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To Developmental Engineering Corp.

VLEF ANTENNA NOTEBOOK - GENERAL

This is the first of a serles of reports for collecting in-
formation relating to the design of VLF antennas, especially a high-
power antenna for 15 Kc. Each report will be cumulative and will be
assigned a block of numbers so that any page in this series willl be
identified by i1ts page number. The report numbers are being assizned
from the block of 301 to 3039. The last digit of the report numoer
wlll be the first digit of the 3-digit page number.

Contents Page
Index to this seriles. . 102
Symools and Units.. . - 103
Information fer 157Kc. 104
References. ’ - 119, 105
Definition and Test of Radlated Power. 117



EW

Harold A. Wheeler

Job 233, Report 301

Index to This Series.

Report 301
302

303

304
305
306
307
308
309

560917, Page 102

General Page 101 -
Principles - 201 -
Aerial System 301 -
Ground System 401 -
Scale Models 501 -
Tuning Circuits to 601 -
Modulation T 701 -

© e fuig, b wulie (< dbeedo 7 801 -

L L Vs o a Y et 901 -

—



Harold A. Wheeler Job 233, Report 301 560917, Page 103

Symbolg and Units.

MKS rationalized units.

*Note:
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These quantities are RMS values unless otherwise noted.
frequency (cycles/second)
2nf = radilanfrequency (radians/second)
wavelength (meters)
= radianlength (meters)
magnetivity (permeabllity) of free space
(1.257 x 1078 henries/meter)
electrivity (permittivity) of free space
(8.85 x 107 t°

e/e_ = electric ratio (dielectric constant) of medium (ground)
h./€, = wave resistance of square area in free space (377 ohms)

conductivity (mhos/meter)

farads/meter)

l/j/vfuoo = skin depth in conductor (meters)
-anuo;o = skin resistance of square area on surface of

conductor (ohms)
magnetic intensity or current density (amperes/meterf%
electric intensity or potential gradlent (volts/meter)*:.
current (amperes)*\
potential (volts)X
power (watts)
capacitance (farads)
inductance (henries)
resistance (ohms)
reactance (ohms)
R/X = power factor ( << 1 )
= .dimensions (meters) ,
radlal distance from center of vertical radiator (meters)
helght (meters)
length (meters)
area (metersz)
number

77, p. 105-6.
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Information for 15 Kec.

f = 15 Kc

w = 94.3 K .

A = 20Km = 12.4 mile  1ml = 1.61 Km
N2r = 3,18 Km = 1.98 mile 1 ft = 0.305m
Ry = RC(ZW/X) = 0.118 ohm/m

we, = (1/R) (em/») = 0.833 p.mho/m or m.mho/Km

Skin effect: i

Copper 8 = 0.54 mm = .021 in, R_ = .0320 milohm
Aluminum 0.70 mm  ,027 in, ~.041 mllohm

Sea water (o0 = 4) 2.0 .m 6.7 ft, 0.122 ohm
Average ground (o6 = .002) 92 m 300 ft, 5.5 ohms

(1) HAW, "Universal skin-effect chart for conducting materials",
Electronics, vol. 25, no. 11, p. 152-4, Nov. 1952. (Skin depth in
metals, solutions, ground.)

(2) HAW, "Formulas for the skin effect", Proc. IRE, vol. 30,

p. 412-24, Sept. 1942. (Theory, rules, inductors.)

NB 77, p. 38, 80. A

Example of VLF antenna properties:

Frequency f = 15 Ke

Wavelength A = 20 Km

Radlated power P = 1 Mw

Radiation resilstance R = 0.1 ohm

Radiatlon power factor p = .001 = 1 mil

Reactance X = 100 ohms

Current I = 3.16 Ka

Voltage VvV = 316 Kv

Capacltance C = 0.106 uf

Effectlve helght h = 159 m = 520 ft
" Effective area A = 1.90 Kn® = 0.73 mi®

Inductance (to tune) L = 1.06 mh

NB 80, p. 93

ew
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References.

This section is a chronological 1list of many references per-
taining to this subject and its various problems. This 1list and sub-
sequent additions will be numbered in one sequence for convenience of

identification.
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(3) S. C. Hooper, "The Lafayette radio station", Jour. Amer. Soc.
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(5) NBS, "Radio Instruments and Measurements', Circular 74, 2 ed.,
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(8) W. W. Brown, J. E. Love, '"Designs and efficiencies of large air
core inductances", Proc. IRE, vol. 13, p. 755-66, Dec. 1925.

(7) J. H. Shannon, "Sleet removal from antennas'", Proc. IRE, vol. 14,
p. 181-95, April 1926. (Rocky Point VLF anternna.)

(8) N. Lindenblad, W. W. Brown, "Main considerations in antenna de-

sign", Proc. IRE, vol. 14, p. 291-324, June 1926.
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(9) E. H. Shaughnessy, "The Rugby radio station of the British Post
Office", Jour. IEE, vol. 64, p. 683- , 1926. (VLF transmitter.)

(10) H. A, Wheeler, "Simple inductance formulas for radio colls",’
Proc. IRE, vol. 16, p. 1398-1400, Oct. 1928.

(11) F. W. Peek, Jr, "Dielectric Phenomena in High-Voltage Engineer-
ing", McGraw-H111l, 1929.

(12) 0. R. Schurig, C. W. Frick, "Heating and current-carrying
capaclty of bare conductors for outdoor service", General Electric Re-
view, vol, 33, p. 141-57, Mar, 1930.
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(13) J. E. Clem, "Currents required to remove conductor sleet", Elec.
World, vol. , p. 1053-6, Dec. 6, 1930. '

(14) C. A. Nickle, R. B. Dome, W. W. Brown, 'Control of radiating

properties of antennas", Proc. IRE, vol. 22, p. 1362-73, Dec, 1934,
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cussion, vol, 23, p. 1264-5.)

(15) G. H. Brown, R. F. Lewis, J. Epstein, "Ground systems as a factor
in antenna efficiency", Proc. IRE, vol. 25, p. 753-87, June 1937.
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(16) L. F. Woodruff, "Principles of Electric Power Transmission",
2 ed., Wiley, 1938. (Chap. 10, corona and insulators, effect of wire

size, distribution of voltage on insulator string.)

(17) W. S. Peterson et al, "Symposium on operation of the Hoover Dam
transmission line", Trans. AIEE, vol. 58, p. 131-60, April 1839.
(Description, corona, insulation. 287.5 Kv RMS. Many references.)

(18) L. B. Loeb, "Fundamental Processes of Electrical Discharge in
Gases", Wiley 1939.



ew

Hzrold A. Wheeler Jor 253, Report 301 561031, Page 107

Lo
’_I
(e}

S
L

Hollinghurst, i. F. iann, "Replacement of the main aerial sys-
by radio stotion”, Poct Office Electrical Enzineers Jour.,
p. 22- , 1540,

ct
[p]
=}
8]
ct
=y
jot

<
O
—
(@3]
(@]

Al

(20) L. B. Loeb, J. M. lMeek, "The Mechanism of the Electric Spark',
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(21) A. E. Knowlton, "3tandard Handbcolk for Electrical Engineers’,
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IRE, "Standards on Radio Wave Propagation, Definitions of Terms',
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23) H. A. Wheeler, "Formulas for the skin effect', Proc. IRE, vol.
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30, p. 412-24, Sept. 1942. (Skin depth in metal conductors.)
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(27) W. West, A, Cook, L. L. Hzll, H. E. Sturgess, 'The radio trans-
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(28) C. E. Smith, E. M. Johnson, "Performance of short antennas",
Proc. IRE, vol. 35, p. 1026-38, Oct. 1947. (Effects of top loading

and ground losscs, experiments 120-400 XKc.)
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(30) 1IRE, "Stondards on Antennas, Modulation Systems, Transmitters;
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Definitions of Terns',

(31) IRE, "Standiar:ic on Antennas; Methods of Testing'", 1948,

(@)
s

(32) H. Pcnder, W. A. Delmar, 'Ele

ectrical Engineers Hanaboold, Elec-
tric Power", 4 ed., Wiley, 1949. (

Secce. 14: corona, p. 29-31; ice,
p. 52-4; wind, p. 54-7; insulator strinz, p. 116-9; high-voltaze

cables, p. 174-5.)

(35) L. C. Smeby, "Short antenna characteristics - theoretical',
Proc. IRE, vol. 37, p. 1185-94, Oct. 1949. (Umbrella on tower.)

(34) H. A. Wheeler, "The limitations of a wideband power amplifier",
Wheeler Monographs, No. 13, June 195C. (Bandwidth of approximation %o

a constant pure resistance.)

(35) K. Henney, "Radio Engineering Handbook", 4 ed., McGraw-Hill,

1950. (E. A. Laport, low-frequency transmitting antennas, p. 609-23.)

(36) H. P. Williams, "Antenna Theory and Design, vol. 2, The Electri-
cal Design of Antennae", Pitman, 1950. (Chap. 2, long and mcdium-wave

antennae. ) P B R IE

(37) F. Gutzmann, "Transmitter - Goliath', Air Technical Intelligence
Translation F-TS-8355/V (after World War II). (Antenna for 15-60 Kc,
1 Mw.)

r

) H. A. Wheeler, "The capacitance of two parallel wires of differ-

M

—

3
ent diancters", Wheeler Monographs, No. 14, Aug. 1950. (Including

parallel connection.)
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rcectangular cross-section, p. 285-9.)
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(Chap. 1, low-frequency antennas. Chap. 6, logarithmic potential

theory, for parallel wires. Chart of skin cepth in ground, p. 532.)
(él)' . R. Abvoit, '"Design of optimun buried-conductor RF ground sys-
tem", Proc. IRE, vol. 40, p. 846-52, July 1952. (Theory, formulas,
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(#2) H. A. Wheeler, "liandbook - lines and guldes", Wheeler Labs. Re-
£ 13,

port 522, Sept. 13, 1952. (Capacitance of flat strip over ground,
v. §-10.)

(43) H. A. Wheeler, "Universal skin-effect chart for conducting
materials”, Electronics, vol., 25, no. 11, p. 152-4, Nov. 1952. (In-

cluding ground and water.)

(44) T. D. Hobart, "Navy VLF transmitter will radiate 1000 Kw', Elec-
tronics, vol. 25, no. 12, p. 98—101, Dec. 1952. (Jim Creek, 15 Kc,
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(45) H. A. Wheeler, "Nomogram for some limitations on high-frequency
voltage breakdown in air'", Wheeler Monographs, No. 17, May 1953,

(46) S. Ramo, J. R. Whinnery, "Fields and Waves'", 2 ed., Wiley, 1953.
(Field of small electric dipole, p. 49G.)

(47) J. R. Wait, "Impedance of a top-loaded antenna of arbitrary
lensth over a circular grounded screen', Jour. Appl. Phys., vol. 25,
p. 533-5, May 1954, (Theory and Spiral for reflection at boundary

circle.)
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(48) J. R. Walt, W. A. Pope, "The characteristics of a vertical an-
tzanna with a radial conductor ground systern, Appl. Sci. Res., Sec. B,
vol, 4, p. 177-95, 1954, (Theory and curves for losses and reflection

at boundary circle.)

(49) C. E. Smith, J. R. Hall, J. 0. Weldon, "Very high-power long-
vave broadcasting station”, Proc. IXE, vol. 42, p. 1222-35, Aug. 1954,

(Munich, 173 K¢, 1 Mw, umbrella antenna.)

{5G) H. A. Wheeler, "The radiansphere around a small antenna',
Wh
a

far fields.)

ecler Labs. Report 670, Mar. 8, 1955. (Boundary46etween near and

(51) J. R. Wait, W. A. Pope, "Input resistance of L.F. unipole
aerials’, Wireless Eng., vol. 32, p. 131-8, May 1955. (Theory and

curves, losses and reflection, skin depth, many references.)

(52) Bu. Ships, "Radio AN/FRT-31", SHIPS-R-2235, Jan. 24, 1958.
(Specification for high-power VLF transmitter, including antenna,
14-30 Kc.)

(53). J. R. Wailt, H. H. lHowe, "Amplitude and phase curves for ground-
wave propagation in the band 200 cycles per second to 500 kilocycles',
NBS Circular 574, May 21, 1956. (Phase of electric field of electric
dipole.)

(54) Developmental Engilneering Corp., 'Proposed VLF radiating system',
1956G.

(55) W. W. Brown, "Electrostatic capacity data on models of high power,
very low frequency antennas', Bu. Ships, Code 838, July 16, 1956,
(Flat sheets, scale 1/3200.) '

VLF aN
(56) H. A. Wheeler, "Radar trunsmission through eadar antenna', Re-
port 310 to Developmental Engzineering Corp., Sept. 10, 1956. (Shadow-
ing effect of VLF antenna toward nearby L-band radar. )
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(57) C. E. Smith, "Navy VLF site location project', Report to De-
velopmental Engineering Corp., Sept. 13, 15556. (Ground conductivity

surveys in laine.)

(58) H. Jasik, "Antenna Handbook", McCGraw-Hill, in process. (P. S.
Certer, C. A, lMartin, Chap. 18, low-frequency antennas, some cxamples,
rany references, ) '
Added later:

(59) G. W. 0. Hzwe, "On the capacity c
359-64, 90€-9, Aug. 28, Sept. 4,

3
Sept. 11, 1214. (Fcrmulas based on average potential, assumingz uni-

radio-telegraphic antennae',

bplectrician, vel. 73, p. 829-32

form chuarge. )

!

(60) G. W. O. Howe, "The capacity of aerials of the umurella type’,
Electrician, vel. 74, p. 870-2, Sept. 17, 1915.

(61) G. W. 0. Howe, "The calculation of the capacity of radio-tele-

grapihic antennae, including the effects of masts and birildings’, Wire-

less World, vol. 4, p. 549-55, 633-8, Oct.-Nov, 191%.

(32) E. P. Adams, "Smithsonian Mathematical Formulae', 1922. (F.nite
and infinite seriles for computing zrid of wires; infinite products,
p. 130.)

83) F. E. Fowle, "Smithsonian Physical Tables", & ed,, 1934. (Ice:

dielectric constant = 3.)

(34) T. H. L:n7, "Eddy-current resistance of multilayer coils',
Trans. AIEE, vol. 64, p. 712-&, Oct. 1945. (Complicated formulas,
S

cme rules for minimum loss.)

G5) C. A. Heiland, "Geouphysical Exploration", Prentice-Hall, 19486,
Electrical methods,.p. 25-33, £619-824.)

€5) C. R. Burrows, S. S. Attwood, "Radio Wave Propagation', Academic
e 943, (Properties of ground, water, ice: p. 265, 263, 300-1,
372-4, 416-25.)
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(67) E. D. Sunde, "Earth Ccnduction Effects in Transmission Systems’,

Van Nostrand, 1949,

(58) J. J. Jakosky, '"Exploration Gesphysics', 2 ed., Trija, 1950.
(Electrical methuds, p. 437-838.)

(59) K. Henney, "Radio Engineering Handbook', 4 ed., McGraw-Hill,
1356, (J. B. M.ore, D. S. Ran, code transmission and reception, chap.

3
22; xeying speeds, VLF transmissicn. )

(70)" H. A. Whecler, "Pctentlal analog for frequency selectors with
oscillating peaks', Wheeler Munographs No. 15, June 1951. (Potential
of grid of wires with equal charges and radil proportional to spacing

71) W. A. Cunming, "The dielectric properties of ice and snow at

© e

1
.2 centimeters", Jour.Appl.Phys., vol. 23, p. 768-73, July 1952.

LA
Ice: dielectric constant = 3.15). g

(72) H. B. Dwizht, "Electrical elements of power transmission lines”,
Moomillan, 1954, (Skln effect, temperature rise, gradient, capaci-

tance.)

(73) J. R. Wait, "Ncte on earth currents near a top-loaded monopcle
antenna', NBS Report 5011, Aug. 1956. (Top dlsc increases radlal

currents by a small amount. )

(74) “H. A, Whezeler, "Fundamental relations in the design of a VL7
transmittin.sg antenna', Wheeler Labs. Report 311, Nov, 1956. (VLF
cympuslum, Boulder, Colo., No. 15, Jan. 1957.)

(75) H. A. Wheeler, "Fundamental limitations of a small antenna for
submarines", Wheeler Labs. Report 312, Nov. 1358. (VLF symposium,
Boulder, C-lo., no. 14, Jan. 1957.)

(76) €. Buff, "Applicaticn of single-sideband tecchnigue to frequency-
shirt telegraph', Proc. IRE, vsl. 44, p. 1692-7, D.c. 1953.
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(77) €. J. Miller, Jr., "The calculation of radio and corona charac-

teristics of transmission conductors", AIEE meeting, Jan. 1957. (Dry

and wet tests, latter at 1/2 to 1/4 voltage, 60 cycles )  (Several

other related papers at same session,)

(78) W. W. Brown, "Performance and design criteria for high-power
V. L. F. antennas", VLF Symposium, no. 8, Boulder, Colo., Jan. 1557,
(Some .practical aspects, an example. )

(75) H. G. Wolff;,”High—speed frequency-shift keying of LF and VLF
radlo circuits”, VLF Symposium, no. 34, Boulder, Colo., Jan. 1957,
(From NEL Report 162.) (Shunt capacitor switched by electronic
control. ) -

(80) W. E. Gustafson, T. E. Devaney, A. N. Smith, "Ground system
studies of high-power VLF antennas”, VLF Symposium, no. 38, Boulder,
Colo., Jan. 1957. (100:1 model, 32 to 512 radial wires in ground;

" evidence of excessive contact resistance; references.)

(81) C. C. Phillips, "Antcana modeling studies, phase 1", DECO
Report 13-S-2, Jan. 1957. (VLF antenna types, 100:1 scale.)

Added later:

(82) 'P. Sporn, A. C. Monteith, "Transmission of electric power at
extra hizgh volteges", Trans. AIEE, vol. 66, p. 1571 - , 1947,
(Plan for tests up to 500 Kv. Companion'papers on various problems. )

(83) C. F. Wagner et al, "Corona considerations on high-voltage lines
and design features of Tidd 500-Kv test lines", Trans. AIEE, vol. 68,

p. 1583-91, 1947. (Corona loss dry and wet. Many references.)

(84) I. W. Gross et al, "Insulators and line hardware for Tidd 500-Kv
test lines", Trans. AIEE, vol. 66, p. 1592-1602, 1947, (Corona-
shield rings. Tests dry and wet.) '

\
(85) E. L. Peterson et al, "Line conductors - Tidd 500-Kv test lines",

Trans. AIEE, vol. 66, p. 1603-12, 1947. (Hollow conductors up to

2" diameter, also 2 and 4 wires spaced.)
ew
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(86) P. deHaller, "Application of electrical analogy to the
investigation of cascades", Sulzer Tech. Rev., vol. C, p. 11-7,
1947. (Electrolytic tank, electrode materials, field of gas-turbine
blades. ) | '

(87) A. R. Boothroyd, E. C. Cherry, R. Makar, "An electrolytic tank
for the measurement of ... properties of networks", Proc, IEE, I,
vol. 96, 1949. (Copper electrodes, copper sulphate solution, 500
cycles.)

(88) P. A. Einstein, "Factors limiting the accuraéy of the electrolytic
plotting tanks", Brit. Jour. of Applied Physics, vol., 2, p. 49-55,
Feb, 1951,

(89) M. E. Peplow, "Plotting voltage gradients", Electrical Times,
vol. 120, p. 256-8, 1951. (Electrolytic tank, sodium carbonate
solution, rhodium electrodes.)

(90) K. F. Sander, C. W. Oatley, J. G. Yates, "Factors affecting the
design of an automatic electron-trajectory tracer", Proc. IEE, III,
vol. 99, p. 169-78, July 1952. (Electrolytic tank, graphited '
electrodes, dilute sulphuric acid, 500 cycles. Discussion p. 177-9.)

(91) D. McDonald, "The electrolytic analogue in the design of high-
voltage power transformers", Proc. IEE, II, vol. 100, p. 145-886,
April 1953. (Review, techniques, 25 references. Used silver-plated
electrodes 1n tap water, at 1 Kd. Dlscussion p. 176-83.)

(92) XK. F. Sander, J. G. Yates, "Accurate mapping of electric fields
in a electrolytic ﬁank", Proc, IEE, II, vol. 100, p. 167-77, April 1853.
(Squaré-wave tests of polarization at electrodes, reduced by highér
freqﬁency and lower concentration. Discussion p. 176—83.)

(83) J. R. Wait, A. M. Wahler, "On the measurement of ground conduc-
tivity at V.L.F.", NBS Report 5037, Dec. 1956. (Patterns of 4

electrodes for two-layer ground.)
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(94) J. R. Wait, "A study of earth currents near a V. L. F. monopole

antenna w.th a radial wire ground system", NBS Report 5047, Feb. 1857,

(Theory compared with tests at Cutler, Me.)

(35) J. 0. Weldon, "A 800 kilowatt high freguency amplifier"”, IRE
Trans., vol. CS-5, p. 40-52, Mar, 1957. (Toroid inductor with
sliding contacts for continuous tuning 4-30 Mc.)

(96) L, M. Robertson, "High-altitude 500-Kv corona tests in Colorado",
Elsc. Engg., vol. 76, p. 286-93, Apr. 1957. (Plans for testing
conductors of single wire or 2 spaced 18" or 4 spagéd 16"; span

1400'; 1/2" radial ice.)

(97) F. E. Sanford, "The need for research on transmission limitations",
Elec. Engg., vol. 76, p. 304-6, Apr. 1957. (Up to 345 Kv being
considered. )

s

Added later:

(98) H. E. Edgerton, J. R. Killian Jr., "Flash! Seeing the Unseen
by Ultra High-Speed Photography", Hale, Cushman & Flint, Boston,
1939. (Formation of a water drop, p. 124-5.)

(¢9) M. Temoshok, "Relative surface voltage gradients of grouped
conductors", AIEE Trans., vol. 67, p. 1583-91, 1948. Discussion.
(Group up to 4 wires; spacing for minimum gradient. )

(100) S. S. Attwood, "Electric and Magnetic Fields", 3 ed., Wiley,
1949. (Dielectric breakdown; corona on round wire, graph p. 91;
spark between spheres, graph p. 182.)

(101) H. A. Whezler, "Conformal Mapping of Fields", Wheeler Labs.
Report 525, Sept. 30, 1952. (Biangle or crescent, p. 18-21, used for

computing stranded wirez.)
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(102) G. E. Adams, "Voltage gradients on high-voltage transmission

lines", AIEE Trans., vol, 74, p. 5-11, April 1855. (Curve of excess

gradient on stranded wire.)

(103) P. A. Kennedy, G. Kent, "Electrolytic tank, design and
applications", Rev, Sci, Instr., vol. 27, p. 916-27, Nov. 1956.
(Review of articles, some more experience. )

(104) Smith Electronics, "Navy VLF ground system design", final
repor

t, May 1, 1957. (Design for frozen ground aq@wsnow.)

(105) NEL, "Model studies on triatic and trideco antennas to
Mar.. 1, 1$57," May 1557. (Scale 1/500, capacitance, effective height,
input reactance.) :

(106) NEL, "Effects of snow on the efficiency of the North Atlantic
antenna', May 1957. (Tests of fresh snow and packed snow at 1 - 200 Kc,

temperatures 30° to - ZOOF.)

(107) Developmental Engineering Corp., "U. S. Navy VLF radio station,
Cutler, Maine - Recommended radiation system design", Roport 13-3S-4,
June 28, 1957.

(108) L. Appieman,'Equalizing voltages in antenna insulator string
with aid of electrolytic tank", Wheeler Labs. Report 760, Nov. 21, 13957,
(Design of shield rings.)

(109) P. W. Hannan, "Graded wire spacing for VLF antenna - results
of calculations", Wheeler Labs. Report 782, Aug. 19, 1957. (Spacing
or 8 or 12 wires for equal charges and gradients. )
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Definition and Test of Radiated Power.

One performance rating of the system is the amount of power
radiated, as distingulshed from dissipation in the antenna. There is
no exact definition of thils quantity, since there is no definite
boundary between the antenna system and the surrounding space in which
the radlated wave 1s propagated. For purpcses of rating, we may de-
fine a boundary on some reasonable basis, and then charge to the an-
tenna all losses within this boundary.

In the case of a very small dipole antenna (much smaller

than the radiansphere) there 1is a definite field pattern at any dis-

tance beyond one radianlenzth. This pattern includes several terms,

of which one 1s designated the radiation fileld and the others are

designated the near field. We are interested in an antenna which 1is

"small" (within half-radian hemisphere) at the lowest frequency of
operation, and marginal in size at the highest frequency. The objec-
tives are most difficult at the lowest frequency, so the radiation
criterion becomes most important. Therefore the small-antenna
principles will be applied.

We have a vertical electric dipole over a conductive ground
plane. Its magnetic field has two terms 1n time quadrature, which are
equal at all points on the radian hemisphere. Therefore thils boundary
divides the regions in which the near field and the far field respec-
tively predominate. The near field represents the stored energy of
the antenna condenser, so it is naturally assoclated with the antenna
properties that affect the terminal impedance.

Substantially all of the losses that are reflected as resist-
ance 1In the antenna impedance, occur wilthin the radian hemisphere,
mainly on the ground. Losses outside this hemlsphere, since they are
nearly imperceptible at the antenna, are naturally charged to the wave
propagation that predominates in the outer region.

Therefore it 1s reasonable to define the radliated power as
that which passes out of the radian hemisphere. This power can be
tested in any region where the ground conditions approximate the ideal
closely enough to assure the normal field pattern of a spherical wave.

The sea water 1s so good a conductor that its disturbance
of the wave pattern 1s negligible over distances of several radian-
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lengths. Therefore a valid test can be made at such distances in
directicns far removed from land areas. The Maline locétion is on a
peninsula surrounded by water on three of its four sides, the land
peing within the radiancircle on the three sides.

It is proposed to measure the magnetic field along a raailal
in the southeast direction at 45° from the line of centers of the two
halves of the antenna. This angle is chosen tc minimize the very
slizht directive effect of the two-element array. Tests should be
made from'l to 3 radianlengths over the sea. There 1s a very small
1sland between 1 and 2 radlans, which mi:ht providq{a locatlion sult-
able for a monitor station. )

The magnetic fleld along such a radial 1s easlly analyzed
for self-consistency and from 1its magnitude the radiated power 1s
easlly computed. It is subject to the least error caused by wave

attenuation outside the radian hemisphere.
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(110) H. K. Farr, W. R. Wilson, "Some engineering applications of the

electrolytic fileld analyzer", AIEE Trans., vol. 70, p. 1301 - S,

1951. (Various analogs, references, discussion. )

(lll) N. H. Langton, N. Davy, "The two-dimcnsional magnetic or
electric field abo.e and below an infinite corrugated sheet', Brit.
Jour. Applied Physics, vol. 4, p. 134-7, May 1953. (Ratio of exccss

gradient on stranded wire of many strands is 1.39.)

(112) A. von Hippel, "Dielectric Materials and Applications”, Wiley,
1954. (Ice and snow, 1 Kc - 10 KMc, p. 301.)

(113) L. Thourel, "Les Antennes", Dunod, Paris, 1956. (For long
waves, p. 48-54, Brief table of 5 stations.)

(114) J. R. Wait, "Introduction to the VLF papers", Proc. IRE, vol.
45, p. 739-40, June 1937. (Followed by 13 papers from symposium at

Boulder, Colo., Jan. 1$57. Mainly propagation and noise.)
(115) J. A. Chalmers, "Atmospheric Electricity", Pergamon,1957.

(116) H. E. Fregel, W. A. Keen, "Factors influencing the sparkover
voltage of asymmetrically connected sphere gaps", AIEE Communication
and Electronics, no. 31, p. 307-18, July 1957. (Many references,

discussion. )

(117) J. G. Anderson, J. S. Kresge, "An electronic electrometer as a
versatile corona detector", Communication and Electronics, Np. 32,
b. 449-54, Sept. 1957. (Impulse and 60-cycle corona. References.)

(118) J. R. Wait, "The effective electrical constants of soil at
low frequencies", Proc. IRE, vol. 45, p. 1411-2, Oct. 1957.

(119) H. G. Wolff, "High-speed frequency-shift keying of LF and VLF
radio c¢ircults", IRE Trans.,vol. CS-5, p. 29-42, Dec. 1957.
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(120) H. L. Knudsen, "The earth currents near a top-loaded monopole
antenna", NBS Rep. 5555, Dec. 15, 1957. '

(121) R. S. Lapp, "VLF antenna insulation report", Lapp Insulator Co.,
Deco 13-4, Dec, 1357,

(122) H. A. Wheeler, "Fundamental relations in the design of a VLF
transmitting antenna", IRE Trans., vol. AP-6, p. 120-2, Jan. 1958.
(WL Report 311.)

(123) H. A. Wheeler, "Fundamental limitations of a small VLF antenna
for submarines", IRE Trans., vol. AP-6, p. 123-5, Jan. 1958. (WL
Report 312.)

(124) F. A. Grant, "Use of complex conductivity in the representation

L

of dielectric phenomena", Jour. Appl. Phys., vol. 29, p. 78-80, Jan.

1958, (Mixed capacitance and conductance. )

(125) G. D. Monteath, "The effect of ground constants, and of an
earth system, on the performance of a vertical medium-wave aerial”,
Proc. IEE, vol. 105, part C, no. 7, p. 292-306, Mar. 19358. (Many
references, )

(126) J. R. Wait, "On the calculations of transverse current loss in
buried wire ground systems'", Appl. Sci. Res., Sec. B, vol. 7, p.
81-6, 1958 (7).
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-To Developmental Engineering ‘Corp.

VLF ANTENNA NOTEBOOK - PRINCIPLES
This 1is the second of a series of reports for collecting in-

formation relating to the design of VLF antennas, especlially a high-
power antenna for 15 Kc. Each report willl be cumulative and willl be

;assigned a block of numbers so that any page in this series will be
" identified by 1ts page number. The report numbers are beilng assigned

from the block of 301 to 309. The last digit of the report number
wlll be the first diglt of the 3-diglt number,

Contents. , Page
Requirements and Limitations of a Transmitter. ’ ‘ 202
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Requirements and Limitations of a Transmitter.

!

Radiated power is the end product of a transmitting antenna.

It may be rated as the amount of power radiated beyond the radian-

sphere, in which case 1t 1s discounted by the principal power losses

in the near field. '
Modulatlon capabllity is an essentlal attribute of the

_radiated power, It involves many alternatives that are difficult'to

compare in utility,.

Frequency bandwldth 1is one measure of the modulation

capabllity. It permits proportionate speed of transmission. Alterna-
tively, for the same speed of transmission, it.provides excess band-
width for more scophisticated types of modulation that increase the
reliabllity or quality of reception.

