ANTENNAS

Figure Pattern Freq.

No. Plane in Mcs
II-1a Azimuth 1.0 )
II-1b Elevation 1.0
I[-2a Azimuth 1.5
II-2b Elevation 1.5
II-3a Azimuth 2.0
II-3b Elevation 2.0
II-4a Azimuth 3.0
II-4b Elevation 3.0
II-5a Azimuth 4.0 All single antennas one meter
[I-5b Elevation 4.0 high. Azimuth patterns ground
II-6a Azimuth 6.0 ¢ wave vertical polarization, ele-
II-6b Elevation 6.0 vation patterns sky wave vertical
[I-7a Azimuth 8.0 polarization at zero azimuth.
II-7b Elevation 8.0
II-8a Azimuth 10.0
II-8b Elevation 10.0
II-9a Azimuth 15.0
II-9b Elevation 15.0
II-10a Azimuth 20.0
II-10b Elevation 20.0
[I-11a Azimuth 30.0
II-11b Elevation 30.0
[I-12a Azimuth 40.0
II-12b Elevation 40.0
I1-13 Elevation 1.0 )
I1-14 Elevation 1.5
II-15 Elevation 2.0
II-16 Elevation 3.0
II-17 Elevation 4.0 All single antennas two meters
II-18 Elevation 6.0 high. Sky wave, vertical
II-19 Elevation 8.0 r polarization, at zero azimuth.
I1-20 Elevation 10.0
II-21 Elevation 15.0
I1-22 Elevation 20.0
II-23 Elevation 30.0
II-24 Elevation 40.0 |
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GROUP II - 300-METER ANTENNAS (Cont'd)

Figure Pattern Freq.
No. Plane in Mcs.
I1-25 Azimuth 6.0 Zero Elevation | All single
I1-26 Azimuth 6.0 10° Elevation antennas, two
I1-27 Azimuth 6.0 20° Elevation meters high,
[1-28 Azimuth 6.0 30° Elevation sky wave verti-
II-29 Azimuth 6.0 40° Elevation rcal polarization.
I1-30 Azimuth 6.0 50° Elevation Antennas 300
I1-31 Azimuth 6.0 60° Elevation meters long.
I1-32 Elevation 6.0 Zero Azimuth |
I1-33 Azimuth 2.0 All single antennas, two meters
[I-34 Azimuth 3.0 high, elevation angle 20°, sky
II-35 Azimuth 4.0 wave vertical polarization.
I1-36 Azimuth 6.0 Antenna length 300 meters.
I1-37 Azimuth Single Antenna’) Allantennas 2°
I1-38 Azimuth 3 Antennas apart, twometers
-39 Azimuth 5 Antennas high, sky wave
I1-40 Azimuth 9 Antennas vertical polariza-
I1-41 Azimuth 15 Antennas tion. Antennas 300
I1-42 Azimuth 21 Antennas r meters long, inner
radius 25 meters,
outer radius 325
meters, frequency
J) 10 mc.
I1-43 Azimuth Single Antenna’) Allantennas 2°
11-44 Azimuth 3 Antennas apart, one meter
11-45 Azimuth 5 Antennas high, sky wave
I1-46 Azimuth 7 Antennas vertical polariza-
I1-47 Azimuth 9 Antennas . tion. Antennas 100
I11-48 Azimuth 11 Antennas meters long, inner
1I1-49 Azimuth 13 Antennas radius 125 meters,
II-50 Azimuth 15 Antennas outer radius 225
II-51 Azimuth 21 Antennas meters, frequency
II-52 Elevation Single Antenna | 10 mc.
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GROUP II - 300-METER ANTENNAS (Cont'd)