Power limitation imposed by the antenna. The power that can
be radlated from a VLF antenna is usually limited by the voltage that ‘
can be applied to it without excessive corona loss or actual arcing.
The safe power rating should be made under the condition of rainfall,
since such a condition must be tolerated frequently and it reduces
the power capability by a factor of about 1/4. Infrequent extreme
conditions, such as heavy icing or high winds, may be permitted to
reduce the pbwer capability below the rating.

Radiation power factor 1s the measure of the bandwidth

that can be radiated efficiently by an antenna. Uniform response over

a wider band can be obtained by increasing the resistance (heat)
losses and providing proportionately greater poWef from the trans-

mitter ¢ircuit. Or sideband pre-emphasis may be used ahead of the

.final power amplifier, in which case greater reactlve power (volt--

amperes) must be provided to drive the antenna over a wider band. In

either case, the bandwldth can be 1ncreased indefinitely_at the cost

of increasing the évailable power. .
Dissipation power factor is the measure of the heat losses

in an antenna, 1ts environment and assoclated circuits. The principal
causes of such losses are (approximately in order of decreasing amount
in practice):
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(1) ground resistance

(2) tuning inductors (and capacitors 1f used)

(3)

dielectric losses (insulators, corona)

= N

(

In its effect on the antenna properties, each of these may be rated

) wire resistance

in terms of the poWér factor 1t contributes to the reactance of the
antenna capacitance. At the cost of thelr power loss, such losses in-
crease the useful bandwidth; they can be overcome by increaslng the
avallable power,.

Efficiency of the entire antenna circult 1s a measure of its

abllity to radlate power with less demand on the power amplifier;
efficlency 1s not, in itself, an obJective. Efficlent radiation over
a wider band requires increasing the radiation power factor by 1in-
creasling the size of the antenna. Thls 1s a major consideration 1if
the avallable power is only slightly greater than the required radia-
tion. A
Size of the antenna 1s the principal factor determining the

radlation power factor., It 1s measured by the volume of the effective
height times the effective area. The radlation power factor 1s pro-

portional to thils volume. l

(29) HAW, "Fundamental limitations of a small antenna', Proc. IRE,
vol., 35, p. 1479-84, Dec. 1947.

Effective helght 1s the princlpal factor determining the
radiation resistance. For a specified radiated power, the current
1s inversely proportional to the effective height..

Effective area 1s the theoretical area of a palr of condenser
plates, separated by the effective height, that would provide the
actual capacltance, assuming only a uniform fleld between the plates.

For a specified radiated power, the voltage 1s inversely proportional
to the effective area. '

Conductor area 1s the principal factor determining the
current that can be handled without corona. It 1s the total area of
conductor in the aerial structure. It 1is best utilized by designing
for uniform distribution of the charge. The permissible current 1s

directly  proportional to the conductor area.
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560817, Page 301
Corp.

VLEF ANTENMNA NOTEBOOK - AERIAL SYSTEM

This is the third of a series of reports for collecting in-

»formatidn relating to the design of VL& antennaé, especially a high-

power antenna for 15 Ke¢. Each report wlll be cumulative and wlll be

asslgned a block of numbers so that any page in this series will be

identifled by its page number. The report numbers are being assigned
from the block of 301 .to 309. The last diglt of the report number
will be the filrst digit of the 3-digit page number.

Contents

Computed Designs for Certain Requirements,
Effective Height and Antenna Current,
Effective Area and Antenna Voltage.

Effective Volume and Radiation Power Factor.

Corona Gradient on Round Wire.
Conductor Area and Surface Gradient,
Computation of Sdme Dimensions.
Triatic Ring

Hexagon (6-leaf'éross).

Influence of towers on Effective Heisht.

Design for Specified Voltage and Gradilent.

Radial Triatic Patterns.

Shape of Aerial for Least Cost.
Relaticns of Performance, Size and Cost.
Wire in Shield for Corona Test.

Effects of Leakage in Insulator String.
Ice on Wires.

Water Drops and Precipitation.

Excess Gradient on Stranded Wire.
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Computed Deslgns for Certain Requlrements.
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There have been derived a set of formulas which uniquely determine the
principal dlmensions of_an antenna to meet certaln requlrements.
Several cases have been computed'and are reported here. (The formulas
wlll be presented subsequently.) The common requlrements are glven
first, leaving the helight as the one independent variable in this
series of examples.

Common requlrements:

Frequency f = 135 Kc

Wavelength A = 20 Km

Radlated power ‘ P = 1 Mw

Radiation power factor ol = ,002 = 2 mlls
Gradient on wires E, = 0.67 Kv/mm (RMS)
Radius of wires a = 12.7 mm {(dia = 1 in)
Total length of 2 sections i1 = 7,5Km = 2x 2.3 mi

Note: Ea 1s 1/4 theAgradient for dry corona or 1/2 the gradient for
wet corona; 1t 1s adjusted for the wire surface curvature, to 1.3 x
2.9 Kv/mm (crest). o

ew
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Note: - 1 1s chosen so l/4 {1/2 length of 1 sectlon) is 1/8 wavelength
at 20 Kc (enabling each sectlion to be tuned up to this frequency by a
central downlead).

Note: The form of the antenna 1is two long sections, each made of
several parallel aerial wires and one or more downleads. The sections
are parallel and are spaced several times their height; their inter-
action 1s i1gnored in these computatlions, ZEach section 1s tapered at
the ends to mailntain uniform gradient on the wires; this inherently

removes the "end correction’.

Effective height - 600 750 900 ft
" " h 183 230 275 m
Wire area A 4900 £000 3300 m®
Wire length L 62 53 41 Km
No. of wires in grid n 6.8 5.5
Ef. area of grid A . 2.6 2,2 Km?
Ef. width of grid b 440 350 290 m
Width of grid b 260 67 11.5 m
Capacitance C .160 .102 .071 wf
Voltage \ 182 230 270 Kv

Note: The formula for the width b is.based on uniform pitch and
uniform charge, which is not realized. The pitch 1s graduated to ob-
tain uniform charge and gradlent, which decreases the required width
of the grid. The average pitch 1is approximately b/n

Note: The minimum requirements are exceeded and the performance 1im-
proved 1if any of the computed dlmensions are increased.

NB 80, p. 90-92.



Harold A. Wheeler Job 233, Report 303 560920, Page 304

Effective Helizht and Antenna Current.

Assuming thét the aerlal wires over the ground act like a
condenser free of inductance, the effectlve helight 1s determined by
the electric flux pattern between the aerlal conductors and the ground
conductors. Taklng the terminals of electric flux llnes, and noting
the difference of height at the ends of these lines, thelr average
difference of height 1s the effective height of the charge on the an-
tenna. It 1s the principgl factor determining the radiation resist-
ance which relates the radiated power with the antenna current. It
1s assumed that the aerial system occuples a space ;ﬁch smaller than
the radian hemisphere,

1585
2 2 2
1 27h _ 2th B 2[h 1
R = 3= R, ( - ) = 40 ("X“) = 1607 (x) (1)
in which
R = radlation resistance (ohms)
h = effective heilght (meters)

(See p. 103 for standard symbols,)

P = RI°; I = -/B/R (2)
in which

P = radiated power (watts)

I = antenna current (RMS amperes)

Expressing the current in terms of power and slze,

A A
I = sh —1/37TP;RC = Im -/P/10 : (3)
2 2
P = 3R, ("X") 160m (;;J (4)
A A -
hl = ?_,—Tj/STTP;RC = E'\/P;lo meter-amperes (5)

-This last product is a famillar rating of the power radiating ability
of a transmitter.

For 1 Mw at 15 Ke: hI = 503,000 meter-amperes.
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570208, Revised
Effective Area ancd Antenna Voltaze.

In terms of the effecti&e helght and the capacitance of an
antenna, the effective area of the aerial 1s the theoretical area of
a valr of parallel plates separated by the effectlve helght, that
would have the same capacitance 1if the field were unifbrm and free

from edge effects.

C = e A/ Q1

A = hC/e (2)
in which _

C = antenna capacitance (farads) i

A = effective area (meterz)

h = effective height (meters)

The effective area 1is increased by edge effects but is decreased by
the spacing between wires of an aerial wire grid.-

The radiated power requires a voltage on the antenna capaci-
tance, which 1s found to be inversely proportional to the effective

area and independent of the height. The relation between current and

voltagé is:
VAe ® :
- v _ o _ N Zm 3
I = VCw = = = o 5% , (3)
in which ¢
V = antenna voltage (RMS volts)

Equating this to formula (3) on p. 304,

voe A g - B /e L 3 gy ()
= 2, VO™ T o7m lew = 2mA Y
: 47"A
. ('T@A)Z _ _;_(ZnAv)“ (5)
SR, \ 2 90 | ,2
A 2 5%2 /TR 2
AV = o= 1/57930 = S vior meter~-volts (6)

This last product 1s a new rating of the power radiating capacity of

an antenna subject to voltage limitations.
For 1 Mw at 15 Kc: AV = 604 Km“Kv

NB 81, p. 23-4,
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Effective Area and Antenna Voltage,

In terms of the effective helght and the capacitance of an
antenna, the effective area of the aerlal 1s the theoretical area of
a palr of parallel plates separated by the effective height, that
would héve the same capacltance 1f the field were uniform and free
from edge effects. '

¢ = e_A/n ‘ ' (1)

A = hC/eO ~ : ' (2)
in which | -

C = antenna capacltance (farads) o

A = effective area-(meterz)

h = -effective helght (meters)

The effective area is increased by edge effects but 1s decreased by
the spacing between wires of an aerial wire grid.

The radlated power requlres a voltage on the antenna capaci-
tance, which is found to be 1nversely proportlonal to the effectilve

area and independent of the height. The relation between current and

voltage 1s:
VAe w ' '
- _ o _ V 2mh 3
I = VCw = - = 2 Sn . (3)
in which c
V = antenna voltage (RMS volts)
Equating this to formula (3) on p. 304,
2 . 2~ 0 PR 2
A 3 c 3\
v 2 VTR T2 127 = 2m VIOF ' (4)
T & (4v2A)2 3 j;_(ZnAV)Z | (5)
| 3R, |2 90\ ,2 ) |
2

| 2 |
AV = (g#) V/3TPR, = - /10 P metert-volts (8)

This last product 1s a new rating of the power radiating capaclty of

4

an antenna subject to voltage limitations.
For 1 Mw at 15 Ke: AV = 604 KmeKv

NB 81, p. 23-4,
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Effective Volume and Radlatlon Power Factor.

The product of effective height times the effectlve area 1s
the effective volume, which determines the radlatlion power factor.

o o= ROw = AL 8n2éh (1)
(N/27) 3A
in which
p = . radlatlon power factor 4@115{‘\ﬁ;1
R = radlation resistance (ohms)
A = effective area (meters®) -
h = effectlve helght (meters)

Note: Compared with reference 1 below, thls formula gives a value
twice as great, because of the location adjacent to the ground plane.

3

An = 2RA meter® (2)

) 2 : )
T

30%3 2

e meter (3)
877h

For 15 Kc: Ah = 304 p Km3

If elther A or h 1is glven, the other 1s determined by the perform-

ance speciflcations.

(1) HAW, "Fundamental limitations of a small antenna', Proc. IRE,
vol. 35, p. 1479-84, Dec. 1947.

NB 80, p. 84,

ew
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Corona Gradient on Round Wire,

The length and slze of wire in the top of the antenna must
be suffilclent to handle the amount of charge assoclated with the
capaclitlve current between the wilre and ground. The charge density
causes a proportionate electric gradient which must be held within the
limit at which a corona discharge would occur and would cause ex-
cesslve waste of power,

To make best use of the conductor area, the wire 1s disposed
In a configuration that distributes the charge uniformly and makes the
gradlent nearly constant. There may be minor areas of low gradient
but there must not be any areas of excesslve gradlent.

In a uniform field in alr at a pressure of one atmosphere,

a spark starts at a gradient of 2.9 Kv/mm or greater, depending on the
frequency and the distance between electrodes (ref. 1). It is there-

fore safe to assume a threshold crest value of thils amount or an RMS
value of 2,05 Kv/mm.

On a round wire, a higher gradient on the surface 1s per-
mitted before corona, because the gradient decreases with increasing
radlal distance (ref. 2). An empirical formula gives the experimental
value of thls effect at 60 cycles; 1t is believed that the same regime

prevalls at 15 Kec (ref. 1).

E, = E, (1++/&/a) (1)

in which
E, = corona gradient on round wire (RMS Kv/mm)
E, = 2.05Kv/mm = breakdown in uniform field (RMS Kv/mm)
a; = 0.90 mm = wire radius (mm) on which E, =2 Eg
a = wheza@ms(mﬂ

This effect obscures the increase of gradlent on the fluted surface of
stranded cable, 1f the outer strands have a radius less than a,

For comparison of wires differing in radius, it is convenlent
to formulate the effective radius and effective area of conductor that
would be subject to corona starting at the standard gradient Eb
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a' = a (1 + 1/al/a) = a + vaa, (2)
in which _
a' = effectlve radius of wire

. The actual and effectlve conductor areas are:

ew

= . I 1 2

A, 2mal, 5 A 2ma'l (3)
in which

A_ = conductor area (for corona at Ea)

A,' = effective conductor area (for corona at Eb)

la = length of wire
Example: a = 12.7 mm (dia = 1 in) -

! = ! = =

a'/a A /Aa Ea/Eb 1.27

For corona: E = 1.27 E = 2.60 Kv/mm

The most severe condition that is common 1s wet weather,
Water drops from the wire distort the surface and greatly facilitate
corona. Some experience indicates that about 1/2 the gradient will
cause corona. (Annapolis VLF antenna at 18 Kc, on wires of diameter
1 inch about S00 feet above ground, reported by W. W. Brown.)
In order to assure freedom from corona 1n a practical de-
sign, the following factors may be applied to the gradilent:
1.27 for wires of dia 1 in
1/2 for water drops
1/2 for departure from constant gradient and any unknown
factors such as surface contamination
E, = 0.51 Kv/mm ; E, = 0.65 Kv/mm
(1) HAW, "Nomogram for some limitations on high-frequency voltage (%55
breakdown in air", Wheeler Monographs No. 17, May 1953.
(2) H. Pender, W. A. DelMar, "Electrical Engineers Handbook - E}ectric;ééa
Power", McGraw-H1ll, 4 ed., p. 14-31, 1949. (Corona gradient on e

round wire.)

NB 80, p. 156, 86, 100,
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Conductor Area and Surface Gradlent.

Assuming that the antenna charge 1s distributed uniformly
over the aerlal wires, the conductor area establishes a ratio between
the capacitive current and the surface gradient. To establish thils
ratio, we concelve a theoretical parallel-plate condenser with con-
stant gradient, having plates of area equal to the conductor area and
of such separation that the capacitance 1s equal to that of the an-

tenna.
c = eOAa/ha (1)
in which
C = antenna capacitance (farads)
A, = conductor area of aerial wires (metersz)
h, == plate separation in condenser (meters)
The current in thils capacitance 1s then
. A we 27A _E EA
o _ _ a_ o  _ a_a _ a a
o I = Voo = Ej, =p— = 73R = TGOA (2)
: a c
in which
I = antenna current (RMS amperes)
V = antenna voltage (RMS volts)
E = gradient on conductor surface (RMS volts/meter)

a
Equating this formula with (3) on p. 304,

2 2
E = —> /3R, = =22— /T0 P (3)
a 2 c 27A_n
4W'Aah a
20 2
_ 3A
A, = ZhE, /10 P (4)
Example: A = 20Km; P = 1Mv; E = 0.65 Kv/mm (p. 308):
Ah = 930,000 o~

This product determines the amount of wire required, for any height,
to handle the power at the specified gradient. The gradient 1s set
at a value estimated to be safely below the corona point.

NB 80, p. 11-12, 14, 46, 84, 99-100,

ew
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Computation of Some Dimensions.

With the formulas glven above, some of the dimenslons of an
aerial system can be computed very easlly to meet certain require-
ments. It 1s necessary to specify the performance parameters and also

some dimensions. The performance parameters are:

A = wavelength

P = radiated power

ol = radlation power factor

Ea = surface gradlient on aerigl wires

The dimenslons to be specified are taken to be:

wlre radius
h = effectlive helght of aerlal wilres

)
]

Compute the following from the formulas noted:

P. SO9 (4) A = conductor area
p. 308 (3) 1 = Aa/zna = length of wire
p. 306 (3) A = effectlive area
p. 305 (4) V = voltage
p. 304 (3) I = current
p. 304 (1) R = radiation resistance
p. 305 (1) C = capacltance
X = 1/Cw = R/p = reactance

Some of these may be expressed more directly 1n terms of

performance parameters:

PR

27h c 47h
Vv = DA =T = p—?\ -/10 P (1)
3
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There remains the problem of distributing the length of wire
in some pattern over an area large enough to give the specified
effective area. Some formulas wiil be given further on, that are
close enough and simple enough for estimating the size and supporting
structures, |

The voltage may be specified instead of the effective helght.
Unlike the primary performance parameters, the voltage would represent
an upper 1limit. The corresponding upper 1limit on the height (if the
other dimensions are held down to their requirements) 1s obtained from
(1) above:

h = __M\V_ (3)
4m 7/10 P
Example: A = 20Km; P = 1Mv ; p = .002; V = 250 Kv
h = 252 m = 825 ft

This 1s within the range of examples on p. 303.

NB 80, p. 84-94,
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Trliatic Ring

In thils proposal, each 1ndependent half of the antenna 1s a hexagonal
ring of triatlc construction, supported by 6 outer towers and 6 inner
towers. The example shown has the performance capabllltles of one case :
described on p. 302-3, the case of 600 ft. effective helght. '

L4

CENTRAL TUNING
& GROUNDING

RN
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The triatic ring is a pattern of aerial wires which is made
of a long triatic with i1ts ends closed to form a polygon (hexagon).
This arrangement 1s proposed to retailn the principal benefits of the
straight long triatic, while gaining some of the advantages of the
six-polnted star and some advantages over eilther. ‘

The example shown 1s intended to be. comparable with two
other plans under consideration. It 1s essentially similar to the
palr of parallei triatics (p. 302-3). It has some other features of
the palr of 6-pointed stars. Also it offers some advantages over
elther of these.

One obJeCuion to the stralght triatic 1s the laterall wind
pressure on the.{entire length of parallel wires at the same time.

By closing the ends into a ring, the lateral wind pressure on these
wWires 1s fedgced to 1/2 and becomes independent of the direction of
the wind. |

The outer towers carry much more than 1/2 the load. The
triatic supporting cables at the outer towers must have counter-
welghting or equivalent (such as a controlled winch). The supporting
cables at the 1lnner towers may not need such prbvisions if sufficilent
sag 1s provided.

Of all types consldered, thils one 1s easiest for electrical
design. The environment of the parallel wires 1s nearly the same all
around the ring. There are no "end effects" or bunching of wires to
compllicate the computations, which 1s most helpful in desligning for

uniform voltage gradient
From one slde of each ring, the total length of cqnduction

path 1s the same as 1n the stralght trilatic, and only 1/2 as great as
in the star., Like the straight trlatic, the ring could be adapted
for the central tuning and grounding of a palr of structures formlng

both halves of the complete antenna, :
If the central tuning 1s used, the voltage 1s slightly

greater on the far slde of each ring. Uniform gradient on the parallel
wlres may be attalned by decreasing the wire .spacing on the far side
and lncreasing it on the near silde. The capabllity of the suspension
insulators might be adapted to this condition by slightly changing

the number of ilnsulators in each string,
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If multiple tuning 1s preferred, the most elementary form
would require an extra downlead on the far side of each ring. Thls
tuning may be designed to take about 1/2 the current at the lowest
frequency (15 Kc) and need not be adjustable; also 1t might be so
designed as to obvlate the need for any de-icing circults at 1ts
location. Like any multiple tuning, it would complicate the pattern
of wires in the ground system.

To minimize the shadowlng toward the nearby radar station,
the towers should be so located that the radar never sees more than
2 towers 1n line (see Report 310). The ring arrangement reduces to
1/2 the total shadowing effect of the aerial wires:wbecause their
component of length that causes shadowiﬁg 1s only 1/2 the total length.
(This 1s also true of the star.) o

As compared with the straight trilatic, the obvious disadvan-
tage. of the ring trlatic 1is the difference between inner and outer
dimensions of the ring, causing a proportlionate difference of tower
loading and wire spans. Since the total loading and the average
span remaln about the same, it 18 expected that the total cost of
construction would also remain about the same. There would be a
large saving 1f only the outer cables need counterweighting. |

This design 1s attractlve for several reasons and may offer
the best combination of features as compared with the alternatlves

under conslderatilon.
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N

Hexagzon (6-leaf cross).

ew
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The 6-leaf cross 1s a form of hexagon pattern for distri-
buting the aerial wires .over the flat top. It 1s proposed to use two
such structures to form the independent halves of the entire antenna.
Fach requires 7 towers, making a total of 14 towers.

The obJective of any such structure 1s to spread the re-
quired length of wire over an area sufficlent to glve the required
capaclitance. The 6-leaf cross 1s intended to make the best use of a
hexagonal area, covering all except the opening for the central tower.

Thils structure 1s intended to offer some constructional
features with the 1ntent of reducing the cost. The_ princilpal feature
1s the reliance on direct suspension of all spans.rather than cross-

‘catenary suspenslon. Thils 1increases the total length of the span but

otherwise simplifies the proplems of design. All spans are nearly
equal,

A structural feature of the reentrant perimeter 1is a
flexibility of the wire pattern which reduces the transfer of loading
from any one span to other spans. Thls 1s intended to ease the design
for wind loading. As 1n any pattern of 3 or more sectors of symmetry,
the cross-wind loading 1s only half effective on the total length of
wilre,

The guy wires on the towers are easlly arranged to leave
clear space for lowering the flat top.

One obJjectlve 1is economy in the number of towers. The com-
bination:.of 6 outer towers and one central tower in each of two struc-
tures requires a total of 14 towers, None of the towers has any ex-
treme requirements. '

The locations of the towers are faverable for electrical per-
formance. The outer towers are.further than usual from the actlve grid
of wires. The inner tower 1s in a region of reduced electric fleld.

For most capacitance and power factor, and least voltage,
the required length of wire should be spread over the most area. This
obJjective has to be compromised in favor of economy, so 1t 1is pursued
only so far as neéessary to meet the needs for increasing the power

factor and decreasing the voltage. Greater area 1s covered with fewer
wires 1n parallel in each span.'

This pattern was devised by the wrlter for an umbrella.
structure with only a central tower. The diagram would be modified to
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insulate the tower and to use 1t as the downlead. The plan 1s well -
sulted for such a structure, which however seems to offer no net ad-
vantage over the flat top here proposed.

The pattern of wires in the flat top 1s baslcally a few
Wwlres 1in parallel around the perimeter of a polygon. The parallel
plan 1s recognlized as good for freedom of design in multiple tuning
and in heating circults. The perimeter 1s unfortunately long, about
2.4 times that of the hexagon, but this 1s competlitive with some other
schemes for 7 towers (such as the 6-poilnted star) since 1t requires
less area of land for the same perimeter,

The dlagram shows roughly optimum propoftions of dimensions,
The supporting cables from the towers are about 1/4 the length of the
active span. An example of actual dimensions will be glven below.

Adjacent wires are nearly parallel over most of the actilve
area of the grid. This enables rough computatlon of the charge dils-
tribution, with the objectlive of uniform gradlent over the wires.

Thls obJjective 1s served by parallel wires as‘contrasted to crossed
wires. The bunchlng of the wires at the vertices holds down the
gradient where 1t would tend to be greatest on a continuous sheet of
conductor. The spacing should be nearly uniform exéept on the outer
sldes of the polygon, where the spaclng should decrease toward the
outer edge.

There are several attractive alternatives for downleads and
tuning. The simplest i1s a palr of downleads from two inner vertices
on opposite sides of the central tower, brought down to a single
tuner; this 1s severely restricted in tuning range. Another plan 1is
2 or 3 downleads from outer vertices equally spaced around the peri-
meter.

This pattern requires a high-voltage 1lnsulator at every ver-

tex, as shown in the diagram: 18 for one hexagon or 36 for the entire
antenna. Additional low-voltage insulators, not shown, are required

for the heatlng circuilts,

Each high-voltage insulator 1s located near the vertex, be-
cause any appreclable length of supporting cable at high voltage
would be subject to corona.

The following example 1s based on rough computations for
radiation of 1 Mw at 15 Kc with 200 Kv and a power factor of ,004.
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Effective helight:

Flat-top helght:

Radlal dlstance to outer towers:

Lenzth of active span:

Length of supporting cable:

Wire dlameter:

Length of wire:

Length of wire required 1f uniform gradlent:

Capaciltance:

NB 81, p. 11, 63; NB 80, p. 104,

303

200 m

250 m

69 Km
58 Km

0.13 uf

561126,

660

820
2350Q
1600
400

o1
230,000
19G,000

Page 318

ft.
re.
ft.
ft.
ft.
in.
ft,
fe.
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T : e

Ini'luence =f towers :n effective heilght. a

i

A, V : A, V

h, I / ht, I
C : c
(a) : (b{.

It 1s well known that any supporting towers increase the
capacltance and decrease the effective heizht (see definition p. 304),
Tws theorems have been proved by the writer for establishing scme re-
lations between these two effects, |

The first theorem 1ls an exact relatlon 1n an ldeallzed case
represented in the diagrams. The aerial structure 1s a condenser, be-
tween the ground and an elevated sheet conductor so extensive that
some of the interior space 1s substantially shielded from the extgrior.
The top 1s shown. as a plane conductor parallel to ground, which is the
silmplest case., The radiation from such a structure 1s associated wilth
the external electric field, which 1s determined by the effectlve area
(A, see definitlon p. 305) and the voltage (V).

Any object in the shilelded space has no effect on the ex-

~ternal field and the radiated power, but may affect the capacltance

(C) and hence the current (I) assoclated with the voltage. Keeping
the voltage the same, the current 1s proporticnal to the capacitance;
keeping the power the same, the effective height 1s inversely propor-
tlonal to the current and hence to the capacitance. These are ex-

pressed as follows, 1In terms of the formula for capacltance.

e A = nhC = n'C’ | | o (1)
h'/n = C/C' < 1 (2)
ah/h = - AC/C (3
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in which
e, = electrivity (permittivity) of ailr
= eflective area

C = capacitance of sheet and ground

C' = capacitance increased by insertion of extra con-
ductors iIn shielded space

h = effective heizht of sheet above ground

h' = effectlve heliht decreased by insertion of extra
conductors 1n shielded space

4 = small increment caused by l1nsertion of extra con-

I

ductcers

Equation (2)'states the common rule for this effect, so we
now see the condltions under which this rule is valid. This rule
states that the effective height chances in the inverse ratio of the

capacitance. In one extreme, the rule applles to a lumped capacitor

connected between the planes. Whlle the effective area 1s unchanged,
so the same vdltage 1s stlll capable of radiating the same power
(p. 305), it does thils with greater current and lesser power factor.

In practice, we may consider the top sheet to be replaced by
a wire grid occupying the same area, with the lnsertion of a grounded
supportinz tower under the center. Wilthout the tower, the wire grid
i1s ‘taken to provide capacitance equal to a fraction (m) of that of a
sheet on top., The tower causes the same reductlon of effective helght
in both cases, but the chanje of capacitance of the wires 1s only a
fraction (mz) as great as the change for the sheet. For a small rela-

tive change of capacitance, we have the relatlon,

' ,' 1 .
gfllfgr B %TA(Z;C g = m < 1 ;5 4h'/hb = - % aCc'/Ct (4)
in which |
m = C'/C above zround = ratio of capaclitance of wire

zrld over that of sheet
CI
h|

capacitance of wire grid and ground
effective helzht of wire grid’
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This means that the relative change of effective heizht 1s greater for
a wire grid than 1t 1s for a sheet on top. This becomes a general

rule, applicable to practilical problems.

A second thecrem cives a comparisen of any two rezicns in-
slde or outside thé shielded space. It is strictly applicable to
small extra conductors, but the concept is applicaple to large con-
ductors such as peripheral supportingz towers that are naturally out-
side the shielded space. The electric field (E) outside is less than
the field (EO) inside the shielded space, so their ratio is less than
unity (E/EO < 1). The increase of capacitance caused by a small con-
ductor 1s proportional To the sauare of the electric fleld at 1its
location because it 1s caused by a two-way reaction. On the other
hand, the decrease of effective heizht 1s caused by the electric di-
pole moment induced on the ccnductor, which 1s a one-way reaction and
hence ls directly proportiocnal to the electric field. From these two
laws and equation (3) we can write the resulting relatlon between
relative chan:es of capacitance and effective helzht.

Ah/h E/Eo . .
L T om e - ESE (5)
(E/E,) |
in which _
EO = electric field in shielded space
E = electric field at locatlon of extra conductor

Therefore a peripheral supporting tower causes a relative change of
effective height greater than the relative change of capacitance. A
short distance outside of the area occupied by the wires, the electric
field falls to about 1/2 1ts value in the center of the area, so the
ratio given by equation (5) is of the order of two. (This has been ob-
served recently in model tests on this project.)

The second theorem 1s restricted by the fact that only the
vertical compoﬁent of induced dipole moment decreases the effectlve
heisht. The theorem could be stated more generally, but the simple
equation (5) is valld for two cases of greatest lnterest. It 1is

valid for conductors of any shape located near the ground where the
rield is vertical. Or it is valld in any loccation for vertical con-
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ductors of relatively small transverse dimensions, such as vertical
towers. 1In.these cases, the induced dipole moment is vertical,

Each of theséAtwu thecrens gives a factor by which the rela-
tive chanze of effective hei_ht exceeds that of capacltance. Beth are
applicable te supporting structures from which the aerlsl wires are
insulated.

D.wnleads are comparatle 1in some respects. ' If locateda in
the shilelded space .nder a sheet conductor, they obey the same riules.
Otherwise, 1t 1is found that the reiative chan.;e of efrective hei:ht is
less than that of capacitance.

flrst, 1f the downlead 1s connected with™a grid of wires, it
contrio.tes somewhat to the radlation for.the same voltag.e, because yt
1s partially coupled with the outer space through the wires. This 1in-
crease of effective area 1s retflected in a lesser decrease of effec-
tive hel:zht,

Secondly, the downlead 1is usually located in a space where
the electric field varies considerably from tcop to groundi, In this
case, the average value of the field 1s silzrhtly less than the RMS
value, so thls relation would further cause the relative change of
effective height to be slightly less than that of capacitance.

It 1s concluded that downleads are subject to rules that
are generally oppcsite toc those for supportinz towers in the usual
structures.

| Supporting towers for a zrid of wires reduce both effective
heizht and effective area, which combine to make. the effective volume.
On the other hand, the downleads may cause opposite changes of effec-
tive height and effectlve area that would leave the effective volume
about the same.
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Desizn for Specified Voltaze and Gradient.

The tu> principél limitatlons on the radiated power are the
voltase rating of the suspensiocon insuvlators and the corona zradient on
the aerlal wires. It 1is conjectured thatf the cost 1s minimlzed if bcth
of these limitations are cffective at the same p .wer level, To this
end, some of the relatlons ziven above are expressed explicitly in
terms of these quantities, and s.me further ccncepts are introduced.

17 there is a vzlue that hust be met or exceeaed by the

radiation power factor {p), this places a proportisnal requirement on

the effective hei_ht (h). (See p. 304, 308.) -
RN | (1)
- e 4o,/ 10 P

It may be that the cost 1s minimized at a greater hei:ht, which is
permissible.

If there 1s no requirement on the power factor, 1ts value
or the heizht may be taken as an unrestricted variable or minimizing
the cost while meeting all other reguirements. The.height s 8o re-
garded 1in the followlng discussion. Then we have.the resulting value

of power factor.

PR

_ 27h c _ 4rh 5\
P = 5y VY3 = v VIOF (2)
N[BT N
B = or YRR T T (3)
c 4mr-/10 P

This quotient 1is ccnstant T»>r the present purposse.
The required effective arez is determined by the specifled

upper limit of the voltage (p. 305).
_ DN N 4
A = S V10OP (£)
The conductor area is determined by the height and the cor-
ona gradient (Ea). (See p. 302.)
-2 J— 33° S ' c
A = — —l/;_)xTP_RC = m -/10 P (5)

a 47°hE _
. [»9%
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R Py — \
— N _ /T DD - ‘ AR
Aah = > VJHL_A(C = R l/..'_\) P (dj
4 Ea a \

This product is cconstant for the present purpose. The regulred length

of wire 1is

= 2ma (7
l, = A /oms (7)
in which | )
L. = length of wire

a = radius of wire

There is a simple relation that apolies for the equal limita-

ticns of voltase and corona:
A _ .
a . V i a
T omE, <1 - . (&)

This is the "filling factor" >f the aérial wires; here it 1s much less
than unity. '

An interesting shape factor is the following “spreading

ratio':
2
A A ( A 37 . F
- = . —= = |z = —\/LOP (:‘)
n® ‘po erh ey

This is the mumber »f "height cubes” in the effective volume.
e (

The capacitance (C) and its reactance (X) are as f:llows.

C = ep/n (19)
o1 th  _ 60 A
£ = o = Rc cTA A ,(11)
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The following is an examdle based on these form. las.

v = 20 Km (15 XKe)

P = 1 Mw

V= 180 Kv (RMS)

E. = 0.87 Kv/mm (RMS)
(4) A = 3.35 Kkm°
(8) A_h = 692,000 i~ |
(3) h/p = 50.6 Km = 9u.6 m/mil

constants, the independent variable (h) may be chusen for
P

e
least cost, It is-here given a value typica recent studies.

h = 160 m = 525 [t
2) p = ,uGl77 = 1.77 mils
(5) A, = 4330 m°
a = 12.7 mm (wire dia 1 in)
(7) L = 54.3 Km = 178 Kft = 33.6 mi e
(8) A /A = .o0129 )
(8) A/m® = 131 = (11.4)°
(10) ¢ = 0.185 uf
(11) X = 57.3 chms
R =  (.1C1l ohm ;
I = 3.15 Ka ’

This examJle yields a set of values that are typical of a balanced de-
sign for the .resent pur.cse. '
feturning to a questior ¢ cust, let us consider the
~robable result of a balanced desizn, tnat 1s, one o.erating simul-
taneously at the satf'e limits imgucsed by insulator voltaoe and corona
sradient,
If the effective height is invariant, 1t is S
at some cconclusions. The reculred conductor area is determined ny the
gradient and the required effective area is determined o, the voltar
O.erating below the safe veoltaze reculres t
wire 0e soread cver a greater area, which increzses tae ccst of sus-

senslion.
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Operating below the safe grédient requices that the cun-
auctor area be increased whiole retalning the same effective area; this
means that the zreater amount of wire may ve spaced more closely to
cover a smaller act al arez. Here there are twWc opposing influences,
su'there is no definite r le whether the cuost would be increased by
"unbalancing" the desiun in this respect. It is cenjectured-that the
cost of increasing the amcunt of wire (with proportionate wind and ice
loading) exceeds the saving by closer spacing.

Variaticn of heizht woeld have scome influence oun beth of
these design limitations. However, il a balanced desizn is mest
econcmical at any partlicular height, its benefits are retained at
whatever helight may serve to minimize the ccst. Here 1t is conjectured
that the cost has a wide minimum with variation of height 1f designed

for maximim safe values of vocltaze and gradient.

N3 81, p. 117-27.
Report 311.
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Radilal Triatic Patterns.
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& arms 8 arms
12 sections (shown) 16 sectilons
12 + 1 tcwers - 16 + 1 towers

24

12

24
35

insulators

+ 6 sectilons
+ 1 towers

insuvlators

4 arms (paired)

32 insulators

15 + 8 sections
32 + 1 towers

48 insulators

8 + 8 sections (shown)

26 + 1 towers

32 insulators

8 + 4 sections
18 + 1 towers

24 insulators
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The radial tristic pattern of aerial wires has been the sub-
teading t. mere aporeciatiszn of its ad-

Ject of recent studies at DECD
vantages over other forms. It has been intended tp use twe separate
radial triatics as the independent hzlves of a single aesrial systen.
It is here proposed ts .se a single triatic pattern abo t a sinz

le
center, but divided intc twy lndevendent halves. This would enable

impose the most severe requirements cn the zround system. After a
brief discussion of the "star" pattern ncw under study, the "X pattern
will be proposed to fit the oblong space avallable con the peninsula.

It represents the least departure from the two pardllel triatics

(p. 302).
In general, the radial triztic retalns most of the simpli-
clty of the single triatic. Cross-catenary supports have mechanical

simplicity and a bvackzround of experience in previous designs.
Parallel wires are adapted for graded spaclng anad for heating circ.its.

The mechanlcal design 1s eased by dividing the {'lat top into
a greater number of shorter arms. The multiple'duty of some of the
tecwers reduces the required number of towers and balancec the moments
cf some components of their loadiny.

The single-center radial triatic, with its simplicity of
central tuning and grounding, oifers the greatest efficiency for the
lowest frequency where most difficult to accomplish. It localizes ail
reed points so no long feed 1lines are needed. It is even more
‘attractive 1f the total cost and si.e have to be reduced.

The star form of radial triatic (a) has a number of like
radial arms, each arm having the shape of a diamond with two triangular
sections, or elongated by the insertion of one or more rectangular
sections. Six arms 1s the least number that 1s attractivé, because 1t
‘1s preferable to make each arm rather narrcw so the wires are nearly
parallel. Eizht arms 1s a shape that may be better toward this

objective, and perhaps the best compromise. Several alternatilve
patterns are tabulated. If the loading of each insulator is to be held
within a specified 1limit, a greater area can be covered by increasing
the number of arms and the radial span while decreasing the number of
wires 1in each arm. The single star of equal arms and angles 1s poorly
adapted for utilizing: the coblonz space avallable.

ew
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The "X" form of radial triatic (b) is a variation of the
single-center star form, .with the object of providing two independent
nalves to utilize an oblong area. This pattern is also a minor change
from the two parallel straizht trlatics and retalns most of their good
features. Furthermore, the division of each long stralzht triatic
into two parts greatly eases the mechanical desizn. The allotment of
the upper and lower "V'" patterns to the independent halves serves to
reduce thelr Intercoupling.

The single-center design ofrers these main features for
electrical performance. .

(1) A central feed location for the transmitter house,

sulted for keying reactors and all heating circuits,

avolding long feed lines.

(2) A central ground system of simple radial wires to be
used exclusively for the lower frequencies, where

most needed, and perhaps for all frequencies,.

The simplest tuning 1s single tuning of each half to the

central zground. This is feasible for the lower frequencies (say

14-20 K2) by seriles inductors (including variable inductors and keying
inductors). Unification of theée inductors for each half offers least
cost and least losses, |

| The higher frequencies (say 20-30 Kc) probably require a
cholce between series capacitors or multiple tuning. These alterna-
tives will be discussed briefly.

Series capacitors are not in common use 1n antenna clrcuits

such as these; 1n fact, the writer does nct know of any instance in
all the hizh-power VLF transmitters he has been studyingz. Thevrefore a
new type of condenser assembly might have to be developed, but no
inherent difficulties are perceived. It would be a massive component,
perhaps comparable with the Inductors in size. The seriles capacitor
would present a proolem of grounding the antenna for-liihtning, but

a parallel choke coil could be designed for-this purpose, considerably
smaller than the tuning inductor. Probably the series capacitor would
be connected between the downlead and the inductors, so the latter

would be srounded. The capacitor might be switched in several sections
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to reduce the required ranze of the inductors. If there is sufficient
time to develop the series capacitor, it is believed to be more
promising than meltiple tuning.

M.ltipnle tuninzT of this X-form would be acccmplished by an

extra downlead at the outer end of each ¢of the four radial arms, This
pcint 1is chosen because it can be a Jjunction of ail wires that is
neutral in the heating circuit, so each inductor 1s simply grounded.
This expedient 1s available 1f the series capaclitor should prove un-
attractive or unavailable within the limited time. Each point of
multiple tuning would require a sub-center of grounding that could be
much less elaborate than the main center, because {ts share is only
1/8 of the total current (compared with 4/8 or 1/2 in the main center).
Furthermore, multiple tuning mizht be used to the full‘extent only at
the higher frequencles, where the grounding reqﬁirements are less
severe., In any case, the multiple-tuning inductors would require only
a few fixed values, perhaps 3 or 4 values (of which cne might be open-

circuit).
If the aerial were to be greatly reduced ln size, it might

develop that neither series capacitors nor multiple tuning would Dbe

needed.

NB 81, p. 115-6, 118, 128.
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Shave of Aerial for Least Cost,

If the performance 1s specifled, there is some design that
glves this performance with least cost. In the antenna system, the
principal variavles are (1) the size and shape of the aerial
structure and (2) the requirements imposed on the accessories,
including the ground system and tuning inductors. We wish to outline
the factors that vary with shape and lead to a design for least cost,.
As an example of these factors, an aerial system 1s assumed to have the
most economical one of the usual patterns; then the effective helght
(h) is taken as the independent variable and other structural
dimensions are allowed to vary in such a manner as to retain the
same performance,

The perlormance 1s specified in terms of these quantities:

N = wavelength

P = radigted power

V = antenna voltage (limited by insulators)
E, = wire gradient (limited by corona)

Radiation efficiency (say 0.50)

Wnile not strictly a performance parameter, the wire size 1s held
constant; this determines 1ts outer surface but 1ts inner density is
variavle with the tensile strength required. The parameters are to
vary in such a relation that the specified voltage and gradient are
both realized (the grinciple of the balanced design, p. 323-6).

After a brief statement of the principal theoretical
relations that form the basis for this study, there will be an atfempt
to establish the laws that determine the shape for least cost. About
half of the propertionalities have an exact basis and the rest are
approximations that are believed to indicate the trend correctly.

The baslc rules are the constants determined independently

™

by V and ba:

Effective area: A = cst - (1)

(2)

il
O
(€]

Conductor area x helght: Aah
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The actual area covered by the flat top varies with shape
because of the Ifringing field and the wire spacing. The two areas
are related as follows:

Covered area
Ef, area (A)

L

for n very small : (3)

ile
—
(@3]

< 1 for h moderately small
> 1 for h large

This progression reflects first the increasing fringing fleld and then
the increasing separation of the wires., The concept of covered area
1s significant for many or several parallel wires, and falls for a
single long wire.

Since the wire radius (outside) 1s constant:

Length of wire: 1, o 1/n (£)

Since the covered area varies slowly with shape, we have roughly:
Wire separation o< h (5)

Tne efficlency 1is a relation between the aerlal on one hand
and all accessorles on the other hand. The latter include the heating
circult (for preventing or melting ice on the wires), the ground
conductor system, the tuning and keylng inductors, any seriles
capacitors and any feed lines, With the exceptlon of the heating
circuit, all of these become cheaper 1if h 18 greater, 1in a manner
that will be mentioned vbriefly, -

The radiation power factor is proportilonal to the effectilve

volume and hence the effective. helght:

Radiation power factor: p = 1/ e Ah . o< h (8)
7

Q =< 1/nh | (

The power factor of inductors and capacltors must be held much less

than that of radlation, so these components are cheaper if nh 18
greater, In the keylng inductor, the stored energy 1s proportional
to @ and hence requires a proportional amount of iron in the core.
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For eifriclency, the ground system requires such &
concentration of conductors that 1ts resistance 1s much smaller

than the radiation resistance:

Radiation resistance: R o n° (8)
Other relatlons of incidental 1interest are the following:
Antenna current: I = 1/h (¢)
Capacitance: C = 1/n (10
Reactance: X < h - (11
Frequency vandwidth: pf =< h (12

-This lest quantity 1s a measure of on-off keying speed and also of

tolerance of detuning of the antenna cireuit (especially during

frequency-shift keying, FSK).

To enable some simple conclusions, the change of shape 1s
guantized in terms of similar cells forming a basic element of the

aerlal system. It is assumed that there 1s a shape of cell that is
least costly for obtaining 1ts performance, The shape 1s described
by the pattern of towers and wires, and the ratics of all length
dimensions over the effective height., These ratlos 1nclude tne
tower helghts and distances, the lengths of spans of the wires, and
the effectlive helght of the flat top of wires. The nunmber of

parallel wlres 1n the top 1ls a separate variable not embraced in the

shape; 1t will glve a required freedom of deslgn in relations that
are valld for several or many wires, but not for too few wires

(one or two). Except for the wires (constant radius and variable
number), a cell retains the same shape when combined in various siz

and numbers.

€3
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A sinele cell has these relaticns:

Effective height - h (13)
Height of towers o< h (14)
Distances between towers = h (15)
Lengths of wire spans > h (16)
Covered area o n (17)
Effective area w h° (approx. ) (18)
Effective veolume « h° (appfox.) (19)

The last two relations are strictly valid only if all the cells are
serarated sufficiently to be substantially uncbupled, or are
assemoled in groups (super-cells) complying with this rule. In
practice, 1t 1s more likely that several cells will be located close
enough to share some of the towers, in which case the last two
relations may fall by a substantial margin.

A typical single cell has horizontal length and wildth
several times the effective height, so its covered area 1s perhaps
4 to 168 times the height-square (hz).

The number of cells varies with the height and resulting

shape of the group of cells forming the aerlal system. Since the
effective area of the system 1s to be held constant (1):

Number of cells: n o< A/hzcx l/h2 (approx. ) (20)

This 1is sub ect to the same uncertainity as (18) and (19). The strict
rule 1s, that the number of cells is the number required to keep the
effective area (A) constant for various heizhts in any particular
arrangement of cells. Proximity of cells causes a greater variatlon
of number with height, so the negative exponent of h 1s greater than
2.

The electrical properties of the wire are governed by (2),
(4), (5) above. The mechanical load and streungth are also
proportional to the density inside the wire, whether hollow or filled
wlth steel cable. By the rules of the sinzle cell, the length and
sag of each span of wire are proportional to the helght. The
material of the wire must be strong enough to carry several times
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its own welght in the longest syan, regardless of the density of the
wire., However, tThe wind and ice loading are proportional to the

length, so the strength and hence the density should be proportional
to height. (There is an upper limit as the wire becomes filled with

steel cable.)

Density of wire ~ h (approx.) (21)

Total weight of wire =< ‘cst (approx.) (22)
5

Weight of wire per cell o h" (approx.) (23)

The various forces on the wire and the heating power are
proportional to the area, or here to the length exposed:

Totel wind force on wire =< 1/n (24)
Total ice welght on wire =< 1/h (25)
Total heating power = 1/h (26)
Wind force per cell o< h
Ice welgnt per cell o< h

Heating power per cell =< h

All of these relatlons are simplified approximations.
If the area is covered by wires that are (at least roughly)
rarallel, the wire separation 1s preportional to covered area over

length of wire:
Wire separation o h (approx.) (30)

The wire loading on the towers 1s related to the moments
of the various forces times the height. These mcments have the

following total values for the zerlal system:

Total moment of wire weight o h

; . " wind on wire o c¢st 3z

1] 1t il

1ce welght e cst (33)

The corresponding moment per cell is:



A

£

"Cell moment of wire weight o< h” (34)
" " wind on wire ¢ hZ S)
" " " ice weizht o h® 6)

Harold A, Wheeler Job 233, Report 303 S70109, Page 336

Zech tower 1s first designed to support its wire load, and

1s then strengthened to carry the load of its own structure (self-
load). The rules to be given apply to either self-supporting rigid
towers or guyed thin towers,

for ecach tower, the cross-sectional area of the legs and guy
wires 13 proportional to the horizontal forces of the wire loads of

one cell, The corresponding volume and weight of these structural
members 1s also proportional to their length or the height:

(¥}

!
@ ~]
e

Tower cross-sectional area o h to h° (
Tower volume ’ e h® to h° (

The self-load per tower is caused by its weight and 1its
exposed surface., The latter determines the wind force and the ice
welght., The amount of strengthening of the tower is related to the
strength required to carry the wlre loads. The welght load of the
volume (38) requires an increment of cross-sectional area and volume:
A tower cross-sectional area e h° to h° (39)
A tower volume < h° to n? 40)

For the other loads 1t 1s noted how the exposed surface of the

towers varles wlth wire loads:

Tower cross-sectional width e areal/? o hl/2 to h (41)
Tower surface area o< h°/2 to h° (42)
The welght load of 1ice on the tower, which 1s proportional to the
surface area. requires rfurther increments:

A tower cross-sectional area =< n3/2 to n? (43)
A tower volune « 02 o 1’ (44)
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The wind force on the tower, 2lso proporticnal to the surface area,
causes a moment which requires [further increments following the same
lavis of variation (i3), (44). It is noted that the increments
regulred by scslfi-load vary with heizht{ somewhat more rapidly than
the inltial values required by wire load. All of these loads have
variations withiln the ranges:

2

Tower cross-sectional area = h to h” e h® (say) (+5)
m \
L /

ue
4
Tower volume « 1 to hte n’ (say) (=8

The number of towers for various helghts znd cell sizes is

comrlicated 1 some towers are shared by adjacent cells, as 1s
usually the case. The shared towers carry extra welght but thelr
moments are oprosite 1n some degree, 30 their strength may be
comparable to that of a tower serving only a single load., For
gsharing any fraction of the number ol towers, the total number variles
wlth helght approximately as follows:

Number of towers < 1/h to l/h2 (27)

The greater exponent is the upper limit for no sharing of towers,
The total volume of all towers then has a variation within
the limits:

Total tower volume << cst to h” e h‘s/2 (say) (48)

The number of insulators 1s more closely determined than the

number of towers, because there i1s less sharling of insulators., The
total number varles about as follows:

Number of insulators e< 1/‘h°/2 to l/h2 o (49)
Since the length of every insulator 18 determined mainly by the
voltage (constant) and the total cross-sectional area mainly by the

wire weight (also constant, 22):

Total volume of insulators =< c¢st (approx.) (50)
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There are accessories which are exiternal to the zerial

ure but are closely related in recuirements and cest. Such
clude the grcund systemn, the tuning reactors, and the

g power (Ffor melting or preventing ice on the wirec).

The ground system, in relation te the aerial system,

determines the ratio of ground losses over radiated power. There are
fwo kinds of ground lecsses that follow different rules, so will be
cnsldered separately,
he zround loss by masnetic fleld and radial currents

requlres radial wires 1in number and extent suifilcient to hold thils

[2))
o o

loss below a specified limit. Within the "height circle" (a radius

active helght) the required number of radials and

")

equal to the efl:
their length vary respectively with 1/h and h, so this length of
burled wire 1s nearly constant. But a larger height cilrcle leaves
less area outside to be covered, so there is a small variation §2¢
total length of wire with height: ' -

" Total lenzth of wire o< l/’hl/z (say) (51)

The ground less by electric field and vertical currents
requires burled wires close enough to hold this loss below a
specified 1limit. Increasing the helght increeses the radlation
power factor and decreases the required number of wires over the
arca below the asrial:

Total lenzth of wire o< l/'h2 (approx.) (52)
Over most of the area, the radials (51) are sufficlient to

111 both needs, but the two losses are comparable and some compromise
between these two rules is likely to be the best:

n
wl
h

Total length of wire o 1/h (say) (

The tuning reactors for the lower frequencles are only

inductors. The alr-core leoading inductors and the iron-core keylug

incductors follow diflerent rules.
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The alr-core reactors have a size determined mainly by the
requlred ratio of reactance/resistance (Q or inverse power factor)
and secondarlly by the voltage. Because of eddy-current losses,
the writer knows of no simple rule for variation of size with
reguirements., The size, or at least the volume of conductor,
increases with @ and 1/h, so a nominal variation 1s assigned:

Velume of conductor o< l/h2 (say) (54)

his 1s somewhat more than the variation of l/h:s/2 given by theory
without reference to eddy-current losses and high voltasze.

The 1ron-core recctors have a size determined mainly by
the core volume and secondarily by the voltage and 1ts required wire
siz=, The ccre velume 1s propeortional to the reactlive power and
hence the radiation Q of the antenna.

Pal

Volume of iron core < 1/h (55)

The heatins oower is determined mainly by the surface area

of the aerial wires, which 1s proportional to their total length
(¢) as given above (25)., While this is only an occasional function,
and may ne used only on one helf while 1its half of the transmitter 1is
out of service, it may still represent a substantial amount or
equipment and available power capacity.
The cost 1s determined by these various factors in a manner

that evades exact formulation but indicates some simple tirends.
Some of the above relations have a direct influence on the cost, and
these can be grouped in three-classes.

Two factors contribute cocsts nearly lnvariant with helght:

(22) Total weight of wire o< cst (approx. )
(50) Total volume of insulators o< cst (approx.)

The structural factors contribute costs that have a net

increase with helght:
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5) (30) Wire separation e h (approx.)
1<) Helght of towers o h
1 Lengths of wire spans e h

-~

Number cf towers o= l/hB/2 (sav)

it
et e N N

Tectal tower volume o< ha/z (say)

i
o

3

aking these factors into account, the following relation seems
recasonable for the total cost of towers, guy wlres, supporting cables
and mechanisms; it favors the total weight more than the number of

towers:

. . L 1/2
Cost of supperting structures o h / _ (s6)

The accessories contribute costs that vary inversely with
helght
26) Heating power o 1/h

)
33) Total length of wire (in ground) o 1/h (say)
54) Volume of conductor (in tuning inductor) ec _l/h2 (say)
) Volume of iron core (in keyinz inductor) o 1/h

Expressing roughly the variation of the ftotal of these costs:

Cost of accessories o 1/h : . (57)

The height for least cost is that which establishes a certain

ratio between Increasing and decreasliny costs, as Tfollows:

Cost of supportinc~ structures
Cost of accessories

= 2 (58)

The uncertainties in these estimates are such as to Justify only the
general rule that these two costs (56) and (57) should be comparable
and preferably the former somewhat greater.

Therefore the shave variation with the specified invariant
performance leads to this rule for least cost. This conclusion is
reasonadle and the preceding discussion may help in percelving the

wide diversity of individual contributing influences.
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Relaticns of Performance, Size aand Cost.

Assuming the shape that glves some specified performance with
least cost, there will be glven some relations of performance, size
and cost, for an aerial structure of thils shape.

It is assumed that the shape for least ccst remains the same
for the useful range of s8lizes, and thls shape 1s assumed. All
dimensions vary 1in the same ratioc except fcr the wire size, which is
held constant for reasons to be glven, (The detalls of the
insulators are not included in the shape.) The gsize 1s much smaller
than the radian hemisghere, 80 the aerial ocehaves ég a pure condenser,

With the wire radius (a) remaining constant, the power

‘1imits 1mposed by voltage and gradlent vary in nearly the same

ratlo over the useful range of sizes. It 1s assumed that these two
limits are the same (the balanced design of p. 323-6, esp. (8) on
p. 324)., Also the constant wilre size retailns a constant ratio of
excess gradlent for corona (p. 307-8).

Since the shape 1s constant, the varlatlon of slze may be

expressed by any one dimension; the effective helght (h) 1s here
taken as the 1ndex of size.

Each relation between two varlables, with all cther variables
constant, will be expressed 1n the form of a product or quotient that
is invaria.t (ccnstant). For example, the following constants are
shape facters independent of size:

A/h2 = cst (spreading ratio) (1)
Aa/h = c8t; La/h = cst ‘ (2)
C/h cst (approx.) , (3)

in which '
h = effectlve height (index of size)
= effectlive area
= 2vala = conductcr area
length of wire
= radius of wire (constant)

QP o= >
AR
I

= capacltance
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The relatlion for capacitance is an approximation which ignores the

minor change of shape by - leaving the wire radius coust@nt.
A. Relatlons between gerformance and size at congtant frecuency.

In this section, the wavelength (A) 1is constant and other
limitations will be stated. The other parameters are the size (h)

anc¢ the following:

P = radlated power )
V = antenna voltage (limited by insulators)
E_ = wire gradlent (1imited by corona) which 1is related to V

so need not be 8tated.

The radiation powef factor (p), the bandwldth and the speed of keyling
are here omitted, since not now regarded as the principal limitatiocns.

Constant V; p. 323(4): P/h4 = cst (+)
Constant P; p. 323(1): Vh® = cst - (5)

Since there 1s an uppger llmit on the gradlent on the wires and on the
voltage on the insulators, any varlation of vocltage 1s an opposite
variation of the margin petween operating conditlions and the upper
limit.

B. Relation between size and cost.

With the wire radius (but not its density) held constant,
and the shape ctherwlse 1invarlant, the previous discussion of a single -
cell giveg some indicatlion of the variation qf properties of
various gzrts of the structure (p. 331-40). It appears that the
volume ancd welght of material in the towers (including guy wires and
supporting catvles) 1s rcughly progortional to h3 while the welght
of wire 1is nearly constant. If the cost varles less than the welght of
the towers, 1t 1is reasonable that the cost of the structure might

be proporticnal to h2:
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2 ) :
S/h" = est (say) (8)

in which
S = cost of aerial system

Thils rule wlll be assumed 1in stating some other relations involving

cost.

C. Relatlons between performance and cost.

The fcllowing are cbtalned by combining some of the above

relations.
Constant V:  2/S° = cst | (7)
Constant P: VS = cst : (e)

The latter relation shows how the cost can be decreased by worklng
closger to.the upper limit of voltage. '

One test of these relatlons 1s interesting for 1ts simplicity.
If the shape is not critical, one way of doubling the cost (S) 1s to
substitute two structure fcor one, and separated just enough to have

/’\\
negligible interaction. These two relations are valid for this case. {7])
VTN \

One basis for comparing performance is the relative bandwidth /
and speed of code communicaticn to a receilver whose sensitivity 1is
limited by thermal noilse. Four times the power and two times the
cost enable four times the bandwidth and speed. Here it 1s assumed
that frequency-shift keying (FSK) 1s used 1n such a manner that the
bandwidth of the trarsmitting antenna 1s not a limitation.

Another basis for comparing performance is the relative
depth of submersicn of a submarine recelving antenna to intercept
slgnals of equal strength. At 15 Kc, four times the power and two
times the cost enable the depth to be incregsed by 1.4 meter or 4.5

feet.
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D. Relations between perrormance and wavelength.

If the wavelength (\) varies with invariant size and cost,

the other quantitles {it intc the following pattern.

Constant V: Pr~ = cst (9)
Constant P: V/A\" = cst (10)
Note the comparison between these and (¢), (5).
E. Relatlions between wavelength and cost.

The size 1s 1increased with wavelength to retaln the same
Qerformance:

h/N = cst _ (11)

S/A8 - cst ‘ (12)
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Wire 1In Shield for Ccocrona Test.

There is a need for a corona test of a section of wire under
controlled conditions approximatinzg the operating conditions in the
vicinity of the aerial wires. An arrangement 1s here proposed which
meets these requirements. A length of wire (of the kind to be used in
the aerial) is mounted horizontally 1in a shield such that the gradiént
on the wire can be computed from the dimensions and the applied volt-
age. At a frequency near the lowest operating frequency {14 Kc) the
voltaze on the wire is increased untll corona 1s detected. The mount-
ings 1s designed to avoid corona at other.places. A”épray over the
wire provides wet conditions. (Ice and snow conditions should also
be tested.)

The diagram shows a horizontal wire covered by a shield
tent. These approximate a sectlon of coaxial line susceptible of
simple computation. ' -

The essentlal dimensions are shown on the cross-sectilon.

The gradient on the wire 1s

i
E, = V/d = (1)
1 1n . _ .
rpinry/r ‘
in which

E, = voltage gradient on wire (RMS volts/meter)
V = voltage on wire (RM3 volts)
d = V/E, = effectlve distance (meters)
ry = radius of wire (meters)
r; = 1.134 h = effective radius of shield (meters)

The convenlent rating of the structure 1is the effectlve distance,
= 2
d rilnr./r - {2)

The shield 1s a cylinder whose cross-sectlion 1s an equl-
lateral triangle. In its relation to the wire, it behaves as a clrcu-
lar cylinder of radius equal to 1.13% times the distance (h) between
wWwlire center and each side.

ew
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The ends of the wire are mounted 1in corona shields to avoid

excess zradlent. A sphere of radius r inslide another sphere of

2

'radius rz {roughly approximated by the tent) has a gradlent

vV
F2 T T (Trg/rg) (3)

If the outer radius is specified, thils gradient 1is minimized by making
the inner radius 1/2 as great.

E, = 4V/r, - (4)

—

The ratio of gradients on corona shield and wire 1is

4r

~ 1
E2/E1 - 1n rs/rl (

@]

If rs/rl = 24, E2/E1 = 0,53,
This 1s taken as a reasonable minimum slze, leaving on the spheres a
gradient about 1/2 of that on the wire.

The followlng dimensions are proposed; it 1s noted that the

size of the sphere 1s noncritical, so a convenlent value is specified.

rl = 0.5 = 12.7 mm
rZ' = 6

h = 12" = 305 mm

r5 = 1,134 h = 346 mm
rS/rl = 27.2

d = 4:2'.0 mm

This last quantity relates the voltage and the gradient. For example,
1 Kv/mm gradient on the wire surface requires 42 Kv between wire and

shield.
The side view shows the structural arrangement. The tent

has a sheet-metal floor and each wall 1s made of three panels; the
end panels are of sheet metal to avold excess gradient, while each
center panel (where the gradient 1s much less) 1is made of wire-mesh
screen for visual observation. Tulescope and camera may be provided
at one side, at the helght of the wire. The room should be darkened
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for optical observation, but not necessarily for radio detection.
The ends of the tent are.open, with edgzes rolled back or ctherwise
rounded to avoid corona. The following notes are keyed to the dia-
sram, ‘

(1) The 3-ft. length of wire has substantially uniform
field alonyg the middle one foot of length for observation, and lesser
field toward the ends. The stranded aerial wire should be tested,
and also smooth wire (or tubing) for comparison.