Figure Pattern Freq.
No. Plane in Mcs
[1-53 Azimuth Single Antenna )
[[-54 Azimuth 3 Antennas
[I-55 Azimuth 5 Antennas All antennas 2° apart,
I1-46 Azimuth 7 Antennas one meter high, ver-
[1-57 Azimuth 9 Antennas tical polarization.
II-58 Azimuth 11 Antennas \ Antennas 100 meters
II-59 Azimuth 13 Antennas long, inner radius
I1-60 Azimuth 15 Antennas 225 meters, outer
II-61 Azimuth 19 Antennas radius 325 meters
I-62 Azimuth 21 Antennas frequency 10 mcs.
[1-63 Elevation Single Antenna
[I-64 Elevation 15 Antennas
[1-65 Azimuth 3 Antennas \ All antennas 2° apart,
[1-66 Azimuth 5 Antennas one meter high, ver-
II-67 Azimuth 7 Antennas tical polarization.
II-68 Azimuth 9 Antennas k Antennas 50 meters
II1-69 Azimuth 11 Antennas long, inner radius
II-70 Azimuth 15 Antennas J 275 meters, outer
radius 325 meters,
frequency 10 mcs.
11-71 Azimuth 15 Meters high | Single antenna, vertical
I1-72 Azimuth 1 Meter high polarization, antenna
I1-73 Azimuth 2 Meters high > 300 meters long, fre-
I1-74 Azimuth 4 Meters high quency 10 mcs, eleva-
J tion angle 20°.
II-75 Azimuth "7 on, 1 off, 7 on" ) 15 antennas in a split
II-76 Azimuth "6 on, 3 off, 6 on" sector array, all 2°
II-77 Azimuth "5 on, 5 off, 5 on"' apart whether on or
II-78 Azimuth "4 on, 7 off, 4 on" off. Seven on, | off,
7 on means 7 antennas
k 2° apart (a 12° sector)
then a 4° sector with
no antennas, then 7
antennas 2° apart again
) to complete symmetry.
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GROUP III - HORIZONTAL POLARIZATION

Figure Pattern Freq.
No. Plane tn Mcs

-1 Azimuth 1.0 max ) All single antennas, pure horizontal

III-2 Azimuth 1.5 max polarization, one meter high. Maxi-

[1I-3 Azimuth 2.0 max mum and minimum refers to eleva-

I11-4 Azimuth 2.0 min tion angle chosen. Maximum is

III-5 Azimuth 3.0 max elevation angle of a maximum on

I11-6 Azimuth 3.0 min [ elevation plane for sky wave vertical

II-7 Azimuth 4.0 max polarization. Minimum is elevation

II1-8 Azimuth 4.0 min angle of a minimum on elevation

III-9 Azimuth 6.0 max plane pattern for sky wave vertical

II1-10 Azimuth 6.0 min ) polarization.

[I-11 Azimuth 1.0 max | All single antennas, pure horizontal

II-12 Azimuth 1.5 min polarization, two meters high. Maxi-

II1-13 Azimuth 2.0 max mum and minimum refers to eleva-

II1-14 Azimuth 2.0 min tion angle chosen. Maximum is

III-15 Azimuth 3.0 max | elevation angle of a maximum on

III-16 Azimuth 3.0 min elevation plane for sky wave vertical

Ir-17 Azimuth 4.0 max polarization. Minimum is elevation

III-18 Azimuth 4.0 min angle of a minimum on elevation

II1-19 Azimuth 6.0 max plane pattern for sky wave vertical

III-20 Azimuth 6.0 min J polarization.

I1I-21 Azimuth 6.0 Single Antenna, 10° Elevation Mixed polari-

II1-22 Azimuth 6.0 Single Antenna, 20° Elevation zation, vertical

II1-23 Azimuth 6.0 Single Antenna, 30° Elevation plus horizon-

III-24 Azimuth 6.0 Single Antenna, 40° Elevation tal

II1-25 Azimuth 6.0 .5 meter high Single antennas,

II1-26 Azimuth 6.0 1.0 meter high 20° elevation,

III-27 Azimuth 6.0 2.0 meters high shows both

II1-28 Azimuth 6.0 4.0 meters high vertical and

III-29 Azimuth 10.0 shows polarization error vs mixed polari-
number of antennas zation patterns.

III-30 Azimuth All azimuth plane patterns at 10 mc.

[II-31 Azimuth Sum of 19 antennas, 2° apart, one

III-32 Azimuth meter high. Antennas 25 meters long,

III-33 Azimuth inner radius 111.6 meters, outer

III-34 Azimuth radius 136.6 meters. Linear polariza-

tion at 45° in phase (equal in phase com-
ponents of vertical and horizontal
polarization). 10 mcs.
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Single antennas
111.9 meters
long, one meter
high.

GROUP IV

Figure Pattern Freq.

No. Plane in Mcs
V-1 Elevation 10.0 ) Velocity Ratio = 1.00
Iv-2 Elevation 10.0 Velocity Ratio = 1. 10
Iv-3 Elevation 10.0 Velocity Ratio= 1.20
IV-4 Elevation 10.0 Velocity Ratio = 1. 30
IvV-5 Azimuth 10.0 Various patterns for group of four

antennas, 2 pairs 180° out of phase.
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