(2) The corona shield at each end is smooth and approxi-
mately a sphere of 1 ft. diameter. A cylinder with rounded edges may
be used. -

(3) The hanging support at each end is an insulating rod;
porcelaln 1s recommended. The centering of the 1nner conductor is
. noncritical. : A

(4) The open ends of the tent may have rolled edges or
round metal tubinz on the outside as borders (radius at least 1").

(5) The connection to the high-voltage generator should be
made of metal tublngz somewhat larger than the 1inside wire, and kept
at a greater distance from grounded objects. A diameter of 1.5" and
distance of 2 ft. (except from floor and tent) are suggested.

» (86) The water spray may be provided frcm a perforated
metal pipe mounted just inside the tent at the top, where the gradlent
1s greatly reduced by the acute angle. The spray should be directed
on the wire, with an attempt to avold the spheres.

(7) A radio probe may be inserted from one side of the tent
near the floor and midway between the ends. It should be connected
to a radio recelver through a coaxial cable grounded to the tent
floor. Electric-field pilckup 1s required for most sensitive detection

of corons.

NB 83, p. 47-50.



Harold A, Wheeler Job 233, Report 303 570729, Page 349

&S5

Effects of Leakage in Insulator String.

Conductive leakage across any of the insulators in a string
causes an Increase of voltage on the other unlts. Such effects have

been estimated- for an ldealized case, described as follows:

Number of units in string 10

Voltage distributlicn in strinz (normal) uniform
Total voltage on string 180 Kv RMS
Voltage on each unit (normal) 18 Kv RMS
Operating frequency (VLF) - 11 Kc
Space capacitance at each junction 12 puf
Direct capacitance in each unit 57 ppf
Direct susceptance 1n each unit : 4.3 p-mho
Corresponding reactance < 0.21 M-ohm
Corresponding capacitive current 86 ma RMS
Direct leakage conductance (where specified) 2.4 p-rho
Corresponding resistance 0.42 M-ohm
Corresponding conductive current 43 ma RMS
Corresponding power loss (per unit) 0.78 Kw
Voltage ratio of attenuation (per unit or section) 0.863

This description 1s intended to approximate the behavior of a string

of 12 units, Lapp No. 43709, graded for less than 1/10 the total volt-
age on any one unit. The amount of leakage is taken to give conductlve
current half as great as the capaciltive current, this amount to be
specified for some part of the discussion. It 1s conceivable that

this amount of leakage might occur during a transient combination of

ice and water on the porcelaln cone. ‘
The 14-Kc operation is radically different from 60-cycle

operation, in that the direct capacitive current (86 ma) predominates
over any reasonable amount of conductive current, This is in coentrast
with .037 ma at 60 cycles, which would often be exceeded by conductlve
current. Therefore, under adverse condltions, the voltage distribu-
tion at 60 cycles 1is determined mainly by the unstable conductive
currents while that at 14 Kc is determined malnly by the stable
capacitive currents. The effect of conductive currents is so much
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esg at 14 Ke that the precautionary rules of 60-cycle experience are
ikely to be inapplicable.

The worst condition is to have leakage across all except one
of the units in the string. Then the remaininz unit takes more than
its share cf the voltagze. At 80 cycles, 1t would take nearly the en-
fire voltage. An approximate computation for 14 Kc indicates that this
extreme condition would increase the voltage on the cne unit by the
factor 1.19, to 21.4 Kv, This 1s only a small increase, and the
probarility of its occurrence 1s extremely small.

If this amount of leakage occurs across alternate units 1in
the string, the remaining unilits would have their Vdf%age increased by
the factor 1.10, to 19.8 Kv. This distribution of leakage 1s repre-
sentative of more probable conditions, although the assumed amount of
leakage still has 2 small probability of occurrence,

For comparilson, let us consider the effect of a short-cir-
cult on one unit near the middle of the string. Each of the two adja-
cent units has 1ts voltage increcased by the factor 1.19, to 21.4 Kv.
This amount 1is comparable with the worst leakage effect described above.

NB 84, p. 6, 25-8.
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Tce on Wires.

Ice on the aerial wires greatly increases the losses, in the
same manner as frozen ground around the buriled wires., Reference is
made to the formulas on p. 423-4, especially (4) with substitution of
1n a'/a (86).

When icing starts, one half of the antenna 1is connected to
the de-icing circult while the other half continues to operate for 1/2
hour, then vice versa for the next 1/2 hour, and so on.

It is expected that the ice will not exceed 1/2" radial
depth. The following example 1s computed for this depth on wires of
1" diameter, so the ice doubles the diameter (a'/a = 2). The length
of wire (1) is the total in the operating half of the aerial (includ-

ing downleads and cross-cables).

f = 14 Kc
AN = 21.4 Km
h' = 150 Km
l = 50 Km
P/PO = 18/k

The effective dielectric constant (k) 1s assumed to be accompanied by

effective shunt conductance to give a phase angle of about 45°, This

determines the power ratio (P/PO) of loss over radiation. The follow-
ing table glves this ratio for various conditions of dielectric in

the space of 1/2" radial ice. (See p. 425-6.)

Dielectric K P/PO
Worst that can be ilmagined 1 18
Worst condition of dense ice 3 6
Fresh snow (NEL) 4 4.5
Packed snow (NEL) 9 2
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The last condition 1is regarded as the most likely approxima-
tion of 1ce forming near. the freezling temperature. If the half-an-
tenna 1s operating at 1ts rated voltage and current, the radiation 1is
0.25 MW and the loss in 1/2" ice is 0.5 Mw. This extra power is avail-

" able from the transmitter, because this and other losses (say 0.25 Mw)

bring the total to 1 Mw normally delivered to each half. There remains
a difficult problem of continuocusly adjusting the coupling to maintailn
impedance matching between transmlitter and antenna while the i1ce is

increasing.

NB 83, p. 114-5.
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Water Drops and Precipltation.

O

Water drops from an aerial wire are the cause of corona at

——

voltages much too low to cause corona on the clean wire. The direct
cause of corcna 1s the excess electric gradient on the lowest side of
the falling drop, which 1s several times that on the clean wire.

The diagram shows the formatlon of a water drop under a wilre,

approximately actual size. “(See Edgerton, "Flash', 1939, p. 125.)
The drop forms a long stem which has just broken off at the instant

shown. Thils occurs when the drop is separated from the wire by a dis-
tance about twice the dlameter of the drop.

A test of water dripping from a faucet has ylelded the size
of a spherical drop. It 1s larger than might be expected.

Dlameter of spherlical water drop: 0.34 inch = 8.6 mm
Volume " " ; o 330 mm>
Number of drops: 3 X 106/meter3

It 1is estimated that a drop has experienced free fall for a
distance equal to about twice 1ts dlameter when the stem breaks.

Distance of free fall: 16 mm
Time " " "o .057 sec
Speed at end of this time: 0.56 m/sec

The water 1s a falr conductor so the falling drop is at the
potential of the wire until the stem breaks. Then there may be a
small spark in the gap at the break, which would hold the connection a

ew
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little longer. The stem quickly collapses into a much smaller droplet,
whereupon the spark would provably stop.

The acceleration of the falling drcp is caused partly by
gravity and partly by electric repulsion. The following example is

typical of conditions under a wire of diameter one inch.

Gradient on wire surface: 0.7 Kv/mm (RMS)
Gradient at water drop (if disconnected)

in middle of free fall, with center

12 mm below the wire: '0.35 Kv/mm (RMS)

Voltage difference between wire and water drop

(1f disconnected): 6 Kv (RMS)
Capacitance of water drop: 4.4 puf
Charge on water drop at this voltage differenqe: .026 p-coulcmb
Electric force on this charge: .009 newton
Acceleration of gravity: 9.8 m/sec2
Mass of water drop: . 00033 Kg
Gravity force on this mass: .0033 newton
Ratio of electric/gravity forces: 2.7

The electric "voltage difference" with the water drop "disconnected"
1s used to compute the charge that 1s induced on the water drop when
it is connected to the wire. This charge 1s accelerated by the gradient
in this location, assuming that the charze on the wire 1is little
affected by the proximity and size of the water drop.

From the foregoing example, it 1s ccncluded that the total
dewnward force may be about 4 times that of gravity. This would modi-

fy some quantitiles as follows:

Time of accelerated fall: | .028 sec
Speed at end of this time: 1.1 m/sec

These values will be assumed in the following.
The electric force on the water drop discontinues when the
drop 1s disconnected from the wire. This occurs after the stem breaks
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and subsequent sparking stops. However, the subsequent course of the
water drep has no appreciable effect on the antenna behavior.

‘There may be sparks also in the gaps between the wire and
raindrops falling onto the wire. Since these drops are caused by con-
densaticn, they may be of any size. They provide the wire with the
water coating which disintegrates into falling drops.

The standard precipitation (ASA-AIEE) 1s very heavy rain,
probably the maximum commonly experienced:

Standard precipitation: 0.2 inch/minute = ,08 mm/sec

An aerial is assumed, with the following conclusions relat-
ing to rainfall.

Length of wire: 100 Km

Diameter of wire: 25 mm
Interception area: 2500 m2
Precipitation intercepted: 0.2 m3/sec

Water dripping off: 600,000 drops/sec

Average number of falling drops
at any instant: 600,000 x .028 = 17,000 drops
Average length of wire per

falling drop: 6.0 m

This gives some 1ldea of the number of falling drops that may be éaus-
ing corona at any 1instant,.

A cross-wind would probably blow off the drops before they
develop the size described above. This might increase the maximum
gradlent but on a smaller radius. It 1s conjectured that these two
factors together would leave the corona power loss about the same.

.NB 83, p. 117-50; NB 84, p. 5, 8-9.
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Excess Gradient on Stranded Wire.

A stranded wilre or cable has a maximum gradient greater than
that on the egquivalent smooth round wire, For evaluation of the ex-
cess gradlent, it is assumed that the outer surface of the stranded
wire is made of many round wires 1in contact, so each strand is much

smaller than the composite wire.
A method of approximation has been devised which leads to

ratios in terms of the following quantities:

a = actual radius of smooth wire

a = -equlvalent radius of stranded wire
a + paa = outer radius of stranded wire
¢ = strand radius

Ea = constant gradient on smooth wire

=
1l

maximum gradient on stranded wire -

The equivalent radius of a stranded wire is the radius of a smooth
wire having the same capaciltance.
The ratio of excess gradient on the stranded wire 1s

E/E. = 1.39 + .01

This ratio would indicate a corona voltage lower than that for a smooth
wire, in the ratio %/ﬁ/39 = 0,72 . H:wever, the start of corona is ;><
influenced by the average gradlent over a limited radial distance.

Tests on typical high-voltage power lines indicate that the 60-cycle
corona voltage on clean stranded wire is lower in a ratio of about

0.92
The effective radius of a stranded wilre is less than 1its

outer radius by a fraction of the strand radius:
aa/c = 0.113 + ,002

This difference 1is usuvally negligible,

ew
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The above approximate values may be compared with exact
values for the extreme case of 2 strands in contact:

2 strands (exact) many strands {(approx.)
a+ s = (4/m)a = 2c a+ aa >> 2c¢

sa/c = 8/m - 2 = 0.545 0.113 + .002

E/E, = T°/8 = 1.235 1.39 + .01

The 1imit of many strands 1is approached rapidly with increasing number
so the residual error is much less than the differénce in this com-

parison,

NB 84, p. 13-24. ' ‘
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To Developmental Engineering Corp.
VLF ANTENNA NOTEBOOK - GROUND SYSTEM

This 1s the fourth of a serles of reports for collecting in-
formation relating to the design of VLF antennas, especlally a high-
power antenna for 15 Kc. Each report will be cumulative and will be
assigned a block of numbers so that any page in thils series will be
identified by its page number. The report numbers are being assigned
from the block of 301 to 3039. The last digit of the report number
willl be the first digit of the 3-digit page numbgr.

Contents » Page
Comparison of Central Grounding and Mﬁltiple Grounding. 402
Principles of Ground System. 405
Symbols. 410
Area Losses by Vertical Electric Field. ' 411
Buried Wires and Equivalent Plane. ‘ 418
Length of Buried Wire for E-Field. 423
Dielectric Propertles of Snow, . 425
Dielectric Properties of Frozen Soil. 427
Symbols. 428
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Comparison of Central Grounding and Multiole Grounding.

Multiple grounding 1s the principal objective of the usual
multiple tuning of an antenna that is spread out over a large area
(but not as large as the radiancircle).

The principal Jjustification for the complication of multiple
grounding 1s the idea that the resistance of a single ground connec-
tion could not be reduced below a certain value (of the order of one
ohm). This is true in some philosophies of grounding, but not in
general. The use of radial wires enables the resistance of a ground
to be reduced indefinitely by increasing the number and length of
these wires.

The cholce between multiple grounding and central grounding
1s then determined by which one offers the preferable combination of
features relating to performance, cost and operation. The following
outline gives some of the relative advantages of either, for a speci-
fic case. '

The antenna arrangement chosen for this comparison is a
pair of long aerials side-by-side, together making the complete an-
tenna. These two halves are separated enough so that either can be
operated alone while the c¢ther 1s out of service. Each half 1s com-
plete with tuners, power amplifiers and accessories.. The transmitter
house 1s located in the mlddle between the two halves. If a central
ground 1s used, it is here. If multiple grounds are used, one is
located toward each end of each half, and 2 are located near the
transmitter house, making 6 in all; the last 2 might be combined into
one. |

As will appear in the outline below, the simplicity and
other advantages of central grounding impose a heavy burden of proof
before choosing multiple grounding. In.-the present state of the art,
either system is capable of reducing the ground losses below any
reasonable amount without prohibltlve cost. The writer 1s inclined to
favor central grounding as offering the preferable combination of
features. When all factors are considered, it is conjectured that the
same electrical performanée could be obtailned at the same cost, leav-
ing as a net advantage the great operational benefits of a centrallzed
installation.
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Advantages of _ Advantages of
Central Grounding (C) Multiple Grounding (M)

C-1. Simplicity and economy of cen-
tral housing of tuners, controls, pef-
sonnel for manual operations; reliabili-
ty of communications and coordination;
accessibllity for transportation;
avoidance of lines for intercommunica-
tion,

C-2. A central tuner, for the same
cost, has substantially less losses,
since larger coil has lower power
factor (higher Q).

C-3. De-icing facllities centralized
are more efficlent and simpler; per-

sonnel are at hand if manual switching

1s needed.

C-4. The inductance of the central M-4. A greater ratio of tun-
downleads, carrying more current, is ing 1s possible because the
sufficient for partial tuning of an- multiple downleads present
tenna at lowest frequency, reducing less 1nductance.

the requlirements on tuning colls and
lead-in insulators (say, to 1/2 in-
ductance and 1/2 voltage).

C-5. Lead-1n insulators reducgd to 2
at 1/2 voltage instead of 6 at full
voltage. .

C-6. Keylng inductor (if saturable-
reactor type 1s used) can be designed
in single unit for entire current of
each half of antenna, which enables -
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lower voltage and lesser losses (be-
cause of larger unlt and lower-voltage

insulation); the keying circuits re-
gquire no remote wiring; if cooling is
needed, the central type requlres only
a single cooling equipment.

C-7. Experience of most recent in-
stallatlon, Jim Creek, the only one
having two halves for 1ndependent
operation.

C-8. One-point grounding system has
simplest pattern of radlial wires,
though current 1s concentrated in some
degree below the 2 downleads and in
lesser degree below the 2 antennas.

C-9. Near lead-in, the electric-fleld
ground losses are reduced by 2 down-
leads instead of 6, and further re-
duced by closer spacing of radials
underneath.

C-10. Fewer downleads (2 instead of
6) cause less load on aerial supports
and less submarginal capacitance to
ground.

M-7. Experlence of older in-
stallations, such as German
Gollath and Annapolis.

M-8. The same total number of
radlals requires lesser total
length of wire and gives lesser
average dlstance for current

in the wires, so ground losses
would be somewhat less.

M-10. The average length of

4 vertical and 2 oblique down-
leads is less than that of Just
2 oblique downleads, so current
losses are less for same amount
of wire.

M-11. The average distance

for current in the aerial wires
is less and the mean-square '
current 1ls less so the losses

are much less (though small in

either case).
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Principles of Ground System.

The ground system in the vicinity of a grounded vertical
antenna 1s the comblnation of conductive ground and installed
conductors, which together‘carry the base current of the antenna and
the ground currents of the radiated wave. It usually 1ncludes a
pattern of conductors above the surface or burled a little below the
surface, such as radlal wires. They serve to carry most of the radial
current, as far as they extend, and to serve as a connection to the
conductive ground in the reglon beyond.

The ground currents from a vertical radiator are radial.
If the radiator 1is a vertical conductor 1/4 wavelength in height
(one radianlength in effective height) over a perfectly conducting

surface, the total radial current is constant (independent of radial
distance)., If the effective height is much less than one radlanlength
(as in a VLF antenna) the total radlal current 1s much greater at
distances much less than one radianlength. Therefore the most severe
requirements for ground conductlion are within the radiancircle. The

excess current 1s the quadrature component assoclated with the magnetic

and electric energy stored in the volume of the radian hemisphere.

Concentration of currents. In a practilical system, there 1s

some concentration of currents under any aerial conductors carrying
large currents, since the ground currents are boundaries for the
magnetic field of tnese aerial currents. Such a concentration occurs
below obligque downleads and horlzontal aerial wires, disturbing

the radial pattern.

The phase angle of ground currents 1s nearly constant from
the base out to a distance of one radianlength, reflecting the nature
of these currents as currents in the aerial condenser (as distinguished
from the radiation currents that are retarded in phase angle beyond
this distance). Because of this constancy of phase angle, any ground
resistance in the radiancircle 1s reflected as excess reslstance in
the antenna circult (whereas ground resistance at some greater distances

1s reflected mainly as a change of reactance or even as a negative
change of resistance).

Ground losses by radial currents are the losses usually
considered. They are proportional to the series-reslstance component
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of the ground 1mpedance, thls being mainly inductive reactance in the
region of closely spaced radlal wires. These losses can be reduced
indefinitely by increasing the number and length of radial wires.

Ground losses by vertical currents are usually 1gnored.

This 1s a "dlelectric loss'" in the sense that the vertical currents are

capacltive currents betweeﬁ the aerial wires and the conducting

layers or wires 1in the ground. These losses can be reduced indefinltely

by locating the radlal wires above the surface, or can be minimized by

burylng the wires at the optimum depth. In areas where ground

conduction in the skin depth (without wires) 1s relied on, these

losses may be negligible in comparison with the radlal-current losses.
The radial reactance of ground wires 1s determined mainly

by the number of wires, being inversely proportional to the number,
The reactance 1n 1tself 1s harmless, but 1t causes a radlal voltage
gradient which 1n turn causes radial currents in the ground. In
other words, the radial reactance 1s a measure of the leakage of
magnetlic field into the ground, in spite of the shielding effect
of the wires,.

The skin depth in the ground 1s defined In the same manner

as the skin depth in metallic conductors, but its value 1s much greater.
The radial currents under the radial wires flow mainly in the region
between the surface and the skiln depth. In accordance with the behavior
of the skin effect, the ground currents in the skin depth present equal
values of resistance and reactance; these may be evaluated as series
or parallel components.

The radlal resistance of the ground system 1s effectively

the series-resistance component of the impedance of the radial wilres

and the ground conduction in parallel. It 1is thils resistance and the

radlal current that determine the ground losses usually consldered.
The maximum radial resistance, for any pattern of radlal

wires, is caused by a certain relation between the radlal reactance

and the ground conduction (in the skin depth). The maximum possible
value of radial resistance 1s about 1/5 the radial reactance of the X
wires, This relation makes 1t possible to hold the radlal resistance
less than any specifled value for all conditions of the ground
underneath, so the ground properties need not be relled on. In usual

conditions, the ground propertles are likely to be of the order of the >
Kgm .
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worst values.

Designing for the worst ground i1s a philosophy that 1s
enabled by the Judicious use of radial wires. It 1s more reliable

than any assumed 1limits of ground conditions. It 1s economical in
obvlating the need for complete tests and information on ground
properties. It may be slightly wasteful in specifylng radial wires in
an amount greater than the minimum required, but with some improvement
in efficliency.

The sphere of influence of a "small" antenna is logically

defined as the radiansphere, since this is the space occupied mainly
by the "stored" energy of a resonant antenna (as distinguished from
the radiated power). For a grounded antenna, this space becomes
the radian hemisphere, bounded on the ground plane by the radlancircle.
Within this circle, the radial currents are increased greatly by the
capacltive currents of the resonant antenna. It 1s logical to regard
the ground losses in this circle as a property of the antenna, and to
regard further ground losses as a property of the propagation path.
Lenzth of radial wires. Since the ground currents of a

"small" antenna are much larger within a distance of one radianlength,
i1t 1s natural to consider radial wires out to that distance. The
required length may be evaluated more closely by considering also some
other factors.

Salt water of the ocean 1s an excellent ground conductor for

a VLF antenna. Except for the regidn of high current at the base
of the antenna, 1t is adequate for all ordinary needs; 1t 1s 1likely to
be better than any reasonable number of radial wires. Some antennas
are located on a salt marsh to obtain ground conditions nearly as
good as salt water, |

Terminating radial wires. Beyond the ends of radial wires,
the ground conduction must be relied on. The transition between wilre

conduction and ground conduction may occur by a gradual transfer of
cdrrent from the wires to the ground, over a dilstance comparable

with the skin depth in the ground. If the ground 1s dry near the
surface, where the wires are burled, and wet at a convenlent depth
below the surface, there 1s an advantage 1in connecting the ends of the

radial wires to metal ground rods driven into the wet ground (to a
depth comparable with the skin depth in the wet ground). A transltion
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between radial wires and salt water may be made either way, by

extending the wires into the water or by connecting the ends of the

wires to ground rods near the water (on a sandy beach, for example).
Best utiliczation of radial wires 1is obtailned by distributing

the wire so that the current in a wire 1is about the same at all
locations in the pattern. The principal objective 1s to reduce the
radial-current losses below a specified amount with the least total
length of radial wires, which requires the best utilization of the
wire,

Binary zoning 1s one pattern of radial wires that 1s simple

to plan and install. The radius 1is marked at binary fractlons

(1/2, 1/4, 1/8, etc.) of the radianlength, and the number of radial
wires 1s increased in binary ratios (2, 4, 8, etc.) in going from

each zone to the next smaller zone. The smallest zone or inside

circle should have a radius comparable with the effective height of

the antenna, within which the radlial current 1s nearly constant. At
each circle between adjacent zones, all radial wires are Joined to a
circle of wire, IIf radial wires are extended beyon ne radianlength,&(
the number of wires may be 1/2 the number in the outer zone, and should
Anot be further reduced.

The radial wires may be made of any materfal having a

conducting surface that meets several requirements. For conduction,
the surface should be nonmagnetic metal to a depth of at least a
fraction of the skin depth in this metal. For contact with the ground,
the surface area 1s a requisite. For endurahce, the surface coating
must resist corrosion, and the cross-section must be strong enough to
hold in prevailing conditions of weather and surface loading (by
working machinery). A metal strip (say 2" wide) meets these needs
with economy of material; also it offers flexibility for reeling
and ease of bonding at Jjunctions. The inductance of a thin strip
is equal to that of a round wire whose diamet%p is'1/2 the width of x
the S'Cr'lp;’) g Thil Loves iz ;}\,‘:iu_"i:?_ji e 5 ,,‘}1 At p,..va( € ONAR
Buried wires are preferable to overhead wires for

maintenance and meet all ordinary requirements (perhaps excepting a
small area at the base of the antenna). There is an optimum depth for
minimizing ground losses. Lowering the wires increases the radial-
current losses in ground conduction, but only slightly if their depth
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1s much less than the skin depth. The vertical-current losses are
minimized by lowering the wires to a depth gzreater than the wire
diameter but less than the separation of adjacent wires, Considering
these factors, a depth of about one foot is near the optimum for
reducing losses and for practical considerations of 1installatlon and
maintenance.

The hub of the radial wires is designed to accomodate the
required number of wires. A large number of wires (say 100 or more)
may be bonded to a large metal sheet used for the base connectilon.
Thejgaﬁﬁgggion may be made to the sheet by one or more stranded cables; X
it is sufficient to use the kind of cable used in the tuning coll. This
metal sheet might form the base of the entire housing of the tuning
coll; 1t may have openings over a fractlon of 1ts area.

Metal structures for supporting the aerlal wlres are likely

to carry to ground a small but apprecilable fractlon of the total
antenna current. Thercefore metal towers and uninsulated guy wires
should be tied into the pattern of ground wires. For example, 4
radlal wires from the base of a tower may be bonded to the nearest 8
of the maln radial wires.

Deslgn formulas wlll be given for the pattern of radial

wires that is required for a central grounding system to hold the
ground losses below any specifled amount. The problem may be
complicated by multiple grounding and by long feed lines wilth ground
return.
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Symbols,
Supplement to p. 103, with some speclalization for ground system.

Radiation quantities (sub-o0):

2

PO = ROIO = power radiated

RO = radiation resistance

I, = antenna current (total, center, base, r = 0) -
ho = effective height

r, = effective radius of disc (flat top)

Various electrical quantitiles:

P = power dissipated (loéses)

R = dissipation resistance
.Rw = surface resistance of square area, wired

G = conductance

B = susceptance

Z = R + JX = 1lmpedance

Y = (G + JB = admittance

I = total radial current at any radius (r)

Il = total radial current of radiation term (constant) ' le
I, = 158 amp if P =1 Mw Iic
o = conductivity of ground (land or sea)

Space quantities: T = T s N3 Rty

a = radlus of burled wire Vo b
a' = effectlve radius of sheath around wire @f] ot

b = depth of buried wire . Qﬁf‘c“'

c = depth of equivalent plane sheet X

d = pitch of buried wires \/J‘:<ihu;tﬁr§ugﬂtﬁ

la = total length of buried wire hé}
Aa = total area of surface of buried wire /znAET
N = number of radial wires in circle .ﬁu; 4

o f

g NB 83, p. 54-5. ' _ 3

- - 4 ’ - T i
W/ = i sene 2ab/ SRR
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Area Losses by Vertical Electric Eield.
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(a) (b) (c)

Unit area of ground with plane sheet

conductor burled under surface.

_ The vertical E field 1s accompanied by capacitive currents
which accumulate to form the radlal currents associated with the
horizontal H fleld. 1In an area fllled with buriled wires to carry the
radial currents, the vertical currents must be carried from the sur-
face to the buried wires through the ground, causlng losses that are
identified with the E field. (See p. 406.) -

These losses have usually been 1lgnored in previous studles,
but are found to exceed the H-fleld losses under certaln conditions.
Some conditions that increase the E-fileld losses are the followlng:

Freezing ground,
Drying ground.
Covering with snow.

Covering with vegetatilon.

ew
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The ground conditions are under the surface and therefore their effects
depend on the field pattern around the buried wires. The coverings

are above the surface and therefore are subjected to nearly uniform
field.

The E-field losses will first be formulated on the assumption

of a plane conducting sheet buried at a constant depth (c) below the

surface, the space therebetween belng filled with scil having the
properties of a lossy dielectric of known dielectric constant (k) and
conductivity (8). Thils gives uniform field in the ground. Further on,

there will be formulated an equivalence between this plane and the
actual surface of the buried wires. The depth of the equivalent plane

is usually comparable with the :separation of the buried wires.

As an introduction, therc will be formulated an idealized
case based on a plane sheet aerial having a uniform vertical electric
field (E) under its entire area, and none outside this area. Then the
dissipation factor of the entire area is that of any unit of area,

shown in the diagram. From the dissipation factor (p) of the ground,

it is possible to compute in simple terms the dissipation factor (pa)
of the entire condenser.

The dissipation factor (or loss tangent) of the ground

dielectric is

2

o] c 80gA A
p = - = = = — (l)
keow 2Tk k 2W2k62
in which
k = dilelectric constant of the ground
o6 = conductivity of the ground (mhos/meter)
& = skin depth in the ground (meters)

This is egual to the power factor if much less than unity. In the
ground, however, i1t may be much greater than unity. A
In terms of the circuit parameters shown, the dissipation

factor in the ground is

P = G/Cuw (2)
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The parallel C and G of the ground may be reduced to series com-

ponents; the series conductance becomes

2
G = wC_]JiR_

2
N 5 mhos,/m (3)

The resulting dissipation factor of the entire condenser (since C >> Co)
is ‘

Pa 7 wco/Ga (4)
The ratilo of.capacitance above the surface to that below is
co/c = c¢/kh << 1 ‘ ' (s)

The dissipation factor of the entire condenser may be expressed as
follows:

c. .
0 c
pa = T—LZ — ___L (6)
This 1s a simple form, entirely 1in terms of ratios.
If the conductivity of the ground 1s subject to variation
over a wide range (as by freezing) so that its dissipation factor (p)
goes through unity, the maximum dlssipation factor of the condenser is

max p_ = c/2kh - (7)

This may be divided by the radiation power factor (p. 306) to estimate
the ratio of power loss over power radiated:

max pa _ ar c(R{Zv}s _ 3 c%s (8)
Py zk  ape 16m° kAh® -

This relation may be expressed as a value of the equlvalent depth,

which must not be exceeded:

c = 16W2 kAhz.maX pa : , ' (9)
3 ks po

ew
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In a "small antenna', this indicates that ¢ may have to be much
smaller than the principal dimensions of the aerial. '
In practice, the maximum value of E-field dissipation factor

1s reduced by such causes as the following:

Concentration of electric flux near the aerial wires.

Spreading of the electric flux over a larger area on the ground.
Termination of a fraction of the electric flux on grounded

towers and guy wires bonded to the buried conductors.

In view of these complications, the practical problem may require a
map of the electric field on the grodnd and an evaluation of the
assocliated losses by partial areas, for which the rules will now be
described. \

The E-field losses may be computed on an area basis from the

following two quantities properly defined for any specified area.

J = area density of vertical current (amperes/meterz)
Ga = area conductance between surface and buried conductor
(mhos/meterz) '
The density of the vertical dielectric currents is
- . erk _ E : 2
J = weE = M. = Gon . amp,/m (10)

The area conductance (Ga) is the reciprocal of the series-
2
)

resistance component of the impedance of a unit area (1 m™) between
surface and plane conductor. It 1s preferred to express it 1n terms
of conductance instead of resistance, to make 1ts value proportional to
area. The area conductance will be formulated below for several cases.

The area density of power loss 1s the value of power loss

per unit area:

Pa = JE/Ga watts/m2 (11)

so the power loss for an area (A) is
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P o= PA = AJS/G, watts (12)

Varlous formulas are glven in terms of skin depth (5); they

are useful 1f the ground properties happen to be expressed in such
terms. The skin depth 1s (see p. 104 and Refs. 23, 43):

[z [ _ 1 /=
6 = WO B TOR, - 2r VY 30a¢ meters (13)

The simplest case of ground dlelectric 1s that of large

dissipation factor (p >> 1) so the conductive current is much greater

than the capaciltlive current. The area conductance is

A N N 2
G, = g/c = — = =5 mhos,/m (14)

WRCG c 120 778" ¢

Another simple case 1s that of small dissipation factor

(p << 1) so the conductive current 1s much smaller than the capacitive
current (seldom encountered in ground). The capacltance and susceptance

of unlt area are

c = keo/c ' farads/m2 (15)
Ke
_ 0 _ 2mk _ k - 2
B = —— = cMR, ~ B0 cn ~+mhos /m (16)

The area conductance, as defined above, is

| ' 2 i,
6 - pp - eme -k _ el ardiPe® | rBikPel
a pc)\RC 60 pch co CKSRC' 30 _—
mhos /m° (17)
In the general case,
1 + p° ‘ 2
G = B=—+D_ mhos/m"~ - (18)

If the conductance of the ground can vary over a wlde range, the loss
1s greatest when p =1 and Ga ‘1s least,.

min G, = 2B - (19)
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The area density of power loss has a corresponding value,

2 vcE2 E2c

g _ __E% 2
max P, = Tin G, ~ Ik, - T20 kn watts/m (20)
In general,
P = —22 _ (max P_) (21)
a 2 a

1+ p

As an example, take an area of frozen ground and determine

the greatest loss:

k = 4
p = 1
A= 20 Km
A = 4 sz
h = 150 m
¢c = 3 m
PO = 1 Mw
p. 305(4) V = 150 Kv (sheet on top)
E = 500 v/m (= V/h x 1/2)

It is noted that the theoretical value of E 1s reduced to 1/2 to

~ approximate the effect of grounded towers, which 1is partly the shield-

ing effect of the towers toward the ground, and partly the extra

~helght required to obtaln the specifiled effective height.

ew

(1) 6 = pk/60 A = 3.3 p-mhos/m
(16)(19) min G, = 2.2 m-mhos,/m
(10) J = 0.42 ma/m°
(20) max P = 80 mw/m2
(12) max P = 320 Kw
max P/PO = 0,32

There follows the approximate computation based on the simple case of

a sheet on top and a uniform field underneath:
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p.306(1) P, = 2.0 mils
(7) max p_ = 2.5 mils
(8) max pa/po = 1.25
max P = P_ (max pa/po) = 1250 Kw

Comparing the two values of power loss (max P), it appears that a
reduction factor of about 1/4 1s needed to reduce the latter value to

the preceding value computed from the E-fleld on the ground. This

factor 1s what would be expected from the assumed effects of the towers.

Other effects are omitted in these examples.
The same area may be computed for normal (unfrozen) ground,

with dissipation factor modified accordingly.

¢ = 0.7 m-mho/m
(1) p = 210 > 1
(14)(11) P o= 0.76 mw /m°
P = 3.0 Kw

Since p 1s large, the dissipation is about 2/p times the maximum

~value, or about l/lOO in this case. (This low a loss is unlikely to

be realized because the ground near a burled conductor is found to
have a much lower value of conductivity.)

On the surface of the ground, there are two alternative
possibilities of a dissipative layer of dielectric. One is grass in
the summer and the other is snow in the winter. Aside from the depth,

ew

the worst condition of either is that of low dielectric constant and
unity dissipation factor. Taking a depth of one foot (c = 0.3 m)

and the lowest limit of dielectric constant (k = 1), the maximum loss
wlll be just 0.4 as great as that in the case of frozen ground com-
puted above. A lesser value would occur with the somewhat higher-
dielectric constant met in practice.

NB 83, p. 51, 53-4, 60-2, 75-6, 81-2.
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Buried Wires and Equivalent Plane.
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(a) Buried wire : (b) Equivalent plane

flux

The vertical electric field is assoclated with a dielectric

and capacitive current which are terminated at a horizontal grid

of parallel wires buried in the ground. In some respects, this grid

is equivalent to a horizontal plane conductor buried at a certain
depth greater than the depth of the wires. The depth of the equivalent
piane will be formulated, also the optimum depth of the wires which
minimizes the depth of the equivalent plane.

The equivalence 1s based on several assumptions, as follows.

The wire and inner dielectric sheath are much smaller than
the other dimensions: .
a<a'<<a" ; a<a'«b ; a<a'<d ; in which

a = outer radius of buried wire

a' = outer radius of innér dlelectric sheath around wire (if any)

a" = outer radius of dilelectric boundary equivalent to ground
surface

b = depth of buried wire (to center of wire)

[o}
it

wildth of space per wire in grid

pitch of w;res(betweeh centers)
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The space under the surface 1s homogeneous, lossless dielectric;
the dielectric constant 1in the inner sheath may differ frqm that

in the remalning space.

The properties in the various regions are indicated in the

diagram, and are symbolized as follows:

dlelectric constant

p = o/keom = dissipation factor, see p. 412(1)

In general, k 1s the apparent dielectric constant of the entire space
under the surface; k' and k" are the values for the inner and outer
parts of this space, 1f different.

While the equivalence is based on pure dielectric, 1t gilves
a useful approximation for practical cases ranging between the limits
of pure dielectric and pure conductor. These applications will be

mentioned further on.

" The equlvalence of the wire grid and the plahe conductor is
based con equal amouﬁts of electric energy in the respective spaces
filled withllike dlelectric material. The formulas are derived by

first imaging the wires above the surface, then mapping the field by
conformal transformations that give uniform fleld below a distorted
surface boundary, then integrating the cross-sectional area of this
field as a measure of 1its energy, and finally locating the equivalenf
plane to give the 'same cross-sectional area below the actual surface.

- If the ground has only one value of dielectric constant, the

depth of the egquivalent plane 1is

_ 4 4 k-1 . 1
¢ = PHror [Pz Y kr M T - exp-arb/a (1)

The 3 terms repfesent the respective effects of the depth of the wire,
the fleld near the wife, and the bending of the flelXd at the surface.
All 3 terms are positive in the present conditions. The second term
is'usuélly the principal one. The third term decreases exponentially
with increasing depth, since 1t ié caused by the higher-mode inter-

action between the wire and its image.
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For any dlelectric constant, there is a depth which is
optimum in the sense of minimizing the electric energy and the corres-
ponding depth of the equivalent plane. This optimum depth is

_ 4 3k-1 | _ _ k+
b = 4= 1n rESEERSY 4rb/d = S (2)

This depth ranges between the limits of zero for k = 1 (where the
conditions are not met) to a maximum value for large dielectric con-
stant., The corresponding depth of the equlvalent plane 1is

. d d . 1. 3k-1 . k-1 3k-1
¢ = sr |t In g YT P Sk (

3)
This value is particularly useful because 1t 1s the minimum and also
1s a close approximation over a substantial range of actual depths
which 1s likely to include the practical depth of the buried wire.
The principal term is the first term, which is independent of the
dielectric constant. _ | :

The limiting case of high dielectric (k = co) glves the

following simplified formulas.

ﬂm . 2

c = b+ [1n=L 1 (
2 2ra 1 - exp-4rwb/d

N

>

The optimum depth of the wire, and the corresponding depth of the
equivalent plane, are

b = £~ 1In3 = .0875d = d/11.43 . (5)
_ 4[4 .1 3] - 4 [, 4 j27

¢ = S [1n sra T 2 In 3 + 1n 2} = o {ln 5ra T In /3 J
- 4,4 /27 _ 4 ,,2.60d
= 2w Mo VT T o P Tora (8)

This last form 1is very simple and 1s close enough for some practical
cases.

ew
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In practice, the dielectric has a dissipation factor whose
value places it in one of the three cases to be described here.

If the dissipation factor is very small (p << 1) the field
pattern 1is substantially‘that of a pure dielectric so the above for-
mulas are valid.

If the dissipation factor is very large (p >> 1) the field
pattern is substantially that of a high dielectric (k = © ), so the

above formulas (4) to (8) are applicable. The ground behaves as a

conductor.

If the dissipation factor has any value, the field pattern
is closely approximated by assuming a pure dielectric with the follow-
ing value of k

k(1 + p%)

(7)

Therefore this value may be used for k 1in formulas (1) to (3).
A circular boundary (of radius a") around the wire may be

defined, which.is>equiva1ent to the surface boundary, on the same
basis as the plane 1s equivalent to the wire. In general, the radius
of the equivalent circle 1is B '

a" = a exp 2wc/d : . (8)
which may be computed from any of the formulas for c¢ . For the
limiting case of high dielectric (k = ) and the optimum depth, the
circumference of the equivalent circle is apparent in formula (6):

era" = 2.60d ; 22" = 0.83d ; a' = 0.41d (9)

For any depth,

o exp 27b/d 3 exp 4rmb/d
era’ = 4T "gp-aro/d = ¢ 7 simh zro/a > 2-80d (10)

It appears that the circumference of the equivalent circular boundary

1s several times the wire spacing.
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If there is a sheath of different dlelectric (of outer

radius a') closely surrounding the wire, there are two dielectric con-
stants, one (k') in this sheath and another (k") outside. The depth
ihcluding the equivalent plane boundaries 1s separated into two corres-
poinding parts: ' ‘

¢c' = == 1In= ; c¢" = ¢c-c' = 7 in & (11)

whose total 1s

— 1 ”_i_ a_“ :
c = .c f c" = 5= 1n = (12)

Each of the two parts may be treated separafely in terms of the planes.

Since ¢ 1s usually'of the same order as d , the followlng
example 1s developed as one in which fhese two dimensions are equal.
The - wire 1s burled at the optlimum depth,

Let kp >> 1
(8) a'/a = exp 2r = 540
(9) a"/d = 0.41 ; a/d = 0.41/540 = 1/1300
Let c = d = 3m
Then a' = 1.23 m .
'a = 3/1300m = 2.3 mm

Departure from optimum depth, in the ratio of 1/2 or 2, in-

creases a' 1in the ratio of about 1,25, and increases c¢ by about

.035 d. In this example, the relative change of ¢ 1is only 1/28.:
This verifies that the formulas based on opfimum depth are a close
approximation over a substantial range of depth,

The values of ¢ (or c¢' and c¢" ) are intended to be
utllized for computing losses 1n the preceding sectionA(p. 411-417).

NB 83, p. 51, 53-6, 60-2, 64-74, 83~5.
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Length of Burled Wire for E-Fileld.

The total length of buried wire and the total current in the
antenna determine the total power of the E-fleld losses 1in a simple re-
latlionship that 1s useful for rough computatlions. It is based on the
assumption of uniform field (E) over an area sufficlent to carry the
entire current. Then a uniform pitch of parallel wires is best. Some
reasonable value of the pitch (d) 1s assumed, and the formula is non-
critlical to this value.

The total capacltance and susceptance of the total length of
buried wire are expressed in terms of the diagrams on p. 411 and 418,

cC = keold/c | : (1)
_ 2mldk '
B = Scr ‘ ' c2)
¢
in which
C = effective Eotal capacltance between surface and total

length of buried wire (farads)
= susceptance of C (mhos)
= depth of equlvalent plane (meters)
pitch of parallel wires (meters)
= total length of wire (meters)

N o— o o
Il

. = dilelectric constant in ground

It 1s noted that ¢ and d are of the same order in practice. The
total current 1s divided between thls susceptance and the parallel
conductance, which‘are related by the dissipation factor (p) of the
dielectric. | A .

" Golng to the simple case of high dlelectric (k >> 1) and
optimum depth (b = d/11.43, p. 420), the ratio '¢/d 1is determined,
p. 420(6). Further assuming the worst conductance (p = 1, p. 413) 1t
appears that the following value 1is the éffective series resistance

which carries the total current in the antenna condenser:

2.6 d _ 15 A 2.6 d

_ _ A
Ro= 1/2B = Ry —7— In % = Sk 10 % (

ol
~

ew
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If this resistance carries the current required to radlate a certain
amount of power (PO), glven on p. 304(3), the relative amount of
dissipated power (P) is expréssed by the ratilo,

3(n/21)°

2.6 d
P/P = 1n =3 . 4
/ 0 4h21k 2ra ( )

Conversely, 1f the dissipation 1s to be limited to this ratlo, the re-
quired total length of wire is

L~ fos(/en)?®
Poan®

2.6 d . ‘
2ma (5)

1n

To express the power dissipation in either part of the ground space
(p. 418), substitute for the logarithm in (5):

Ina'/a or 1na'/a' o (6)

Part of the current of the antenna condenser is carried to
the ground wires through the grounded towers and guy wires, so only
the remaining fréction of the current reaches the ground surface to
cause E-field losses. The dissipated power (4) 1is prdportional to
the square of this fraction. Or, for a specified amount of dissipated
power, the required length of wire (S) is proportional to the square
of this fraction. ' _

A Taking an example of frozen ground; similar to that on
p. 416, 422, and computing the required length of wire:

A = 20 Km ‘ k = ¢
~h = 150 mnm p = 1 :
d =-3m In 2.6 d/2ra .= 2w,
a = 2.3 mm P/PO = 0.32
(5) 1 = 5300 Km

If 1/2 the current 1s carried to the ground wires by the towers and
1/2 flows into the ground surfaée, the required length is 1/4 as great,
or 1300 Km,

NB 83, p. 25-7, 62.
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Dielectric Properties of Snow,.

1

T

(a) Equivalent network

i b/

N
(b) Variation of propertles’

Recent tests at NEL have ylelded valuable information on the
dlelectric propertles of snow over a wilde fréquency range_(l - 200 Kc)
including the VLF operating range (14 - 30 Kc). ' -

‘As might be expected, the dilelectric has parallel conducting
paths, some of which are continuous and others discontinucus. Dilagram
(a) shows the simplest network that simulates this situation, and (b)
shows dlagramatically how the various properties vary with frequency .
(on logarithmic scales).

k = dlelectric constant

= conductance of unit cube

= o/beok = dissipation factor
weé k = susceptance of unit cube
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. In the transitlon region of the frequency scale, the proper-
ties shift from one toc the other of two limiting levels or laws. In
most cases, the disslpation factor has a positive (reverse) slope in
the middle of the transition reglon, indicating that the slope of the
susceptance 1s exceeded by that of the conductance. The transition
region 1s centered in the vicinity of 10 - 15 Kc, near the lower limit
of the VLF operating range, where ﬁhe dielectric losses are most harm-
ful., .

The two samples that were tested are described as '"fresh
snow" and "packed snow'". The average of tests at -1 to -18°C (or 30
to 0°F) 1is approximately the following:

Material max kK min k k (15 Kc) p
Fresh snow 7 1.6 3.4 0.6
Packed snow 25 2.5 9 0.9

The values and the ratio of k ‘are both greater for packed snow, in-
dicating greater density and greater conductivity. At 15 Kc, which is
near the middle of the transition region, there 1s an intermedlate
value of .k and a dissipation factor somewhat less than unity. The
latter is an inherent property of this type of network (a). For the
same depth, and more so for the same mass, the fresh snow causes
greater E-field loss because it is less dense and hence a lower di-
electric.

The minimum value of dlelectric constant (at high frequen-
cles) is somewhat less than that of ice (k = 3.15) as would be ex-
pected. See references (83), (66), (71).

Referring to the previous example (p. 416-7) we may recon-
sider the E-field loss of one foot of fresh snow. The loss 1s equal
to that of a certain "worst" dielectric (k = 4, p = 1); 1t is 0.1 as
great as that computed for frozen ground (0.1 x 1/4 x 1250 = 30 Kw).
The same depth of packed snow causes even less loss (4/9 x 30 = 13 Kw).
Therefore one foot of snow causes an additional loss very much less

than that caused by frozen ground.

NB 83, p. 28, 86-8.
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Dielectric Properties of Frozen Soil.

Recent tests by Smith Electronics have ylelded valuable 1in-
formation on the dielectric properties of frozen soil at 15 Kc. The
tests were made between coaxial‘conductors, the inner oné”EEIHg Mo, 6
wire and the outer one much larger. The two samples tested were from
Maine, and are described as "No. 3, black peat soil"” and '"No. 4, gray
sandy loam'".

The behavior 1s qualitatively simllar to that of snow,
simulated by the equlvalent network on p. 425.

The two samples ylelded nearly the same disslpatlon factor
in the frozen condition, increasing at lower temperatures as follows,

Temperature Dis. Factor (p) Q= 1/p Diel. Cst. (k)

-1%  30°F 10 0.10 40
-7 20 4.4 0.23 10
-13 10 2.9 0.35 6
-18 0 2.2 0.45 4
-23  -10 1.9 0.52 3

The energy storage factor (Q = 1/p) increases at a nearly uniform
rafe with decreasing temperature. Thls means that the effective con-
ductivity is decreasing this much more than the effective dielectric
constant. _

In the transition through the freezing point (OOC or 32°F),
the behavior 1s anomolous, indicating that most ol the contained mols-
ture 1s a very dilute solution.

In the above table, each value of dielectric constant is the
ratio mean of two values differinz in a ratio as great as 2 or 3; the
mean 1s regarded as representatilve.

Recently there was a cholce of values to be used as a basils
for design of the ground system. The chosen values were based on these
ests, at about 10°F, as follows: k =6 ; p = 2.75 = 1/tan 20°.

The loss in this dielectric is the same as if k =9.4 and p =1,

ct

50 the power loss 1s about 4/9.4 or 0,43 of that computed in the ex-
ample on p. 416-7 (about 130 Kw).

NB 83, p. 39.
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Symools.
Supplement to p. 103 and 410; with one change from Il to Ic
2rr/N = distance angle (radians)
2vh0/x = effective-helght angle (radilans)
CO = capacltance of antenna condenser (farads/meterz)
e = total radial current of radlation term (constant, amperes)
IC = 158 amp 1f P =1 Mw
J - = area density of vertical current (amperes/meterz)
Ga = serles component of area conductance between surface and
buried conductor (mhos/meter’)
g = JZ/Ga = area density of power dissipated (watts/metefz) Jc
a' = outer radlus of inner dlelectric sheath around wire (1if any)
(meters)
a" = outer radlus of dielectric boundary equivalent to ground sur-

face (meters)

1/d = density of burled wire (number per meter)

o) = skin depth in the ground (meters)

k = dlelectric constant of the ground .

o) = o/keow = dissipation factor 1n the ground o lec
p = dilssipatlon factor of antenna condenser



ew

Report 911 Wheeler Laboratories, Inc. Page 1

INCOMPLETE
Report 911

ULF ANTENNAS AND PROPAGATION
By Harold A. Wheeler V

To RCA Laboratories
Purchase Order N-82(15103-0)-14
1958 SEP 2 Job 399

.

/ ’\ ;b g b E
Q./Va/ ¢ I(\A_."wd N (\«v*u--f"_/\..‘:..:.\"‘u.,cumg—‘w AN
G . .
N

{ r & - “ = A ,J'q ! - d . A
N AN ‘\\_LA,V\_,L ‘B(}r—’?u e, 'VV(\‘;S _,-’.Lil_ i \_,J_,“_L."L N ( ’\% \O \ Q . \ C \ \g}l O 7(\
This document contains information affecting the national defense of
the United States within the meaning of the Esplonage Laws, Title 18
U.S.C., Sections 793 & 794. Its transmission or the revelation of its
contents in any manner to an unauthorized person 1is prohibited by law.



Report 911 Wheeler Laboratories, Inc. Page 2
590902

Contents

This is a cumulative report for collecting information de-
veloped in the course of studies and consultation on the PANGLOSS pro-
Ject for electromagnetic communication with submerged submarines, es-
peclally by means of ULF waves. The following list will be brought
up to date and reissued with each release of additional pages.

Topics Pages
Companable—anbennos o2 £ and T bonoo (g 3- 37
Radiatlon between parallel planes. 8-10
Earth-shell resonance. 11
Air conductivity variation wilth height. 12-15
Limltations in sending antenna of C type. 16-18
Limitations in sending antenna of L type. 19-22
Comparison of antennas of C and L types. 23-24
A—TFomse—odeheneuon  loos—antoncs (g)—pc—po
Near fields between parallel planes. 30-32
Lightning. 33-35
Fileld from lightning discharge. 36-37
References on heating of wires. . 38-39
Heat conductivitfy of varilous materials. 40-41
Field from lightning discharge (cont.) 42-43
Nolse level from distant lightning discharges. 44-46
AF magnetic fluctuations. ' 47-48
Radilation from a wire on the ground. 49-51

ew



ew

Report 911 Wheeler Laboratories, Inc. Page 8
590902

Radiation between parallel planes.

Toward ULF fields and waves, the ground and lonosphere can
be approximated by perfectly conducting concentric spheres. These in
turn can be approximated by parallel planes out to distances much less
than a quadrant of the earth's circumference (quadrant is about 10,000
Km or 10 Mm).

Single-mode propagation 1s assumed, which 1s effective below
about 2 Kec. Attenuation iﬁ propagation is ignored, which 1is justified

for approximations under the stated conditions.
Fig. 2 shows sending antennas of C and L types, radlating

be tween parallel planes.

The radiation power factor of any reasonable size of antenna
is so small that 1t has no practical effect as compared with the heat
power factors of the antenna reactance. Therefore the more useful
formulas are those for the radiation field at a distance, in terms of
the current in the sending antenna.

Symbols (rationalized MKS units).

f = frequency

A = wavelength

N/2r - = radianlength

r = distance from sender to receiver

h = effective height :

g = effective horizontal length of antenna (L type)
A = effective area of antenna (Am = ghm)

I = current in sending antenna (RMS)

R = radiation resistance |
RC = 1207 = 377 ohms = wave reslistance of free space
E = HR, = electric fleld intensity at receiver (RMS)
H = magnetic fleld intensity at receiver (RM3)
sub-1 = 1onosphere

sub-e = sending antenna of C type

sub-m = sending antenna of L type
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Conditions.

h, << hy 5 h << h 5 g < Ner
h, < N2 ; ANer < r

[

Formulas for field intensity.

I

oy

From C type: H, = = Eg (1)
2+/Tr 1
, I 2wzh
From L type: Ho = m o e (2)
2+/Th 1

For the cylindrical wave between parallel planes, 1t 1is
noted that H varles with l/w/FX , unlike 1/r for the spherlcal
wave 1in free space.

It is preferable to use H (amperes/meter) rather than E
(volts/meter) because H 1s continuous at the alr-to-sea boundary and
is directly utilized in the small loop antenna of the usual submarine

recelver.
Formulas for radiation resistance. 0.
2
C  type: o= tg Tl | o2 in/// (3)
) e 4 ‘¢ Ah = A
i i
2

(gh )

L type: Rm = % R m (4)

® h, (3/2r)°
Between parallel planes, R, varies with 1/>\hi , unlike
l/>\2 for free space. The radiation resistance in both cases 1s in-

. creased by the presence of the 1lonosphere.

The example on pp. 3-7 above is an applicatlon of these for-

mulas, among other considerations.

(4) H. A. Wheeler Notebook 95, pp. 55, 65.

(5) H. A. Wheeler, "p vertical antenna made of transposed sections of

coaxlal cable'", IRE Convention Becord, vol. 4, pp. 160-4; 19856.
(Radiation resistance of a vertical wire between horizontal planes.)
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Earth-shell resonance.

The hollow cavitfy between ground and lonosphere has certain
frequencles of resonance, assuming perfect conducting boundarles wilth
free space between. The n-th mode of resonance corresponds with a
free-space wavelength as follows:

7\n - 2ra ' (5)
+/n{n+1)
in which 2ma 1s the mean circumference in the shell. The idnosphere
helght 1s so small that, for practical purposes, 2ma = 40,000 Km =
40 Mm , the earth's circumference at the surface. The resonance fre-
quencles for the first few modes are computed as follows:

f = 10.6 , 18.4 , 26.0 , 33.5 , etc. (6)

For the higher modes, the spacing approaches 7.5 cycles/second.
Some observatlions have indicated that the actual resonance

occurs at a substantially lower fregquency. Recent studies by the
wrliter have 1ndicated that this should be so, in view of the graded
conductivity in the space where the alr 1s intended to act as a dielec-
tric. This conductivity 1s caused mainly by lonizatlon from cosmic
radlation. The effectlve helght for electric fleld becomes substan-
tially less than that for magnetic field, the latter height belng
closer to the lonosphere as observed at higher frequencies (VLF). The
result 1s a reduction of the veloclty and therefore of the resonance
frequencles, by a fraction which 1s smaller at lower frequenciles.
Also, the electric-field losses become the princilpal cause of attenua-
tion 1n ULF wave propagation around the earth.

(6) H. A. Wheeler Notebook 95, pp. 34-60.

(7) Schumann, papers #4, 5 and 6 listed in letter from C. Polk,
Aug. 18, 1959.
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Air conductivity variation with height.

Alr conductivity increases steadlly from a very low value at
low altitude to a maximum value at a high altitude in excess of 100 Km.
It depends on ionization caused by some form of radiation. At low
altitude, the main cause is cosmic rays, which are nearly constant
over the daily cycle. At high altitude, the dally cycle of solar rays
causes a large difference between night and day.

Ignoring the earth's magnetic field, which may or may not be
permlssible, the principal effect of lonlzation 1s the resulting con-
ductivity. At a high altitude, it provides a conductive boundary for
the alternating magnetic field. At a lower altitude, it may provide
an upper boundary for the electric field; this occurs at ULF. The
latter effect lowers the wave veloclty and is the principal cause of
attenuvation in propagation.

Fig. 3 shows some values and trends in the variation of air
conductivity. At low altitude, the minimum value 1s about 2 x lO—14
mho/meter. The increase up to 20 Km has been measured by Gish, as
plotted. The only definite value shown for high altitude is that of
Wait, based on VLF daytime tests and the assumption of a step of con-
ductivity (as dlagramed). The "day"' line 1s based on Gish and Walt.
The "night" line 1s based on conjecture. There is no attempt to in-
clude the Wavy variations that provide reflecting levéls at high fre-
guencies; they are ignored for ULF purposes.

] There are noted the probable levels of the effectlive boundar-
les at 10 cycles/second. The E boundary is shown about half as high
as the H boundary, which would reduce the wave velocity to about 0.7
of the free-space velocity.

Fig. 4 shows the transmlssion-line analog of the space occu-
pled by ULF propagation. The series impedance represents the magnetic
field and the skin effect at the upper boundary. The shunt admlttance
represents the electric fileld and the shunt conductance which destroys
it at high altitude. Since the lonosphere height is much less than a
half-wavelength (at frequencies much less than 2 Kc) the separate for-
mulation of electric and magnetic filelds 1s Jjustified.

The straight lines represent a conductivity variation which
1s exponentlal with helght. This is simply described and its effect



E b

/:
3 i h P |
l G
—
) ~
1] = . SN NN PR N N = . _ —
d ~ Nv
Ay N w ad i S
N d d 1
.
IR N Y OO Y N S S B =g _
™ _ Lo
! ) -~
. N d £
- Y R R SR AN AU NN U RN DN S = —to — @ [ —|-
N R A e v © »
~ __ ! 5 o
NS e T
] - P - [:V.ﬂl. . S N — — L o |—|—»-
Q S I\ m L)
n N | " o)
= 1/ f ~ ~ ol
- \. > L P
B e e e el B e - 5 — It — e
O.N d ' (@] @ lu
et “
W:S m | | .w _ - -
;D 15 [RPUEE N —_—r —f—_—_— o — J (DR S | M oy |- JUNPINY SN SN SN S T N DRSS P I
Bo| N 15 blo =
oD ™. —l o a3
ol o S 0 e 5
Ao e | ] — — e — ',.M.M ™~ ‘«uAVuu ey f-- mo O .0 | — i+
d o > o 3o 2
— ~ 3 . .m
& N PR A _ I &
= B S - R - Ta e IR ol 13 - o S|
S o+ aa CARE b
M i d .m olad ~ ie) M
el S R Rt il el pnedl ICS A B Bt i - Bk e =S e I ke ad BRE —
0|0 0|0 — e
a O
o o S N ' b
qam ] 152 .ml|/lj 3.
A o}
A S \ =
e s L | = .
-~ W ' .nL d ©
_— =- S . - g \ - o
— -
— = — | =
— D o} b O O > 0} o®
154 S o 2 &) — qc $ N
- K j B .
g i (uni) JudEay F (U "
Q u M

ew




ew

Report 911 Wneeler Laboratories, Inc.
590903

} resistance
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o o)
reslstance
capaclitance {
o 0

Fig. 4 - Transmission-line analog of space between ground and

lonosphere.
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is easlly computed. An accurate description is essential only in the
boundary region, where further measurements are needed. In the mean-

-

time, Fig. 3 gives a reasonable basis for estimates.
(8) H. A. Wheeler Nutebook 95, p. 12-68.

(9) J. A. Chalmers, "Atmospheric Electricity", Pergamon Press, 1957.
(Conductivity of the alr, Gish measurements up to 20 Km, p. 135-138.

Text has numerous errors and inconsistencies in units and Values.)

(10) J. R. Wait, "The mode theory of VLF icnospheric propagation for
finite ground conductivity”, Proc., IRE, vol. 43, p. 730-7; June, 1957.
(Observations at 16-18 Kc are consistent with effective height of

70 Km, 1lonosphere conductivity step of 2 u—mho/meter.)
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Limitations in sending antenna of C type.

Symbols (rationalized MKS units, see p. 8).

2rf = radlian frequency

£
I

o
I

electrivity of free space

(o]

€
m

O
I

ZW/KRC = susceptivity of free space

= 377 ohms = wave resistance of free space
= radiation resistance, p. 10(3)

= current (RMS)

= fadiation power

= effective height

® ® ® o O

= helght of ionosphere

fete

= area of conductor surface (wires above ground)

PP
|

= average voltage gradient on conductor surface (RMS)
= 2.1 Kv/mm (RMS) for breakdown between parallel planes in

M 5 oH W

)
o

alr, at sea level, at room temperature

sub-a conductor (C type)

Current 1n terms of voltage gradient on wires.
ZWAaEa

I, = we AE = "Tﬁ;__ (7)

Voltage gradient on wires.

KRCIe
E =
a EWAa

Conduc tor area.

AR T

c €
Ay = 2TE (8)

Radiation power.

A
J2r)°

E_h

L N
L M

(10)

> |0 ™

4R h, (
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Effective height x conductor area.

nA = %M?eRchi(k/Zw)B (11)

The C type of antenna 1s similar to that of Figs. 1(a) and
2(a).

These formulas give the limitations imposed by the voltage
gradient on the conductor wires. (Reference 3, p. 7.) This gradient
must not exceed some specified value at which the corona discharge
would become excessive. This condition might be dctermined by the re-
sulting radio noise in nearby populated areas, or by arcing to nearby
metal structures. The former has been the controlling factor on power
lines. These effects are more severe during rainfall, fog or icing.

The Maine VLF antenna 1s conservatively designed for a gra-
dient having a maximum value of 0.83 Kv/mm and an average value of 0.50
Kv/hm. It is intended to avoild any appreciable corona, even during
rainfall.

The permissible average gradient Ea is determined by
several factors, the [irst of which is its value in air between paral-
lel planes. It 1s decreased by each of the following factors:

Lesser air pressure (higher altitude).
Corrugated surface (stranded wire).*
Water drops or icing.*

Crowding of charge distribution.*
It is increased by each of the following factors:

Curvature of the wire.*
Lower frequency.
Tolerance of corona.

Covering of insulating material.

The indicated items (*) are présent in the Maine antenna; it is de-

signed for an average gradient less than 1/4 the nominal value.

ew
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The most difficult problem is the excess gradlent caused by
crowding of the charge in some places on the wires. This may be
caused by the exposed location of the wire or by 1ts proximity to a
grounded structure. After some attention to this problem, the Maine
antenna still had a maximum gradient 1.66 times the average value.
This 1s probably the first limitation on the amount of power 1t can
handle.

The reactlive power 1s determined by thé concentration of the
wires, with proportionate decrease of capacitance and increase of
voltage. This voltage must be handled by the supporting insulator
strings.

The reactive power may be supplied by a tuning inductor. At
ULF, thils inductor may take most of the real power, which can be de-
creased by 1increasing the size of the inductor. Alternatively, a
"rotary inductor" may be used, or the generator may be designed for a
capacitive load. '

The height and conductor area are the practical requirements
of the structure, because they determine the wind and ice loading.
Therefore their product (11) is the principal specification.

The effective height 1s decreased by downleads and by

proximity to grounded towers and guy wires.

The radiation of this antenna 1s omnidirective in the hori-
zontal plane. If used in a spherical-shell resonator, it is located
at one of the two poles of maximum electric field.

A numerical example (based on the Maine antenna) is found on
p. 4-5 above., Here 1s further information on this example:

Conductor area A 9,000 meters2
Average gradient E . 0.70 Kv/mm

Max. gradilent 1.15

il

(11) H.A.W. Notebook 95, p. 98-116.



ew

Report 911

Wheeler Laboratories, Inc,
591014

Limitations in sending antenna of L type.

Symbols (rationalized MKS units, see p. 8).

Il

377 ohms = wave resistance of free space

radiation resistance, p. 10(4)
current (RMS)

radiation power

helght of loop

length of loop

area of loop

height of ionosphere '
power to conductor heating
reslstance of conductor

area of conductor surface (wires above and below)
effective thickness of conductor

conductivity of conductor
58 megamhos/meter = conductivity of copper
conductor (L type)

Conductor resistance.

Conductor power.

Conductor power density.

Pb/Ab =

Conduc tor volume.

b

2
(2g + 2h_)
P /12 _ . m
b’ "m cbA
b
2
5 Ii (2g + th)
Rplp = GoR
b
2 2
I (2g + th)
2
obAb
2 2 2
) (2g + 2hm) _ I (2g + 2hm)
A o Rb o Pb

Page 19

(13)

(14)
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Current,
B 1
In = 2z % 2h_ /Py, 0PA, (16)
Radiation power.
2
(gh_ )™ A
P = Hm_T_2 = él-PbRCob - D = S (17)
. (2g + th) hi(%/Zv)
Radiation efficiency.
2 .
A
1 (ghm) b
P/P. = R /R, = 5 R ob 1 (18)
m b IT/ b 8 "¢ (Zg + th)z hi()\/Z'IT)S
Helght x conductor area.
2g + 2h_ /8 thi(x/zw)3
hoby = z (P /K, R_ob (19)

This formula (19) is somewhat comparable with (11) for the C type.
The L type of antenna 1s similar to that of Figs. 1(b) and
2(b), comprising a single-turn loop of several wires in parallel. The
o is roughly comparable with the
entire area Aa in the C type. In commenting on the power density

upper half of the conductor area A

on the loop wires, it 1s assumed that the upper wires (in the air) are
the limiting factor.

These formulas glve the limitations imposed by the conductor
power density on the surface of the wires. This determines the amount

of heat to be disslpated, and the resulting temperature rise. Whille

the ultimate capability 1s limited by the permissible maximum'tempera-
ture of the wires, the available power may be insufficient to utllize
this capabllity.

As an example of the power density that may be permissible,
take a horizontal wire that would assume. a temperature of 50° C under
hottest amblent conditions. A rise of about 50° (to 100° C) might be
caused by

2
Pb/Ab = 2 Kw/m
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(The value to be used for de-icing the Malne antenna is 2.5 Kw/mz,
which would be applied only in freezing weather.) Since the major part
of the heat dissipation from the wire 1is by convection, even in still
alr, the condition of the surface 1s not important.

If the temperature rise is the ultimate limitationﬁv it
should be equalized on all wires, which 1s easily approximated. Any
insulating covering should be thin enough to offer little thermal re-
sistance.

The reactive power 1s determined by the concentration of
the wires, with proportionate increase of 1inductance and voltage.
This voltage must be handled by the supporting insulators; at UHF 1t
1s much less than the voltage required by the C type.

The reactive power may be supplied by a tuning capacitor.
Alternatively, a "rotary capacitor" may be used, or the generator may
be designed for an inductive load.

As in the C type, the helght and conductor area are the
practical requirements of the structure, because they determine the
wind and ice loading. Therefore their product (19) is the principal
specification.

Unlike the C type, the effective height of the loop is
substantially the average height of the horizontal top wires, because
1t 1s not appreciably reduced by downleads and by proximity to grounded
towers and guy wires.

The radiation of this antenna has a figure-8 pattern in the
horizontal plane, so only half as much radiated power 1s requlred for
the same range between parallel planes. If used in a spherical-shell
resonator, 1t is located on the equator of maximum magnetic fleld with
the loop oriented in the plane of the poles.

A numerical example 1s found on p. 5-6 above. Here 1s fur-

ther information on this example:

Conductor area Ab = ZAa = 18,000 meter2
Power density P /A, = 75 w/m°
Conductivity (15%) o = 8.7 megamho/m

ffectlive thickness b. = 2.9 mm
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(The last two values are queried, but are roughly correct.) In accord-

ance with comments above, the power could be incrcased about 27 times

within the 1imit of over-heating.

(11) H.A.W. Notebook 95, p. 98-116.

ew
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Comparison of antennas of € and L types.

o 5om

A formula will be given for comparison of the ultimate
limitations of the C and L types of antennas, as given in the two
preceding sections. The comparison is made in terms of the fleld-

strength ratio at a receilver.

Sender antenna of C type:

o = magnetic field intensity at recelver (RMS)
e = effective height of antenna

4 = conductor area of wires

, = voltage gradient on conductor (RMS)

Sender antenna of L type:

H = magnetic fleld intensity at recelver (RMS)
g = length of antenna loop

hm = height of antenna loop

Ab = conductor area of wires

Pb = power input to conductor

b = effective thickness of conductor

o] = conductivity of conductor

Rc = 377 ohms .

Field-strength ratio at receiver:

H h A R

= = 5 mDoC /Go(F /A,
H, - 2g + 2h_nAGE oD ( Py, Ab) (20)

e e a a

This ratio is unity in the examples of € and L types
given above. This formula shows how 1t depends on the factors which
have been chosen to express the ultimate limitations of the two types.
It is notable that this ratio 1s independent of frequency.

To remove some of the factors that contribute 1little to the
difference of the two types, insert the following from the above ex-

amples:

-
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hm/g = .058
hm/he = 1.4
ALK, = 2
(EaC = 2.1 Kv/mm RMS for air breakdown)
(oC = 58 megamho/m for copper)
(Pbc/Ab = 2 Kw/m2 for permissible heating)
Bn 2.55 :
T = (e 7 V(1000 B)(c/6 J(Py/Py,) (21)

e a’ ac

This ratio is 5.1 1f b = 4 mm and the three ratios are unity to
saturate the corresponding limits, the latter being only approximately
practicable.

(11) H.A.W. Notebook 95, p. 98-116,
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Near fields between parallel planes.

The near field of an antenna 1s of 1interest if the distance
1s less than the radianlength. This 1is true of long-range communica-
tion at unusually low.frequencies. Also 1t 1s true of short-range
interference from lightning (C type of radiator). Formulas will be
given first for the C type of antenna and then for tﬁe L' type.

Referring to Fig. 2(a), there are three modes in ihe field
from the C type. The field at the rcceiver will be formulated for
each mode, also each distance of transition from one mode to the next.

Spherical near field: h_ < r <h, < %/vz

I h

e e
H = 22
< 2vr2 ( )

Cylindrical near field: h, <r< A/vz

Iehe . '
He = ZWPhi (23)
] . _/‘\:\ i //fJ\'\\\
Cylindrical far field.(radiation): [Ei/f>%/vz <r K\;)
Iehe 4 |
H = (1)

© 2+/Ar h,
As usual, these are closer approximations under conditions further
from the transition limits. Each of these limits 1s defined as the -
distance at which the formulas for two adjacent modes gilve equal
values for the field.

~Referring to Fig. 2(b), there are likewise three modes in

the field from the L type, in the two directions in the plane of the
loop. These will be formulated in the same manner. The coefficlent

0.86 , which appears in one of the transition limits, represents
(2/m)Y/3.

Spherical near field: g+ h < r <hy <0.86 N/ em

In&hy

H = 3

m (24)

2Ty
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Cylindrical near field: h, <r <0.86 N 2w

I gh
g oo- mom (25)
m 2
2rr-h
. .
Cylindrical far field (radiation):O.86 New <r @
Tl gh
q - m-= m

m AV/Ar hy
The L type has another set of only two modes, in the direc-

tions of the axis of the loop. The parallel planes prohibit any
radiation mode 1in these directilons.

Spherical near fileld: g + hm {r < Zhi < A

Inghp

Ay = 3 (26)
mTr A

Cylindrical near field: Zhi <r

Imghm
! — —t .
H! = 5 __(27)

2Tr hi

Attention 1s directed to the 1:2 ratio of the two formulas for the
spherical near field, and thelr equality for the cylindrical near
field. A o

In general, the corresponding transition limits differ
slightly 1in the different sets of modes. In each set of three modes,
it 1s possible for the intermediate mode (cylindrical near field) to
collapse while still maintaining hi < X/E , the condition for single-
mode radiation; then there is a new limit of transitlon between the

two remaining modes,.

(13) H.A.W. Notebook 95, p. 141, 150.

(14) H.A.W. Notebook 99, p. 3-4.

(15) C. A. Martin of RCA called the writer's attention to the signifi-

cance of the cylindrical near fileld in the directions of the axis of

ew the loop.
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(16) E. C. Jordan, "Electromagnetic Waves and Radiating Systems',

Prentice-Hall; 1950. (Magnetic field of parallel wires, p. 88-89.

Cylindrical electromagnetic field of a single long wire, p. 370-378.)

(17) H. A. Wheeler, "A vertical antenna made of transposed sections
of coaxial cable", IRE Convention Record, vol. 4, part 1, p. 160-164;

1956. (Field of vertical wire between two horizontal planes.)
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Lightning.

Since lightning is the principal cause of ULF radio noise,
its occurrence and 1ts characteristics are relevant to communication
predictions. The essential information 1s scatfered and not well
summarized for present purposes. The following abstract 1s selectively
gleaned from a few of the recognized authorities. After introducing
the terminology and concepts, some statistics will be given on the
basis of some reports and rough estimates.

A thunderstorm occurs in a limited area where the cloud for-
mations include an interplay of ice and water particles. This seems
to be essential to the separation of charges in different parts of a
cloud. Just before a discharge between cloud and earth, with which we
are here concerned, the lower part of the cloud 1s usually negatively
charged. During the discharge, this negative charge is neutralized by
positive charge from the earth. (This positive charge is continuously
beilng replenished by leakage currents between earth and lonosphere,
through the small conductivity caused by ilonization of the air by
cosmic rays.)

A single cloud 1is discharged by a single flash, which 1s over
in a second. This discharge is accomplished in one or more strokes
from different parts of the cloud. For present purposes, each stroke
has a sudden pulse of high current, followed by a slower discharge,
the latter including most of the total charge. This is significant in
determining the fleld components at lower frequencles.

In each stroke, the initial pulse of current at the ground
1s greater and shorter than the average over the length of the stroke.
The latter 1is effective for developing the field at a distance greater
than the length.
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Thunderstorms (typical or average values):

Duration of storm : 50 min = 3000 sec

Number of strokes per storm _ 200

Frequency of storms over the earth 44,000 per day = 0.5 per sec
Frequency of strokes over the earth 100 per sec

Frequency of strokes during a storm 4 per min = 1/15 per sec
Average number of strokes per flash 2

Frequency of flashes during a storm 2 per min = 1/30 per sec

Frequency of thunderstorms in any one location

Middle U.S. 50 per year = 0.14 per day

U.S. extremes 1-100

Ocean ("infrequent") 2 per year = .0055 per day

Earth, average 10 per year = ,027 per day
Average area of a storm, over the earth 80 KmZ = 7 (5.0 Km)2

Local time during which thunderstorms Fourth quarter of.the day
are common (18-24 hrs)

Lightning strokes (typical or median values):

Peak current at ground 20 Ka (extreme, 200 Ka)
Peak value of average current over 10 Ka

length of stroke

Duration of initial pulse (at 1/2 peak 60 W3
current) '
Effectlive helght of discharge (length 1.5 Kn
of stroke)
Discharge from cloud during initial pulse 0.60 coul
Discharge from cloud during entire stroke 20 coul
Probability of any number of strokes per 0.50 1 stroke
flash 0.15 2
0.10 3
0.25 4 or more

Time per stroke 1n multiple strokes .05 sec
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While these statlistics are based on limited reports and
knowledge, 1t 1s intended that the values glven should probably be

within a ratio of 1:2 from the median values of experilence.
(18) H.A.W. Notebook 95, p. 128-148,

(19) H.A.W. Notebook 99, p. 6-9.

(20) B. F. J. Schonland, "Atmospheric Electricity", Wiley; 1932/1953.
(Lightning, p. 65-79; the most authoritative reference. )

(21) J. A. Chalmers, "Atmospheric Electricity", Pergamon; 1957.
(Lightning, p. 235-255.)

A22) L. B. Loeb, "Thunderstorms and Lightning Strokes", Chap. 13 in
"Modern Physics for the Engincer", McGraw-H1ll; 1954. '

(23) J. H. Hagenguth, "Theory of Lightning", Sec. 26, p. 2154-63, in
"Standard Handbook for Electrical Engineers", 9 ed.; 1957. (Thunder-
storm map of U.S.).

(24) A. D. Watt, E. L. Maxwell, "Characteristics of atmospheric
noise", Proc. IRE, vol., 45, p. 787-794; June 1957. (Iniltial pulse.)
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Fleld from lightning discharge.

To simulate the field of a single (initial) pulse of current

in a lightning discharge, consider this current in an antenna of the.

C type, Flg. 2(a). The earth and ionosphere are assumed to be parallel

planes of perfect conductivity, causing no attenuation.

ho = effective height of lightning discharge

Io = peak current during initial pulse, average over the height

fo = nominal frequency of initial pulse (at which the pulse shape
simulates one cycle)

l/2f‘O = effective duration of initial pulse, at 1/2 peak current

fw = effectlve bandwidth at receiver (both sidebands)

Hr = magnetic field at recelver, peak value of RMS envelope of
pulse through limited bandwidth

sub-o0 = lightning discharge

sub-r = receiver pulse

sub-w = bandwidth

The following formulas are obtalned by multiplying (22),
(23), (1) by the pulse bandwidth factor

£
— " w1 (28)
2 fo

This converts the peak current of the pulse to the peak value of RMS
envelope of pulse current as seen by a recelver of limited bandwidth.

Spherical near field: h_ < r <h, < A/r°
Ih, f,
H, = > (29)
2rr +/2 £y

Cylindrical near field: h, <r< %/vz

Inh f
5 H _ 0 0 W (30)

r 27TI‘hi _\/—2- fo

ew
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Cylindrical far field (radiation): h, < \/m° <

I h f
4 _ 00 W (31)

r — .
2+/kr 0y /2 £

Here we include for reference the spherical far field (radia-

tion) in absence of ionosphere ani any attenuation: ho < Ner <

Ih £
H, = — o (32)

r AT ‘\/E fo

This may be used for comparisorn with computations of Watt (ref. 24).

The initial pulse of a typical lizhtning discharge (Watt,
ref. 24) has the following values:

I, = 10 Ka

ho = 1.5 Km
l/2fo = 60 us

£ = 8.3 Ke/s
Ih = 15 Km-Ka
Io/2fo = 0.6 coulomb
IOhO/IO = 1.8 Km-coul

The last value is the moment of the discharge and its image in the

ground.
(25) H.A.W. Notebook 95, p. 142-8.

(26) H.A.W. Notebook 99, p. 11,

(27) _H. A. Wheeler, "The radiansphere around a small antenna', Proc.
IRE, vol. 47, p. 1325-31; Aug. 1959.
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References on heating of wires.

The following references provide some information relating
to the temperature rise in a conductor, as may be encountered in a
high-current sending antenna. They are listed chronologically.

This subject.is one that has inherited a confusion of units,
and the forward-looking MK3 units (used with Kelvin scale of tempera-

ture) are seldom even included in conversion tables. "The CGS3 units
are most common, as denoted by asterisk (*) in the 1list.

(28)* F. E. Fowle, "Smithsonian Physical Tables'", 8 ed.; 1934.
(Thermal conductivity tables, p. 272-279.)

(29) A. E. Knowlton, "3tandard Handbook for Electrical Engilneers”,
7 ed., McGraw-Hill; 1941. (Temperature rise of heilzontal wire in

still air, condltions indefinite, good curves, Secc. 5—287.)

(30) A. I. Brown et al, "Introduction to Heat Transfer', McGraw-Hill;
1942, (Thermal conductivity table, p. 17-8. Wire in air, p. 117-8.)

(31)* F. E. Terman, '"Radlo Engineers' Handbook', McGraw-Hill; 1943.
' (Solid dielectrics, thermal conductivity, table p. 111. Taken from

General Radio Experimenter, June, 1939.)

(32)* L. R. Ingersoll et al, "Heat Conduction", McGraw-Hill; 1948.
(Thermal conductivity tables, p. 241-5.)

(33)* H. Pender et al, "Electrical Engineers' Handbook - Electric
Power", 4 ed., Wiley; 1949. (Thermal conductivity table, p. 2-1-2.
Current capacity of wire in air, p. 14-185., Current capacity, various
cases, p. 14-210-27.)

(34) W. H. McAdams, "Heat Transmission", McGraw-Hill; 1954. (Theory
of convection, horizontal wire in air, p. 176. Wire in air f{low,
p. 259. Conversion factors, except MKS, p. 444. Thermal conductivlty

tables, p. 445-60.)
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(35)* A, E. Knowlton, "Standard Handbook for Electrical Engineers",
8 ed., McGraw-Hill; 1957. (Bibliography on current capacity of wire

in air, Sec. 4-144. Thermal insulating materials, conductivity table,

4
Sec. 4-607. C

urrent capacity of insulated wire in ailr, Sec. 15-30.)

(36)* C. D. Hodgman, "Handbook of Chemistry and Physics', 40 ed.,
Cnemical Rubber Publ. Co.; 1958. (Heat conductivity tables,

p. 2431-40.)
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Heat conductivity of various materials.

The following table includes materials that may be involved
in computing the heating of wires in a high-currecnt antenna. The
values given are effective at room temperature (about 20° C) except
for ice and snow.

Material CGS MKS Reference
copper . 0.92 396 (38)
aluminum 0.49 205 (386)
air 000058 024 (38)
water .00143 GO (36)
ice ©.0053 2.2 (32)
snow, fresh (about 1/8 .00026 11 (28)
density of ice) : '
snow, old (about 1/2 .0012 0.50  (28)

density of ice)

quartz (2 axes) .030 12.6 (38)
.016 6.7 (36)
polystyrene .0004 0.17 (31)
paraffin .0006 0.25 (36)
rubber, hard .00038 0.16 (35)
rubber, para : .00045 0.19 (36)
rubber compounds .00048 0.20 (33)
earth's crust (average) . 004 1. (56)
quartz sand, dry . 00063 0.26 (32)
quartz sand, 8% moisture . .0014 0.59 (32)
sandy clay, 15% molsture .0022 0.92 (32)
wet soils (range) .003 1.3 (32)
.008 3. (32)
wet mud .002 0.84 (32)
concrete, average stone .0022 0.92 (32)
concrete, dams .0058 2.4 (32)

ew



enw

Report 911 .Wheeler Laboratories, Inc. Page 41
600111

4.187 Joules

1l calorie

calorie
sec x cm x ©C

CGS unit of conductivity =

watt
meter x ©C

h

MKS unit of conductivity

1 CG5 unit = 418.7 MKS units

It is noted that the so-called CGS unit is inconsistent with
the CGS system in several respects. It is "rationalized", being de-

fined 1in terms of rectangular coordinates, whereas the CGS system is
"unrationalized", being defined in terms of spherical coordinates.
Also it 1s defined in terms of the calorie instead of the erg. Thne
temperature difference scale (Centigrade or Kelvin) is beyond the CGS
system, but is generally accepted for scientific purposes.

The MKS unit 1is consistent with the prevalent MKS system.

It is likewise "rationalized". It uses the joule, not the calorie.
The temperature-difference scale (Centigrade or Kelvin) is beyond the

MKS system, but is commonly used therewith.

(37) H.A.W. Notebook S5, p. 17-20.
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Field from lightning discharze (cont,).

The actual discharge of a lightning stroke has an initial
pulse of current followed by a trailing edge which decays slowly. It
appears that the initial pulse accounts for only a small fraction

(about .03) of the entire discharge (see p. 34). Therefore the trail-
ing edge 1s the major contributor to radiation at frequencies much be-
low the spectral peak (about 8 Kc).

This effect 1s shown in a recent experimental report
(Ref. 39). For a short pulse, at frequencies below the peak, the
spectral coefficient of amplitude would decrease with the first power
of the frequency. Instead, this report shows 1t decreasing approxi-
mately with the 1/2 power, down to 1 Kec (the lower limit of the ob-
servations). |

In the absence of experimental evidence, 1t 1s conjectured
that this 1/2-power variation continues down to about 10 c/s, as well
it may without violating any obvlous rules. At still lower fregquen-

cies, the entire discharge would behave as a short pulse, so a first-
power variation would be approached asymptotically. It 1s concelvable

that the l/2—power varlation may have a theoretical basls, similar to
the discharge of a line with uniformly distributed seriles resistance
and shunt capacltance. .

The preceding formulas (29), (30), (31) are modified for
the trailling edge by applying the factor

VT JE B (33)

No rules are violated if this factor complies with the conditlons

5 entire pulse 4
1 <9 i; b < initial pulse (34)

In the present situation, thls 1s applicable over the frequency range
of about 7 ¢/s to 8 Kc/s; thls happens to include the entire range of
present interest. The following formulas give the peak value of the

envelope of RMS pulse current, as seen by a receiver of limited band-
wildth (fw KL ),
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Spherical near field: h_ < r < hy < A/%z
IOhO fW ( )
H = 35
r o 2T T

Cylindrical near field: h, < r < k/vz

Ioho W '
Hr = 2vrhi (38)

Cylindrical far field (radiation): (2/7°) h; < M7° < r

Ih bl I h ft
H _ oo W _ O oW (37)
r = =
Ehij/rk 7/2*of Zhij/ZrVCLO
in which v, = N = wave velocity . The latter form sgows that this

value is independent of the operating frequency (f).

If the bandwildth (fw) 1ls so narrow that successive pulses
are wldened enough to overlap, the envelope of the pulses will in-
crease. The nomlnal pulse width 1s l/fw . If the average frequenéy
of the pulses is fp > fw , the RMS value of the overlapping pulses 1is
obtained from the preceding formulas by applylng the following factor:

£ /f > 1 (38)

The cylindrical far field becomes:

Toho fulo
H, = Zh; Frvt (independent of f ) (39)

(38) H.A.W. Notebook 99, p. 27-31.

(39) W. L. Taylor, A. G. Jean, "VLF radiation spectra of lightning
discharges", Jour. of Res. of NBS, vol. 63D, p. 199-204; Sept.-Oct.
19593,

Note: Some workers call ‘the trailing edge, the "slow tail'.
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Noise level from distant lishining discharges.

It is desired to estimate the prevalent noise levels off the
coast of Mailne, for purposes of experiments rather than cormmunication.
For this objective, the following pattern 1s suggested to represent
areas of lightning (thunderstorms) that may give typical noise levels.

The world maps (Refs. 40: 41) show that the greatest concen-
tration of lightning occurs in three tropical areas, namely, America,
Africa and Indonesia. In summer, the Gulf of Mexico is second to none;
in winter, the corresponding area moves south to Brazil, and there 1is
no nearer area of concentration.

Since the three principal areas are in dlfferent time zones,
and storms are most frequent in the latter part of the day, only one
area 1is most likely to be active at one time. Therefore, at any par-
ticular time, we may assume that much of the world's lightning 1is
occurring at one of these three areas.

The U.S. map (Ref. 42) shows the concentration of thunder-
storms toward the Gulf area. In terms of the average number of thun-
derstorm days per year, we note the following:

Florida 80/365 = 0.22
Mid-U.S. 50 0.14
Maine 20 0.055
West coast 5 0.014

On perhaps 3/4 of tﬁe days, there is little lightning in the east halfl
of U.,S., and possibly 1in all of U.S.

During 2/3 of every day, there is seldom a lightning area
closer than Africa or Indonesia. The corresponding low nolse level
may be estimated by assuming the world's lightning to be occurring in
one of those areas. During about half of the days in summer, there may
be another part of the day, in which this activity is concentrated in
the Gulf area. Any closer activity 1s infrecuent in days and transient
in hours. It appears that the lightning activity in the Gulf or in
any closer areas can be avoilded in making experiments.
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The distances from Mailne to the further sources are:

Equatorial Africa 1/4 great circle
Indonesia 3/8 (over M. Pole)

Since the latter 1s approaching the antipode, there 1s dppreclable
focusing action of the earth's curvature. Therefore computations will
be based on 1/4 great circle, which is 10,000 Km. .Attenuation will be
ignored, but all paths longer than the direct path will be assumed €O
be attenuated sufficiently to avoild substantial contribution to the
total noise. '

- The following example should give a rough idea of the median
RMS noise (Hr) in Malne during the quieter 2/3 of every day. See (39)
on p. 43; also see p. 34, 37,

= 10 Ka

= 1.3 Km

= 80 Km

= 10,000 Km
300,000 Km/sec
= 8.3 Kc/s

= 1c¢/s

= 100 c¢/s

0.13 pa/m

[ o T T I SR e BN e L
B0 E O O = O O
i

This value is independent of the operating frequency (f) under the
specified limitations, which are likely to be valid at 30-300 c/s.
The actual value may be considerably less, if there is substantial
attenuation. ’

In the neighborhood of 100 c¢/s, there 1s falr agreement be-
tween this example and some observations of Willis in England. His

report will be analyzed 1n a later section.

(40) W. §. Crichlow et al, "Worldwide Radio Noise Levels Expected in
the Frequency Band 10 Kec¢ to 100 Mc", NBS, C-557; Aug. 25, 1955.
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(41) W. Q. Crichlow, "Noise investigation at VLF by NBS", Proc.

vol. 45, p. 778-782; June 1957, (World map and curves of noise

summer night.)

(42) J. H. Hagenguth, "Theory of lightning", Standard Handbook
Elec. Engrs., 8 ed., McGraw-Hill, p. 2154-63; 1957. (U. S. map

by

thunderstorm days per year.)

(43) H.A.W. Notebook 99, p. 38-56.

IRE,
level,

for
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AF magnetic fluctuations.

H. F. Willis has observed and reported fluctuatiorSof
horizontal magnetic field at frequencies of 5-800 c¢/s, observed at an
isolated site in England (Ref. 44). He reports omnidirectivity in
azimuth and does not indicate any difference between April and Novem-
ber. His report is in terms of "typical values for the fluctuations",
which we may take to be comparable with the RMS values. They were ob-
served on a bandwidth of 4 c/s, which 1s narrow enough to assure a
random noise of overlapping pulses. They are reduced to a bandwidth
of 1 ¢/s.

His observations can be summarized by two numbers, as
follows:

At 100 ¢/s, H = 10 7 gauss (oersted) = .08 pa/m
At frequencies of 5-800 c¢/s, H o< f_‘j/2

This value at 100 c¢/s is comparable with the preceding ex-
ample for Maine (0,13 pa/m). On the other hand, the writer's theory
gives a value that is nominally independent of frequency, which differs
from the Willis report. His observations seem to offer a good starting
point for further theoretical and experimental studies.

' His report of omnidirectivity 1s contrary to expectations
(and contrary to experience at VLF), There is a question how literally
this report should be taken. Perhaps the magnetic field merely oc-
curred in all directions at different times.

The amplitude decreasing with increasing frequency could be
explained in several ways. There 1s increasing attenuation in propaga-
tion, and a reasonable amount could cause the observed trend.

Conversely, the amplitude increasing at lower frequencles
may be caused by a relatively small number of unusually large dis-
charges (single or multiple) which disproportionately contribute to the
total enersy. Even in typlcal discharges, the "trailing edge" or "slow
tail"” may contribute to thls trend more than has been contemplated.

It is even possible that the upward trend at the lowest frequencies

has a principal cause other than lightning,.
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(44) H. T.
vol. 181, p. 887-8; June 5, 1948,

(45) H.A.W. MNotebook 99, p. 48, 58.

Inc.

Willis, "Audio-frequency magnetic fluctuations', Nature,
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Radiation from a Wwire on the ground.

If a long wire is located on the ground, with its ends

-ty

connected to ground electrodes, 1t radiates like a vertical loop with
return circuit at some depth in the grouni, It is assumed that the
wire is insulated, if necessary to assure that nearly all the currcnt
returns through the grounl electrodes. The current may be provided
from a generator connected in series with the wire. (Rcfercnce is
made to Fig. 2(t), showing a complete loop above ground.) In the case

of a long wire on the ground:

a = radiuvs of wire

= length of wire between ground electrodes

hm = effective height of the wire, relative to return path
in the ground

o} = skin depth in the ground

o = 377 ohms = wave resistince of {ree¢ space

R, = grounld return recsistance between ildeal plane electrodes

X; = reactance of wire and ground refurn

Rh, Xh = extra resistance and reactance of practical electrode
at cach end

D = R /X = power factor

28 g g

The significant properties of this loop radiator are 1ts
effective area and its ground resistance, since most of the power 1is
dissipated in the grounda. The reactance is significant relative to
tuning and bandwidth.

The following restrictions cenable the simplest analysis:

—”

a << 6<K g < %/K{

¢

From the viewpoint of a receiving antenna, it can be shown
that the voltaze induced in this wire has the same magnitude as would
be induced in a loop of a certaln area Jjust above a perfect grouni

i

area, we take the lengtnh of the wire ()

(¥F]

planc. To express thi:

following efifeactl

<

Lagts)

ve heicht:

=

multipliseg by the
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WV

h = &/-/C (

m

i

0)

Then the effective area is ghm , and tnils can be used 1in any formula

for a sending or receiving loop. This effective heizht is equal to
the average depth of all parts of the return current in the ground,

: a1

laking only their components that are in phase with the total current.
t

“

Naturally the cifective hcight 1s somewhat less than the skin depth.

v
The registance of the ground return is

-5
1]
Q=
t
=

it
il
|-
o)
g
i
H>
-J
}—
;
]

29€ g/A {41)

o

4]

This value 1is obtained from Carson's derivation, for the limiting case

fal

f a ohin wire on the ground. It is independent of the conductivity

O

and skin depth. It happens to be the resistance of a simple conductor
having the conductivity of the ground and a cross section of 48 x 6 ,
if it carried uniform current density,

he reactance of this wire, with this gfound return, 1s ex-

pressed relative to the resistance:

(42)

=H=

_0_577] _ 44,1316
J T a

0%
0

Tnis is ecgual to the rcactan the wire would have if it werce located

ce
apove a perfect ground plane at a height of 0,655 & .

The above forrmulas do not include the internal resistance and
reactance of the wire. If the skin effect 1in the wire is negligible,
its resistance has the DC value; also 1ts internal reactance may be
included in (42) by adding 1/4 to the logarithm.

The extra resistance (2Rh) of the end electrodes should be
made somewhat less than the ground return resistance (Rg). If the
same size wilire, but not insulated, were inserted vertically in tne
ground, to a depth exceeding the skin depth, its series registance and

reactance would be approximately:

(43)

j=
o
Il‘\’}_x
5]
(@}
N
==
Cn
O
Do
n
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XS]

Il the same wilre were buried Jjust below the surface, itfs resistance
would be greater but not twice as great. The use of N radial wires
would reduce the resistance, but the factor would not be as small as
1/N .

It 1s interesting to compare an insulated wire on the ground
(Ref., 46) with one buried much deeper than the skin depth (Ref. +7).
Each 1s comnected between ground electrodes at the ends. 1In these
two cases, the ground return resistance is the same. However, the
buried wire has slightly less reactance, toc the extent of removing
the 1/2 in the brackets in formula (42).

The utility of a wire on the ground resides in the ease of
supporting it over a long distance. If the ground conductivity 1is as
low as 1 millimho/meter, the skin depth at 100 ¢/s is 1.8 Km and the
effectlve height is 560 meters. This effective height could be util-
ized for a great length, requiring no supporting towers. There 1s a
problem, finding low conductivity to a sufficient depth over a larsze
area.

46 J. R. Carson ”Wave ropagation in overhead wires with ground
o
3 g
1"

return’, BSTJ, vol. S, p. 539-54; Oct. 1925. (Called to my attention
by C. A, Martin:)

(47) R. K. Moore, "The theory of radic communication between sub-
merged submarines', Cornell Univ., thesis; June 1951. (R and X of

submerged insulated wire between ground electrodes.)

(48) H.A.W. Notebook 99, p. 52-5.
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Contents

This 1s a cumulative report for collecting information de-
veloped in the course of sftudies and consultation relating to medium-
range communication between underground LF antennas. The following
list will be brought up to date and reissued with each release of

additional pages.

Topics Pages
Loop antennas for 250 Kc 3- 9
Radlatlon efficiency of underground loop 10-12
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Looﬁ antennas for 250 Kc.

A system 1s proposed on the basis of these conditions.

Distance r = 400 Km = 250 mi
Frequency f = 250 Kc
Wavelength AN = 1.2 Km

Depth to center of each loop d = 15m = 50 ft
Conductivity of ground g = .0l mho/meter
Skin depth in ground 8 = 10m

Depth attenuation of magnetic field exp-d/6 = 0.223 = 1.5 nap = 13.0 db

The frequency 1s chosen as a compromlse between maximum effi-
clency and maximum reliability. Selective fading 1s to be expected,
with a path difference of about 25 A or more. To overcome this
handicap, we may use FSK with frequency shift of about 1 % or 2.5 Kc,
with a recelver having two narrow channels, and differentially combine
the rectified signals. This will reliably give normal reception with
path differences up to 50 A, to be expected at 200 Km. No selective
fading 1s expected at shorter distances.

For omnidirective sending and recelving, each end has a pailr
of crossed vertical loops coupled in phase quadrature. The sender
would have separate power amplifilers; the receiver might have separate
preamplifiers. Or the receiver could have separate amplifiers and de-
tectors, then combine the output, thereby avoiding the quadrature re-
quirement in favor of the diversity principle.

The sender loop may be made of one turn of 4 parallel con-
ductors, forming a 10-meter square with mean depth of 15 meters., Each
conductor is aluminum tubing of 2 inches outside diameter, and the four
in parallel are spaced on the corners of square insulating frames of
2-ft diagonal. They may be located in a tunnel lined with tile or con-
crete (no metal). The parallel conductors are arranged to divide the
current equally, as by twisting one turn along each side of the square

loop. The following are the conditions at the sender.
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r = 400 Km

Page 4

4 = 15 m
¢ = .ol
5§ = 10m
A, GND
SND
P11y

RCV

HZ’PZ

Fig. 1 - Underground antennas for sending and receiving.

ew
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Loop area

Inductance

Capaciltance to tune

Reactance

Series resistance (caused by ground conduction)

Parallel resistance (equivalent to series resistance)

Power factor
Power
Current

Voltage

Ay
Ly
Cq
Ky
R

1

R 1

n

Page 5

100 m°

25 ph
.0lo ph

39 ohms
2.25 ohms

680 ohms

Ry /X, = .058
50 Kw

150 amp RMS
5.8 Kv RMS

Effective current 1in loop (the current which, in an equal loop above

ground, would radiate the same power as the actual current in the

underground loop)

Radiatlion resistance above ground
Radiation power
Radiation efficiency

(1 micron

U g H

10
10

10 ~
P1o/P1

33.5 amp

0.30 milohm
0.34 watt

6.8 microns
-51.6 db

1 mi1? = 1076

]

The loss of radiation efficiency 1s made of two parts, the

ground-conduction loss relative to free space radiation (38.6 db) and

the depth attenuation (13.0 db).

From the effective current in an equal loop above ground, we

compute the fleld above ground at the recelver:

Magnetic field
Electric field
Avallable power (from a vertical loop)

H

P

20
E2o
20

I\

.036 pa/m
14 pv/m
.045 uw

This must be compared with the noise level expressed 1n the
same terms. The thermal noise, based on the bandwidth that 1is here

proposed, 1s as follows,
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Bandwidth Af = 1 cycle/second

Temperature T = 300° K

Available power P = KTaf = 4.14x 10721 watt
Magnetic field H = .0113 pLa,/m

Electric field E, = 4.25 LV /m

Signal/thermal nolise Poo/PL = 11 x 10%% < 130.4 db

Here we 1nsert a correctlon for curved earth (3 db) and

ground loss (9 db) which reduces thils last ratio to about 117 db.
~ Atmospheric radlo noise in U.S., during 1ts greatest activity

in summer nights, has a median value about 110 db above thermal noilse.
The above signal covers this value by about 7 db, whilch may possibly
be sufficient for reliable operation with FSK. At 4/5 distance
(320 Km = 200 mi), the margin 1s 7 db greater, or 14 db, which is
probably adequate for reliable operation.

The recelver requlres underground crossed loops sufflciently
large to assure that the atmospheric noise is somewhat greater than the
thermal nolse. Since thls ratio above ground 1s about 117 db, the re-

~celver loop should have a radiation efficiency substantlally greater

ew

- than -117 db; thils result 1s easily obtained with a moderate size of

loop. Still greater efficlency (by 20 db or so) would take full ad-
vantage of the perlods of much lower atmospheric noise (és in winter
days).

The design of each receiver loop 1s based on one wide turn
(current sheet) on a meter-cube form in a 2.2-meter (7-ft) cublc room
with concrete walls (free of any metal reinforcement). These cublc
forms are approximately equivalent to spherical coill and radome of
radil 0,7 m and 1.4 m .
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Underground magnetlc field H, = .0080 na,/m
Induced voltage V2 = .016 pv
Inductance L2 = 0.62 uh
Reactance X2 = 0.97 ohm
Capacitance to tune C2 = 0.65 uf
Power factor (caused by ground conduction)
Py = .00245 = 2.45 mils

Serles reslstance . R2 = pX = 2.4 mllohms
Parallel reslstance (equivalent to serles resistance)

. Ré = 400 ohms
Resonant voltage vy = V2/p2 = 6.5 pv
Radiation efficlency -66.0 db

A practical design might obtaln a voltage step-up ratio of
35 by making the loop of 7 turns, and coupling to the tuning capaciltor
through a balanced-to-unbalanced transformer with a turns ratio of 1:5
on a closed ferrite core. The condltions on the secondary WOuld'then
be as follows.

Effective number of turns n = 35
Capacitance to tune C/h2 = 530 puf
Resonant voltage nVé = 230 uv
Parallel resistance ané = 0.49 megohm

kach of the crossed loops may be made of 7 turns of one-inch
dlameter thin-wall aluminum tubing, flattened locally for bending at
the corners.

The recelver antenna has a large factor of safety for the
specified requlirements, The low value of radiation efficlency loses
only 66 db out of the 110 db by which the highest medlan atmospherilc
noise exceeds the thermal nolse; part of the remalning 44 db may be
sacrificed to some practical advantages in design, as follows. In-
creasing the serles resistance by 8 times (to glve a deb bandwidth of
20 mils or 5 Kc) would sacrifice 9 db. Doubling the depth (to 30
meters) would increase the attenuation by 13 db. The amplifier might
introduce excess nolse of 3 db. The total of these changes would in-
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crease the recelver excess noise (relative to thermal radiation above
ground) from 66 to 91 db, which is still 19 db less than the highest
median atmospheric noise. 1In any case, the theoretical performance
might be degraded by about 3 to 6 db by practical limitations.

The most serious difficulty is the radiation of power above
ground from a small sending antenna located underground. In the above
example, there 1s a loss of 51.6 db. The result 1s marginal for over-
coming the highest medlian atmospheric noise at the receiver. Increas-
ing the radiation power may be accomplished by any of the following
changes; conversely, any particular requirement may be relaxed at the
expense of another.

Increasing the power to the sender loop.

Decreasing the depth to the 1locop center.

Increasing the size of the loop (especially the width rather than
the height).

4, Decreasing the ground conductivity (around and above the loop).

3. Decreasing the bandwidth (now 1 cycle/second).

€. Employing a large horizontal array of loops (to concentrate the
radiation at low angles). ’

7. Complicating the type of modulation and detection.

(1) H. A. Wheeler, "Radio wave propagation formulas"', Hazeltine Re-
port 1301WR; May 11, 1942, revised June 1945. (Interception area of
dipole in free space.)

(2) F. E. Terman, "Radio Engineers Handbook', McGraw-H11l, 1943.
(Propagation over spherical earth, curves including 300 Kc and depend-
ence on ground conductivity, p. 681-3. Ground constants, p. 709.

Low-frequency propagation, p. 733-6.)

(3) J. A. Pierce, "Propagation", Rad. Lab. Series, vol. 4, chap. S,
p. 121-169; 1948. (Includes Loran experience and curves for 180 Kc;
ground wave, sky wave, selective fading, path difference, required

signal at recelver.)
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(4) W. Q. Crichlow, "Noise investigation at VLF by the National Bureau
of Standards", Proc. IRE, vol. 45, p. 778-82; June 1957. (Charts of
atmospheric radio noise from 10 Kc to 30 Mc, for summer night, p. 781.)

(5) H. A. Wheeler, "Fundamental limitatlons of a small VLF antenna
for submarines”, IRE Trans., vol, AP-6, p. 123-5; Jan. 1958. (A
spherical coll in a spherical radome.) Formulas (3) and (4) contain

errors.,

(6) H. A, Wheeler, "The spherical coil as an inductor, shield, or an-
tenna", Proc. IRE, vol. 46, p. 1595-1602; Sept. 1958. (Radlation
power factor in free space or under water.) Formulas (29) and (31)

contain errors.

(7) H. A. Wheeler, "The radiansphere around a small antenna', Proc.
IRE, vol. 47, p. 1325-31; Aug. 1959.
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Radiatlion efficiency of underground loop.

(It is noted that the formulas in this section may not give
exactly the numerical values in the preceding section, since that was
compiled before some of these formulas were completed and checked.)

A small loop antenna 1s submerged in a conductlve medium.
The largest dimension of the loop is much less than the skin depth in
the medium at the operating frequency. The depth of submersion 1s
much greater than the largest dimension of the loop. The medlum has a
horizontal plane boundary, above which there is free space (air).

The radiation efficlency of thls loop is the power ratlo of
the radiation into the free space (above ground) over the input power,
most of the latter belng disslpated in the ground by the currgpts in-
duced in its conductance. This can be computed simply for aﬁAair—core
spherical coll, as follows (see reference 86).

Frequency £ (cycles/second)

Wavelength A (meters)

Conductivity in ground o (mhos/meter)

Skin depth in ground 5 = ~/AmoR; = %; ~/7\/300 (meters)
Depth of center of coil d (meters)

Wave resistance in free space RO = 377 ohms

Radius of coill a (meters)

Radius of outer radome a' (meters)

Number of turns n

Effective area A = % ra’n (meterz) (1)
Inductance L = %;-uoanz (henries) (2)
Reactance X = %;-RO Z%g n® (ohms ) (3)

Radiation power factor of this coll Just above ground
3 .
_ ¢ (2ma
pO - 5<>\) (4)

ew
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Corresponding radiation resistance

Dissipation power factor of this colil in a radome 1n the ground
(a <a' << d) '
2a3

5a'62

Corresponding disslpation resistance and equivalent parallel conduct-
ance

R = p'X (7)
2
6y = 2% (&)

Radiation efficiency for thils case
(po/p') exp-2d/6 = a‘62 (27r/?\)3 exp-2d/6 << 1 (9) < s

It 1s noted that the conductivity and frequency are implicit
in 62 which is proportional to A/o . 1In this case, the radlation
efficlency 1is independent of the coll size but 1s proportional to the
radome radius; 1f the coll 1is substantially smaller than the radome,
the radiatlon efficiency 1s also independent of the coll shape.

The next case 1s based on a spherical coil immersed in the
medium without a radome, so the ground conductivity 1s effective in all
space outslde and inside. (The dissipation 1inside 1s 1/5 as much as
outside.)

Dissipatlon power factor of this coll in the ground

P = —> (10)
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Corresponding dissipation resistance and equivalent parallel conduct-
ance

R, = pX (11)
= 2
G, = 57028 (12)

Radiation efficiency for this case

(po/p) exp-2d4/6 = % a5° (27r/7\)3 exp-24/6 << 1 (13)

A

Except for the exponential factor, this would be proportional to qﬁ;ygzv’

8./07\2 . C_’,,A;’S(‘W

In the latter case, as compared—with—the-spherleal—eeid, a X
more concentrated coil of the same radfhgzéiveﬁ a somewhat higher effi-
clency, probably less than twice as great. Therefore the above for-

mulas place a lower limit on the performance of some practical shapes.
In these formulas, conductor resistance in the coil 1is 1ig-

nored, also the electric-field loss in the nearby ground.
If the dimensiors of the loop become comparable with the skin\\
\ 2

depth, the radiation efficlency is greater than that given by the / -
above formulas.

(s) (6) (7) References (p. 9) for spherical coil, radome, underwater
location.

93, pr B2,
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Ammeter utilizing air-core toroid.

A high-current RF ammeter is needed to measure the current in
each half of the antenna, while the perr 1s being delivered to both
halves operating together or to either half operating alone. The
nominal highest current values are as follows:

Each half, both operating: 1800 amp RMS
Either half, operating alone: 2800 amp RMS

It 1is conjectured that the latter value might go as high as 4000 amp,
so this 1s taken as the maximum value to be measured.

The ammeter 1s to be separated from the high-current bus by
an airgap sufficient for insulation against 15 Kv RMS, and 1s to be
shielded from the bus by a metal casting.

The frequency range 1s 14-30 Kc, with highest current at
14 Kc and perhaps half thils current at 30 Kc. The design 1is more
difficult for lower frequencies, so it 1s based on the above current
values at 14 Kc,

The arrangement here proposed 1s a toroldal coupling around
the high-current bus, followed by a series inductor and a thermocouple
of intermediate current rating. The DC output of the thermocouple goes
through a filter to remove any RF currents, then through a long line
(3000 ft) to a zero-current electromechanical millivoltmeter (Weston).
The latter is independent of the series resistance of filter and line,
and any number can be connected in parallel without interaction.

Fig. 1 shows the essential dimensions of the shield which
forms the boundary of the toroldal alr core to be used for coupling
with the high-current bus (shown in the center). It may be an aluminum
casting in 2 or 4 parts. It forms a conductlive enclosure which 1s
closed except for the gap around the outer edge. It behaves as a
Faraday shield, which excludes electric fileld but admits magnetlc field.

The essentlal partition is in the plane A-A, separating the
casting into upper and lower halves. The faces are machined. The two
halves are clamped together, in close contact at the inner clrcle, but
separated by a thin layer of dielectric at the outer circle (say .J05"
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thickness of mylar). This dielectric should. separate the faces by an
amount much less tnan the skin depth in the casting (.020" in Al at
30 Kc).

The second partition, in the plane B-B, may be utilized to
enable the shield to be removed from around the bus. Alternatively,

a section of the bus may be removable. The coupling circults may all
be mounted on the lower front part of the shield, not crossing any
planes of ¢artition.

The small pipe shown on the lower half 1s located around the
front semicircle only, and is bonded to the shield along its entire
length. It willl be used to shield the leads of the coupling loops to
be located in the shield. It provides both electric and magnetic
shielding, as well as mechanical protection. Use Cu or Al tubing.

Flg. 2 shows the arrangement of two single-turn coupling
loops to be located on opposite sides in the toroidal shield. This
clrcuit is mounted on the lower front part of the shield. Each loop
1s self-supporting and insulated, and 1s large enough to fit Jjust in- ,
slde the toroild shield, enclosing nearly all of the magnetic flux in
the toroid. The palr of loops are connected in serles to form a two-
turn coupling.

By locating the two loops on opposite sides, two sources of
error are canceled out. One is the leakage of amblent "cross field"
into the shleld. The other 1s the first-order effect of any eccen-
tricity of the shield on the straight center conductor (or the multiple
conductor to be used for calibration). Both of these effects are re-
duced to about 1/10 of thelr "free-space" values by the use of a very
small gap between wide flanges around the outer edge.

Fig. 3 shows the essential circuit arrangement. The toroldal
shleld and coupling loops (2 turns) provide mutual inductance L

1z °.
The current 1in the thermocouple heater Rh is then determined by the
total series inductance L2 . The current ratio 1is
Iz/Il = LM/L2 << 1 (1)

As 1in the case of any meter transformer, the circults are designed to
make this ratio independent of frequency and incidental resistance.
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Examples of dimensions and circult values will be given, together wilth
precauttons for stabilizing the current ratio.

If the thermocouple 1is in contact with its heater, which 1s
customary, the output circult may require the series choke coils and
shunt bypass capacitors for RF isolation between the thermocouple and
the output leads. (See remarks below relative to chokes and ground-
ing.)

Fig. 2 shows the shielding from the toroid to the long line.
The shield pilpe forms the only external ground connection. The thermo-
couple box may be separated from the torold by as 1little as a few
inches or as much as a few feet, this connection being included in the
calibration. Thils box should not be too closely adjacent to the tor-
oid. Any circult grounding 1s made to the inside of the shielding.

The plan shown 1s based on a single circuit ground at the
output, where the AC-power amplifier circult presumably has one side
grounded. In thils case, the choke colls L:5 should be omitted. On
the other hand, 1f the circuit has an ungrounded output meter, the
single ground may be located at the inter-loop connection (*); then the
choke colls are needed,

The thermocouple Junction circuit should be fused at the out-
put terminals to protect against grounding faults. Thilis will also

protect the heater, which has greater current capacity.
Referring to the inductors %Lg , they may be wound on the

same core and measured in serles, or may be separate. The choke colls

L3 , 1f used, should be separate.
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Design formulas for ammeter.

MKS units.

This relation 1s used to convert lnductance L to reactance

wu, = R_(2m/A) ohms/meter
in which

w = 27f (radian/second)

m, = 1.257 x 1076 henry/meter

RO = 377 ohms

AN = wavelength (meters)

Air-core toroid with n circular turns (n = 2);:

_ 2 2 2
L, = nurg /2r2 (ro <L rz) henrys
X = nR_ 7rt/r A ohms
12 0 o’ 2
in which
= radius of circle of each turn (meters)
r, = radiug of core cilrcle through centers

of turns (meters)

Total inductance of thermocouple heater clrcuit:

— 1 L
L, = LJ+ L, = le(Il/Iz)
in which
Lé = inductance of loop turns and leads (henrys)
Lg = 1inductance added in series with heater (henrys)
Il = current 1in center conductor (amperes)
I, = current in heater (amperes)

Page 9

X
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Relative reduction of heater current I by resistance in heater cir-

2
cult:
2
R, + R
1 2 h
ST X <L 1 ' (6)
2
Self-inductance of alr-core toroid (for Lg ):
L = nzuan/Zb (az << b2) henrys (7)
in which
= number of turns
= RMS radius of circle turns (meters)
b = radius of core circle through centers of turns (meters)
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Ammeter component specifications.

The center conductor (Il s rl) should be fairly straight in
the neighborhood of the toroid, although the palred loops cancel out
the first-order error that might be caused by departure from straight-
ness.

The size of the center conductor may be reduced at the loca-
tion of the toroid, enabling the use of a smaller toroidal shield.

The separation between center conductor and toroid should be
several times the nominal breakdown distance in air (1 mm per 2 Kv RMS).
Also a distance approximately equal to T is suggested as a minimum.

The toroidal shield should be made of a highly conductive
material such as aluminum. At 14 Kc, the skin depth in aluminum is
8 = 0.7 mm . The wall thickness should be at least several times the
skin depth. Clamping bolts may be made of any nonmagnetic material,
and must be insulated at one or both ends to prevent any conductive
path across the toroidal air space or the outer gap separated by in-
sulation.

The mutual reactance should be sufficient to glve a voltage,
) = I.X , Which 1s much greater than the required heater voltage

2 1712

Vh » S0 the heater resistance Rh will have a negligible effect on the

current 12 through reactance 4X2 . See formula (6). The current has
a relative error from the mean, over the frequency range, which 1s less
than + 1/500 if R2/X2 < 1/20 and Rh/X2 = vh/v2 < 1/20 ; this requires
X12 > 20 \(h/Il .

In view of the preceding relations, it 1s advantageous to
choose a thermocouple of moderately high current rating so that its
required voltage 1s a small fraction of one volt. On the other hand,

a higher current rating tends to require a higher volt-ampere rating
for the series inductor LS . The latter i1s a serious problem if an
lron core 1is used, but less so if an ailr core.

The series inductance LS must be nearly constant over the
frequency range and temperature range. A rather small dielectric-core
toroid, wound with Litz wire, 1s a preferred type. A somewhat lafger
coil of solid wire, of single-layer solenoid type in a shield can, is
an alternative. An iron cup core, wound with Litz wire, may be helpful

ew to reduce slze, but requires careful deslgn of alrgap.
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Proposed design for ammeter.

Assuming that the inner conductor remains full size:

.0O5m = 2 in

.125 m 5 in
225 m 9 in
325 m

I
i

H
o O O O

[RSTE AR SN O]

13 in = outside radius over flange

+

[gV)
3
I

O

= 14 Kc

= 21.4 Km

= ,014 ph

.23 milohm

Ka

= 4 a

1/1000

= 4.9 v

= 0.25 v

= 1.23 ohm

= 14 uh

= 20 va (rating of L2)
= .,062 ohm (1 watt)
= ,062 ohm (1 watt)

—
no
Il
=

N e
N
]
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Design of toroid inductor for Lg

L = 1l4ph ;3 R < 0.06 ohm

a = .01lm = 0.4 in

b = .03m = 1.2 in

n = 82 = 2 x 41 (2 halves of toroid)

2r(b-a)/n = 1.53 mm = .060" = pitch on inside of toroid
2ran = 5.2 m = length of wire

Litz wire equivalent to 14 gauge, about 1 layer on outside

and 2 layers on inside of toroid.
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Ammeter components and detaills.

Thermoelement:

Weston Model 9997, Type C, 4 amp., round case, $17.75S.
Delivers 12-15 mv. output at rated current input.

Electronic Mill1i-Volt/Ammeter (DC):
Weston Model 1477, in stock, $425,
Use scale 10 mv for 4000 amp.
s " " 2800 "
Calibrate on standard scale (100 div.).

Later, order special scales (direct reading).

Thermo Ammeter (for calibration purposes):
Weston Model 622.2901004, 50 amp., $309.
Use with 80 turns for 4000 amp.
s " " 2800 " °

Current ratio: The cholce of a thermoelement was governed
by several factors. (1) The higher-current ranges are more rugged,
avolding vacuum seal and having a lower-resistance thermocouple that
is less sensitive to burnout. (2) These ranges come in Type C, which
i1s compensated against ambient temperature variations. (3) The higher

ranges of Type C are dependent on thermal conduction in the heater and
independent of alr cooling, which removes the effect of alr tempera-

ture. The ranges from 3.5 amp upward have mainly conductor cooling,
as indicated by the lowest voltage (0.2 v) at rated maximum current.
The lower ranges have higher voltage, up to 0.4 v for the 0.5 amp range,
the latter indicating alr cooling about equal to conductor cooling.
The range of 4 amp was chosen as about the lowest that would rely
malnly on conductor cooling.

Current ranges: The thermoelement 1s rated to delilver:

12-15 mv at 4 amp,

10+ 1.1 " " 3,44 "
Therefore 1t 1s proposed to operate at the following full-scale levels:
10 mv 3.5 amp (4000 amp)

5 " 2.5 " (2600 ")
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Thls matches two of the standard scales on the Model 1477. Thils re-
quires a current ratio slightly different from that assumed on p. 12.

Series inductor: The 1dea is to shoose a series inductor
that will give 4000 amp full-scale for 10 mv from the thermoelement,
The best estimate yields these changes from p. 1l2:

I, = 3.5 amp (for 10 + 1 mv from thermoelement)
I/I; = 1/1140
vy = Ryl,. = 0.18 v
X2 = 1,40 ohm
L2 = 16 uh
IV, = 17 va (rating of L, )
R, -~ .05 ohm (0.6 watt)
R, = .09 ohm (1 watt) or less
Design of toroid inductor for Lg (changes only):
L = 16 puh ; R < .09 ohm
n = 88 = 2 x 44 (2 halves of toroid)
2mTan = 5.5m = length of wire

Palr of loops: In Fig. 2, note cross-over on one side 1n

connection of two loops in series.
Grounding and shielding: Omit all ground connections for

heater AC or Junction DC circults. Omit series choke coils. At each
end of long line, ground each terminal through 0.1 uf in series with
50 ohms; the principal purpose 1s to damp the long line agalnst
resonance at harmonic frequencles. 1In each output lead from thermo-
element, insert a fuse for 0.1 amp; 1t 1s estimated that 0.5 amp is
about the maximum safe current in Junctlon leads, but the actual

current 1s mainly the meter current and the charging current in bypass
capacitors and long line (about 0.1 uf across the circuilt); these

currents are much less than the suggested fuse rating.
Long line: Pair of insulated wires in a metal pipe (any
metal). Total resistance less than 50 ohms, for best operation of re-

mote meter.
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Remote meter: Model 1477 includes 200 Kc amplifier operated
on AC power. There is a yuestion of susceptibility to 200 K¢ harmonics
of transmitfer. Thilis will be investigated and may reguire specilal
shield box and 20C Ke filtering, in view of high power nearby.
Linearity and stability are within 0.1 % of full scale for input cir-
cult resistance within 50 ohms. This applies to input current sguared.
Proposed scales (above) are based on normal operation and calibration
near mid-scale.
Space: The following are the approximate overall dimensions
of components,.
Thermoelement, round case, 3" dia. x 2" ht.
Meter-amplifier, €" width x 7" ht. x 5" depth.

Note added later.

Tests on remote meter: Model 1477 has been borrowed from
Weston and tested for susceptibility to AC voltage superimposed on DC
voltage being measured. The following conclusions were reached, re-
lating to the 10 mv and 5 mv scales that are intended toc be used.

(1) At frequencies around 200 Kc, .0l v AC may cause a transient
kick of + 1 or 2 divisions (on 100-division scale) but no residual
error as great as 0.1 divisions; 0.1 v causes a kick of + 12 or 25 div
and residual error less than 0.5 div,

(2) At-frequencies of 15-30 Kc, 0.1 v AC causes no error as great
as 0.1 division.

It 1s concluded that superimposed AC voltage 1is tolerable up
to 0.1 v at 15-30 Kc and up to .0l v near 200 Kc (of interest when
this i1s a harmonic of the operating frequency).

1

NB 100W, p. 143.
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Variometer inductance computations.

Symbols (MKS unitg):

a = radius (meters) '

b = n x pltch of winding, axial length (meters)

n = number of turns

L = 1inductance (henries)

%p = 1.257 x 1078 = magnetivity of free space (henries/meter)
sub-1 = 1inner coil

sub-2 = outer coil

sub-12 = mutual

”~

inductance of helix (solenoid):

Wuoaznz

L = vy09a (8)
Mutual inductance of two concentric coaxial helices, if inner coil 1is
slightly smaller than outer coil: '
aZ
_ 1 71
12 = Rz (9)
2 2

Coefficient of coupling of two concentric spherical colls:

n
L

Kk = (al/a2)3/2 (10)

12
In the present case, the coils are incomplete spherical colls with a
few turns of varying pitch, so the helix approximation requires some
Judgment in choice of effective radius and length.

nl = 4 n2 = 5

al = 1.66m as = 1,75 m

bl = 1.90m b2 = 2.80m

Ll = 51 + 2 ph L2 = 70 + 3 ph
le = 49 + 2 ph 4L12 = 196 + 8 ph

ew
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With the two colls connected in series, the last value 1s.the varia-
tion of inductance to be obtalned by rotation of 1/2 turn. The self-
inductance is augmented by the leads, ignored in these formulas, which
may be regarded as decreasing the coefficlent of coupling.

The coefficient of coupling happens to come out the same by
formulas (9) and (10): '

H. A. Wheeler, "Simple inductance formulas for radio coils", Proc. IRE,
vol., 16, p. 1398-1400; Oct. 1928.

H. A. Wheeler, "The spherical coll as an inductor, shield or antenna',
Proc. IRE, vol. 46, p. 1595-1602; Sept. 1958.

CEMCO Dwg. No. 28092-R.

NB 100W, p. 125-8.

ew
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Transmission-line power and reflection meter.

A directional coupler is proposed, which offers some attrac-
tive features. It has a minimum of electronic components (only semi-
conductor diodes) and requires no power supply. The direct and re-
flected power and voltage calibrations are independent of frequency.
Fig. 4 shows the circult.

The voltage and current couplings frem the main line are
12 and I
work and the backward (reflected) power into another,

provided by C The forward power couples into one net-

Since the couplings are proportional to frequency, it is
necessary to provide in each network an opposite variation with fre-
guency, as shodn in Fig. 5. The entire netwcrk is bullt out to give

constant R at I2 s V2 . Thils provides a voltage V3 which is
compensated against frequency variation. Also it incidentally pro-
vides another voltage V4 in phase quadrature with V3

The compensated voltage V3 is applied to AC voltmeter M

to indicate forward power and corresponding voltage. The other com-

3

pensated voltazge Vé is applied to voltmeter Mé to 1ndicate re-

flected power and corresponding vocltage. The voltage ratio of the
latter over the former is the reflection coefficlent ol the load.

The in-phase compensated voltage V3 and the quadrature-

phase voltage V4 are used as phase references for deriving the

respective components of the reflected voltage. The latter are indi-

cated on zero-center DC meters M and M Each of these meters

has two ranges. The upper range gives fullsicale at the maximum volt-
age of M3 and Mé ; the lower range at half the voltage. Since the
scales are all linear, no greater expansion may be needed.

The table herewlth gives typical values for all components.
1z’ L12)
since there is a problem coupling sufficient power in a small space

The main coupler (C is not completely designed,
(8-32 w at 15-30 Kc). The arrangement is feasible with some refine-
ment of the coupler design.

The frequency compensation can be obtained by adjusting C3
to give equal VS/Vl at the lowest and highest frequency. Then L,

in the other branch is adjusted to give constant R of the two

ew
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branches in parallel. Thils compensation should be good within +0.5
percent of the power reading.

The in-phase and quadrature components are sclected by
discriminators and linear rectifilers in a manner that is independent
of the amplitude of the phase reference voltages (marked 0° and 90°),
provided these voltages are sufficiently great, which is assured in
the circult shown.

NB 100W, p. 144-150. NB 104W, p. 3-9.
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50 ohms (26 watts max in each of 4 units)
382 pwuf

(n2 - 1)012 = .0378 uf

0.95 uh

n,Li, = 95 ph (ailr core toroid around I,
100 turns on L2

0.80 mh

0.65 ph (approx.)

.035 uh

15 mh (approx.)

L4C4 = resonant at fo

7 Kc (approx.)

Page 21

conductor)

15; 30 Kc = nominal limits of operating frequency range

S5 K-ohms
2 K-ohms (

4 K-ohms (adjustable, scale multiplier)
2 K-ohms (adjustable, scale calibrator)
0.1 uf (RF bypass)

adjustable center tap)

semiconductor diode, half-wave rectifier, peak current 2 ma,

peak inverse voltage 100 v; may use two in series at gach

location.

= transformers, 2 or 3 equal windings,

some center-

tapped; self-resonant or funed near 20 Kc by shunt C

on primary (across R).
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Current and voltage RMS values based on max power:

< < H < H < H
TSI O N T o TN oo TR S = I

33

34

200 amp

10 Kv

2000 Kw

Vé = 18-36 v at 15-30 Kc

Ié = 0.36 - 0.72 amp at 15-30 Kc

vy = 12w (independent of frequency)

V, = 13-34 v at 15-30 Kc, in phase quadrature reclative to V

Weston 1332 AC microammeter (rectifier type) 500 pa, 750 ohms,
with series resistor about 23 K-ohms for 12 v RMS full-scale
(3.25" scale); prefer larger meter with similar specifica-
tions, such as Model 1977 (special, 7.2" scale). Scales for
power (2000 Kw, unusual scale) and voltage (10 Kw, nearly
linear scale) on 50-ohm load; read "forward" power.

Weston 1332, see IVI3
to match. Similar scales; read "backward" or "reflected"

; no need for larger meter unless desired
power.,

Weston 1331 DC microammeter 500 pa, 230 ohms, zero center,
Scales for 10-0-10 Kv and 5-0-5 Kv on 50-ohm load; read

"reflected" voltage, in-phase component.,

same as M., ; read "reflected" voltage, quadrature component.

3
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Directional coupler design,

The directional coupler included in Fig. 4 can be improved
by modification shown 1in Fig., 6. The latter may be constructed as
shown in Fig. 7. The result 1s a design that offers essential simpli-
city and constant calibration over the frequency range. (For con-
venlience in computation, the 1:2 frequency range of 15-30 Kc 1is
assumed, but the same design is good for 14-30 Ke.)

Referring to Fig. 6, the voltage coupling 1s obtained by a
lumped capaciltance C and the current coupling by mutual inductance

12

le . The secondary circuit C2L2 simulates a distributed 1line by 2

sections of a low-pass fillter having a cutoff frequency fc much
higher than the operating frequencies. Both couplings are introduced
effectively at the same polnt in the secondary line, since the current
coupling is independent of the middle shunt capacitor %Cz .  There-
fore, for a pure traveling wave, the two couplings are in aiding phase
toward one side (the left side, -V, )
the other side (the right side, Vé ). Making the two couplings equal
at one frequency, they remaln equal to the extent that the secondary

and are in opposing phase toward

circult approximates a smooth line. These relations provide the action
of a directional coupler.

The lumped structure of the secondary line causes a departure
from constant R, whose first approximation has the magnitude

|az/R| = é%(sz(R)5 | (11)

This is an upper limit on the error in reflection coefficient that can
be caused by the lumped line. It happens that this error can be re-
duced by trimming 3C

limit: W/

o3 leaving a residual error within the following

o5 (wpLy/R)° | (12)

Complete directivity at one frequency can be obtained by trimming both

%CZ and either C12 or le , to give zero indication of reflection
(Vg ) from the nominal load (pure R = 50 ohms).
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Fig. 7 shows a shielded structure for realizing this direc-
tional coupler.

The voltage-coupling capacitor C12 may be made of a metal
sleeve over an ingulating sleeve over the main conductor, as shown.
(For electric properties, the metal sleeve may be continuous around
its circumference.) Alternatively, thils capacitor may be a mica unit

mounted on the center conductor. &

e e

1t operates nofﬁéfi§—§E/10 Kv RMS, and may be subject to
higher values during adjustments or abnormal conditions, so a peak
rating of 40 Kv RMS or a working rating of 20 Kv RMS 1s suggested, for
the operating frequency range.
The current-coupling inductance L is obtained by mutual

12

inductance to a pair of toroidal coils (each 3L surrounding the

)
maln conductor. They are wound of Litz wire on Eores of insulating
material (non-magnetic). They are enclosed in a shield box of
toroidal shape, made of sheet metal (non-magnetic). This box has an
opening on the inside, to avoid any effect on the inductive coupling.
This shield box is grounded through the outer conductors of the pair
of cables (R) which carry power from the directional coupler to the
meter-circuit box (the remainder of Fig. 4).

As mentioned previously, Cx (and conseguently L, ) is
adjusted to give the same calibration at both limits of the frequency
band, thereby assuring nearly constant calibration over the band.

The following formulas include the principal relations to be
used in designing this directional coupler and associated RF circuits.

(See table for symbols.)

R = V/I, = V,/I, (13)
R® = L./, = L,/C, = L/C, = L/C, (14)
oL, = V,/1, E oCip, = IV, (15)
£,/f, = i/2 5 £ /f, = 1//18 = 0.236 (16)
w,L; = 3R (17)
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At £, to T, VS/VZ = 2/3 to 1/3 (18)
VS/Vl = le/L3 C12/C4 (constant) (19)
N _ 2
CS/LS = C,L, = 1/'mO (20)
C.L, = 16/w° (21)
272 C i

The following formulas relate to the toroidal coils (non-
magnetic core, single layer winding):

2
a 2
sly = 2lpp(any) = mg 25(2n;) (22)
1. Lle
Moa
Inside pitch of winding = Eléglél (24)
22
a = radius of each turn of toroidal coil
b = radius of core centerline circle of toroidal coil
%nz = number of turns on each coil (éLz)
w, = 1.257 wh/m = magnetivity of free space

The following values are proposed as the basis for a design:

W\
>
’_J
]

.001 = calibration ratio (constant)
= 10 Kv RMS

= 200 amp RMS

= 15-30 v at 15-30 Kc

= 0.3 - 0.6 amp

4.5 - 18 watts

= 10 v (constant)

= 11 - 28 v at 15-30 Kc

<
I

< < H H <SS H S S
3}

> N D DN~

i

= 15 Kc
= 30 Kc
= 7 Kc = resonant frequency below operating range
= 520 Kc = cutoff frequency of lumped line (CZLZ)

lower 1limit of operating range

upper limlt of operating range

£ M ko
0O O N M

ew = 2wf (same subscripts)
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C12 = 320 pupf = voltage-coupling capaciltance
C.2 = ,0244 pf
C5 = 0.64 urf
C4 = 0,32 ut
le = 0.80 ph = current-coupling mutual inductance
L2 = 61 ph
L3 = 800 puh
L4 = 1600 uh
N = 152
a = 25 mm
b = 75 mm
R3 = 4 K-ohms

See pages 21-22 for the following:

Ry » Rg » Rg , C5 , D, T (all), M (all);

M., (etc.) change to 10 v RMS full-scale.

NB 104W, p. 10-16.

Page 26
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Fig. 6 - Circuit details of directional coupler.
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Directional coupler for 100-ohm line.

The precedlng formulas and computations, referring to Fig. 6,
wlll be revised to accommodate different values for the main-line wave

resistance here denoted, Ry (at the top), and the auxiliary-cables

wave resistance, here denoted R, (at the bottom). The formulas that

are revised are designated by their original numbers followed by "a"

3

|az/R| = Z5 (mLZ/RZ) (11a)
T35(0pl0/Rp) | (12a)
T28'@2l *
Ry = Vl/Il ;R VZ/IZ (13a)
—_— 2 = = =1 i
RiRp = Lpp/Cp 5 Ry o= Lp/C, = L/, = L/ (14a)
wly = 3R, (172)
Ve/V, = (R,/R{)Ly,/Ls = Cy,/C, (constant) (19a)

The following values are proposed as the basis for a design:

V1 = 15 Kv RMS

I, = 150 amp RMS

Vlll = 2250 Kw

V2 = 15-30 v at 15-30 Kc

I2 = 0.3-0.6 amp

V212 = 4,5-18 watts )

V./V, = 1/1500 = calibration ratio (constant)

Vg = 10 v (independent of frequency)

V4 = 11-28 v

fl = 15 K¢ = lower limit of operating range

f2 = 30 Kc = wupper limlt of operating range

fo = 7 Kc = resonant frequency below operating range
£, = 520 Kc = cutoff frequency of lumped line (CZLZ)
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Rl = 100 ohms le = 1.06 uh
RZ = 50 ohms L2 = 107 uh

L3 = 800 uh
C12 = 212 puf L4 = 1600 uh
C2 = ,043 uf n, = 202
C3 = 0.64 uf a = 25 mm
C4 = 0,32 uf b = 75 mm
R3 = 4 K-ohms

See pages 21-22 for the followilng:

R, , Rg » Rg » Cg , D, T (all), M (all);
M, (etc.) change to 10 v RMS full-scale,

NB 104W, p. 17-19.

ew
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Calibration of power meter.

For callbration of the power meter, an imperfect load imped-
ance may be used by the following procedure.

Make the load impedance 100 + 10 + J10 ohms. The reflection
coeffilclient magnitude 1s within .07, so the reflected power 1s wlthin
.005 of the direct power. .

Observe the voltage and current at the load. Thelr product
is within .005 of the load power (the direct power minus the reflected
power),

If these errors are ignored, the direct-power meter can be
calibrated directly in terms of load volt-amperes, with a relative
error within .01 of the power, or ,005 of the voltage. By holding the
load within 1/2 the specified tolerances, the error can be held within
1/4 of these values.

The reflection meters should be balanced to zero on a load
impedance close to the nominal value of 100 ohms pure'resistance. If
such a load is not avallable for high power, the same result may be
approximated as follows, which is probably clase enough for practical
purposes. ,

To balance the in-phase component, observe this reflection
meter M33 with the load on open-circult (15 Kv) and then on short-
circuit (150 amp). Adjust Lo (or Cip )
ings at opposite sides of the zero-center. Adjust R5 + RS to give
full scale on both sides. (The difference Rg - Rg 1s adjusted with
reduced reflection to give the scale reading x 2 when R6 1s switched

is adjusted for zero-center while the

to equalize the two read-

out. The center-tap on R4

primary of T4 1s disconnected from M; .)

To balance the quadrature component, observe this reflectlon

meter M., with the load on OC. or SC , as above. Trim %CZ

zero-center on the meter, which should occur on both 0OC and SC alike.

The M33 and M34

the OO and 9Oo phase references. Therefore these references may be

to gilve
circuits are nominally alike, except for
interchanged for making zero-center or scale-callbration adjustments

on elther meter. For example, the in-phase procedure may be used for
both meters by making this interchange.
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Graphical presentation of anftenna reactance.

Assuming that an antenna behaves as lumped L and C in
serles, 1ts reactance is

X = oL - 1/uC ; ©ZCL

i
=
—~
no
[9)]
—

il

X/ L (wZ/w® - 1) ‘ (28)

This latter form becomes a straight line if graphed as in Fig. 8.

Any two points on the line are sufficlent to determine C and L .
The best two points are at @, and Wy s the former being

merely a test of resonance and the latter a test of nearly pure C

For more than two points at frequencies below resonance, all polnts

should fall on a straight line,

NB 104W, p. 20,
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Contents

This 1s a cumulatlive report for collectlng information de-
veloped in the course of studies and consultation relating to the VLF
transmitter in Italy for NATO. The followlng list will be brought up
to date and reissued with each release of additional pages.

Topics Pages

Ground system comprising grid of parallel wires above 3
the surface.

Theoretical formula for E-fileld losses. 4-5

Practical formula for E-field losses. 6

Example of E-field losses:
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Ground system comprising erid o the surface.

5
(]
v
X3
oY)
=
[
D
o
S
3
D
N
o
)
4)]

The subject antenna is suspended from three mountain peaks.
The ground surface underneath ranges from sea water to rocky terrain,
The latter, even if provided with radial buried wires, causes substan-

tial loss associated with the vertical E field. It 1s proposed to

- reduce such losses by supporting the radial wires somewhat above the

surface.

A theory has been developed, based on a planar grid of
parallel wires suspended above a planar surface of homogeneous earth,
For any dielectric properties of the earth, there igs some value of
conductivity which causes maximum loss. This is termed the "worst"
conductivity. It 1s found possible to reduce to a very small value
the lbsé caused in such a case, so that even this extreme does not
impoge an excesslve burden on the cost.

In examples to be given, the following simple rules are
found to hold the E-field losses down to a tolerable or negligible
value,

(1) Space the radial wires just close enough to hold down the
H-field losses.,
Choose the wire size and height of suspension for economy of

—
™)
~—

installation and maintenance, the heilght being sufficient to
clear the surface by some margin (such as 1 meter).

(3) Note that non-metallic posts or poles are preferable for
suspension,

(4) Note that the average height of the wires is subtracted from the
effective height of the antenna.

(5) ©Note that increasing the wire spacing (and, in a lesser degree,
decreasing the wire size) has the effect of decreasing the
antenna capacitance and the frequency bandwidth.

There will be given a basic formula for a simple model,

then a procedure for practical application,

H.A.Wheeler, "VLF antenna notebook - ground system', WL Report 304
to DECO, Oct, 1956, (The original study of E-field area losses dur-

ing desizn of antenna at Cutler, Me.).
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Theoretical formula for E-field losses.

ANTENNA TOF

e h—of F
0 o o I

o
\C\i:§§§§ \\ \\Q§}§§§b\;>\§\\f§:\25\;‘:;: :‘Q\Q fﬁ
EARTH <k)cr)

Conditions:

Parallel-plane antenna capacitor extending indefinitely in horizontal
dimensions, so that edge effects can be ignored.

Plane grid of parallel wires, as lower plate of capacitor.

Wire radius small relative to spacing from surface and each other
(r/a << 1; r/b << 1/4m).

Wire separation small relative to antenna height (b/h << 1).
Wires of perfect conductivity,
Homogeneous isotropic earth (k, ).

"Worst" conductivity in the earth: g = weo(k+l) approximately.
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p = .power factor of antenna capacitance, caused by E-field losses
in ground system,
a, b, h, r = space dimensions (meters).

= conductivity in earth (mhos/meter).

electric ratio in earth, relative to free space.

1 exp-4ra/b

b
P = ¥FT Trh/o ¥ 2 In b/277

1
K+1 Z7h (1ab)

From the simple form, p 1s further decreased by increasing a or
decreasing r, either of which decreases the radiation bandwidth.

This formula is independent of frequency, except for the
incidental frequency dependence of the effective values of the earth
properties and their relation to "worst" conductivity.

As applied to the entire antenna, there are several other
factors, each of which substantially decreases p from its value in
the idealized model, as follows:

(1) The spacing of the top wires.

(2) The edge effects in the area under the antenna.

(3) The fraction of area covered by sea water, a more favorable
ground conductor.

The formula can be applied, with reduction factors, to any part of

the area of influence under the actual antenna.
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Practical formula for E-field lnsses.

MKS units. See p. 4.

h = average height of top wires above ground wires,

c' = apparent increment of height related to spacing and radius of
top wires, as decreasing the E fleld at the ground.

c = apparent increment of height related to spacing and radius of

ground wires.

h = ha + c!

A" = area covered by grid of top wires.

t' = total length of top wires.

b! = A'/L' = average spacing of top wires.

r' = average radius of top wires.

ka = fraction of total area (under top wires) covered by ground
wires,.

kp = reduction factor applied to E losses as a result of divergent
E field on ground under top area.

p, = Dower factor of antenna, contributed by E losses in area

covered by ground wires,

p < K% b < %% b (2ab)
a
k+1 4ﬁfha + c! + ¢) K+1 4rh_

The height increments have a minor effect, but may be computed sas
follows:

c = & qp b/aTr 3 c!' = by b'/4mp! (2ab)
47 - ’ 4T )

NB 128W, pp.77-110,
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Example of E-field losses:

h = 180 m

a

a > 1 m

b = 10 m

r = 2 mm

K = 9

ka = 1/2

kp = 1/2
(2p) p, < .00011 = 0.11 mil
"worst" g = 10 umho/m at 18 Khz (lowest frequency)

This example is illustrative of the subject antenna. The computed
value of the upper bound of p, may be compared with the radiation
power factor of entire antenna without downleads, which is about 0.7
mil at the lowest frequency. It 1s seen that the assumed conditions
give a negligible amount of E-field losses. Therefore closer computa-
tion 1s not needed.

The "worst" conductivity is seen to be much less than
typical values to be expected, so this ratioc further decreases the
E-field losses in the area of ground covered by the wire grid.
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Small Ant.ennas

HAROLD A. WHEELER, LIFE FELLOW, IEEE

Abstract—A small antenna is one whose size is a small fraction of the
wavelength. It is a capacitor or inductor, and it is tuned to resonance by a
reactor of opposite kind. Its bandwidth of impedance matching is subject
to a fundamental limitation measured by its “radiation power factor”
which is proportional to its “effective volume”. These principles are
reviewed in the light of a quarter-century of experience. They are related
to various practical configurations, including flush radiators for mounting
on aircraft. Among the examples, one extreme is a small one-turn loop
of wide strip, tuned-by an integral capacitor. The opposite extreme is the
largest antenna in the world, which is a “small antenna” in terms of its
operating wavelength. In each of these extremes, the radiation power
factor is much less tban one percent.

1. INTRODUCTION

“SMALL ANTENNA? is here defined as one occupy-
A ing a small fraction of one radiansphere in space.
Typically its greatest dimension is less than } wavelength
(including any image in a ground plane). Some of its
properties and available performance are limited by its
size and the laws of nature. An appreciation of these limita-
tions has proved helpful in arriving at practical designs.

The radiansphere is the spherical volume having a radius
of 1/2n wavelength [10]. 1t is a logical reference here because,
around a small antenna, it is the space occupied mainly
by the stored energy of its electric or magnetic field.

Some limitations are peculiar to a passive network,
where the concepts of efficiency, impedance matching and
frequency bandwidth are essential and may be the controlling
factors in performance evaluation. This discussion is
directed mainly to these limitations in relation to small size.
This subject has been on the record for a quarter-century
but is still too little taught and appreciated. It centers
around the term, “radiation power factor” and its pro-
portionality to volume [2].

As in any area of engineering compromise, there have
been some ingenious developments for realizing some
qualities at the expense of others. A valid comparison of
alternatives requires careful description and evaluation in
terms of well defined quantities, especially in the use of
terms such as efficiency and impedance matching. Also in
the size comparison of circuits qualified for high power or
low power [11].

An outline of some of the relevant principles will be
followed by a brief reference to the background in the use
of an amplifier with a small antenna for reception. Then the
principal topic will be introduced in terms of the band-
width limitations of impedance matching with a resonant

ircuit, which is a tuned antenna circuit in this discussion.

Manuscript received July 30, 1974, This paper was presented at the
Twenty-Third Annual USAF Antenna Symposium, Qctober, 1973.

The author is with the Hazeltine Corporation, Greenlawn, N.Y.
11740.

TABLE I
COMPARISON OF TOPICS OF EFFICIENCY AND AMPLIFICATION

EFFICIENCY TOPIC’ AMPLIFICATION

PASSIVE LINEAR NETWORK ACTIVE

ESSENTIAL  IMPEDANCE MATCHING ~ OPTIONAL
NO TOLERANCE OF LOSSES YES

THERMAL NOISE AMPLIFED
NO POWER LIMITING YES

The radiation power factor will be reviewed in concept
and in some applications to typical antennas in the form of .
capacitors and inductors. Some special applications will be
described for flush mounting and for VLF transmission
and reception. In every case, the efficiency and/or band-
width is seen to be limited ultimately by size.

II. PRINCIPLES

Table I shows a comparison between efficiency and
amplification, referring to some topics relevant to ‘small
antennas. Its purpose is to emphasize the distinction between
efficiency and amplification, the former being the basis
for this presentation. The relations in this table may help
to bring out the accepted meanings of various terms.

Efficiency implies the utilization of the amount of radiated
signal power that can be intercepted by the receiver. If the
antenna is small, the greatest power transfer to a circuit
requires impedance matching. This is achieved'in a passive
network by tuning the antenna and coupling to the circuit.

Amplification implies the utilization of the intercepted
signal, but the excitation of the amplifier may not require
impedance matching in the active network. This may
facilitate a wideband design, as in one example to be shown.
However, the amplifier may add much to the thermal noise
generated in the antenna dissipation.

In a linear network, efficiency is associated with a passive"
network, while amplification is associated with an active
network. In a weak-signal receiver, linearity is not a primary
problem. In a power transmitter, however, an active net-
work imposes an upper limit.

In general, efficiency is reduced by losses. This is par-
ticularly true in a small antenna where the radiation power
factor is small and may be far exceeded by the loss power
factor. In a weak-signal receiver, an amplifier can make up
for losses in respect to signal strength, but only with in-
creasing background of thermal noise. In a power trans-
mitter, the power rating must be increased to cover losses.’

Copyright ©1975 by The Institute of Electrical and Electronics Engineers, Inc.
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ANTENNA (NO REACTION ON TUNING)

0.01A=3m
COUPLING TUBE TUNED

I_‘ CIRCUIT

PURE REACTANCE
(NO NOISE) J_J
CURRENT AMPLIFIER ARQUND
= (THERMAL NOISE) 1 MHz

Fig. 1. Small antenna with wideband coupling tube, used in broadcast

receivers (1928).

These relations are emphasized because there have been
some invalid ratings of small antennas associated with active
devices serving as amplifiers. The greatest confusion has
been associated with transmitters, by ignoring the power
limitations imposed by small active devices. These limitations
are not avoided by any particular relation between the small
antenna and the amplifier.

III. BACKGROUND

The wideband utilization of a smali antenna was accom-
plished in a receiver about a half-century ago. That history
is relevant to the more recent proposals using an amplifier
in conjunction with a small antenna [11].

Fig. 1 shows a circuit that was commonly used in radio
broadcast receivers about 1928. It operated over a frequency
ratio of 1:3. A short wire is simply connected to the grid of
the first tube. It bears a striking resemblance to some recent
proposals, but using a tube instead of a transistor, and at
lower frequencies. It substituted amplification for antenna
tuning. It increased the noise threshold and also suffered
from crossmodulation of all signals by any one strong signal.
Then the pendulum swung and it was superseded by double
tuning ahead of the first tube. The tuning yielded efficiency
over noise and also preselection against crossmodulation.

IV. FREQUENCY BANDWIDTH OF IMPEDANCE MATCHING

There are limitations on the frequency bandwidth of
impedance matching between a resonant circuit (antenna)
and a generator or load. A quarter-century has elapsed
since these limitations were developed and clearly stated
[5]. In contrast to the history of small antennas, these
limitations have been widely taught and appreciated.

The bandwidth of matching, within any specified tolerance
of reflection, is proportional to the resonance bandwidth of
the resonant circuit. A small bandwidth is logically ex-
pressed in terms of the power factor of its reactance, in the
manner taught to the writer by Prof. Hazeltine just 50 years
ago [1]. Its common expression in terms of 1/Q is neither
logical nor helpful in clear exposition. The term dissipation
factor is numerically equal to power factor but is counter-
descriptive of a useful load (as here).

Fig. 2 shows the circuit properties of a small antenna,
describing its radiation power factor (PF). The antenna
may behave as a capacitor (C) or inductor (L), and either
is to be resonated by a reactor of the opposite kind. Dis-
sipation (other than radiation) is here ignored, because it is
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treated in the earlier paper [2]. The nominal bandwidth
of the resonator is the PF (p) times the frequency of reson-
ance, as usual.

Fig. 3 is the bandwidth of matching within any specified
tolerance of reflection (p) as given in 1948 by Fano [5]. It is
graphed in the terms of the present discussion. For each
graph, the number of tuned circuits includes the antenna
circuit and any that aré added for increasing the bandwidth
of matching. The added circuits are taken to be free of
dissipation. Usually double tuning is used, in which case
the added circuit can reduce the reflection coefficient to the
square of its value for single tuning.

V. THE RADIATION POWER FACTOR

The term “radiation power factor” is a natural one in-
troduced by the author in 1947 [2]. It is descriptive of the
radiation of real power from a small antenna taking a much
larger value of reactive power. It is applicable alike to either
kind of reactor and its value is limited by some measure of
the size in either kind. ‘

Fig. 4 shows small antennas of both kinds (C and L)
occupying equal cylindrical spaces [2]. They are here used
for introducing the relation between radiation PF and size.

A small antenna of either kind is basically a reactor with
some small value of PF associated with useful radiation.
The latter depends primarily on its size relative to the wave-
length (1), as discovered by the writer [2]. The size may be
stated relative to the radianlength (4/2xn) in terms of either
of two values of reference volume:

. A3 3
radiancube = V, = | —| = =V, )
2n 4n
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Fig. 4. Radiation power factor in terms of equivalent volume.

or

radiansphere = V, = 4n (i)a - 4r V.. 2)
3 \2rm 3

The former was used in the writer’s first paper. The latter is
particularly significant in radiation because it defines the
space in which the reactive power density exceeds the
radiation power density [10]. Also the latter is convenient
if the antenna is spherical [9] or its effective volume is
expressed as a sphere.

In either type of antenna, the radiation PF is found to
be proportional to volume and also to a shape factor. The
cylindrical volume (¥ = Ab) is here multiplied by a shape
factor (k, or k, > 1) to give the effective volume (V' =
k,Ab or k,Ab). Then the general formula is

radPF=p=— - =-—, 3)

The effective volume may be stated as a sphere of radius
(a’), in which case

"3 1/3
V’=4_na’3’ p_—_,g.(zn—a), a'=i(gp)/. (4)
3 9\ 1 2n \2

It is noted in passing that a certain shape of self-resonant
coil radiates equally as both C and L, in which case the
total radiation PF is double either one [3].

There is one theoretical case of a small coil which has
the greatest radiation PF obtainable within a spherical
volume. Fig. 5 shows such a coil and its relation to the
radiansphere (V) [9], [10]. The effective volume of an
empty spherical coil has a shape factor 3/2. Filling with a
perfect magnetic core (k, = o) multiplies the effective
volume by 3:

=zw=z=(zj_a)?

This is indicated by the shaded sphere (a).

This idealized case depicts the physical meaning of the
radiation PF that cannot be exceeded. Outside the sphere
occupied by the antenna, there is stored energy or reactive
power that conceptually fills the radiansphere [10], but
there is none inside the antenna sphere. The reactive power
density, which is dominant in the radiation within the radian-
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Fig. 5. Spherical coil with magnetic core.

sphere, is related to the real power density, which is domin-
ant in the radiation outside.

In a rigorous description of the electromagnetic field
from a small dipole of either kind, the radiation of power
in the far-field is accompanied by stored energy which is
mostly located in the near-field (within the radiansphere)
[4], [10]. The small spherical inductor in Fig. 5 is con-
ceptually filled with perfect magnetic material, so there is
no stored energy inside the sphere. This removes the
“avoidable” stored energy, leaving only the “unavoidable”
amount outside the inductor but mostly inside the radian-
sphere. This unavoidable stored energy is what imposes a
fundamental limitation on the obtainable radiation PF.

One of the fallacies in some studies has been the provision
of dielectric or magnetic material outside of the space
occupied by the antenna conductors, without including that
material in rating the size of the antenna. The fundamental
limitations are based on the size of all the material structure
which forms the antenna. Likewise, such material would
naturally be included in a practical evaluation of the size..
Fig. 5 shows the empty space outside the antenna but
inside the radiansphere (V) which space is filled with stored
energy and therefore reduces the radiation PF of the antenna.

VI. APPLICATION TO TYPICAL ANTENNAS

The radiation PF may be evaluated for any kind of small
antenna. From its value, we may state the effective volume
of the antenna, as formulated (4):

V' = 6mpV, = 3pVe @ = = (3p)'".
2n

This is a useful quantity which can be shown on a space
drawing. It gives a direct comparison of the bandwidth
capability of different structures. It will be shown for C and
L antennas of elementary configurations. It will be drawn
as a dashed circle the size of the spherical effective volume.
Fig. 6 shows some examples of an electric dipole with
a linear axis of symmetry. A thin wire (a) and a thick conical
conductor (b) differ greatly in the occupied volume, but
much less in effective volume. The latter is influenced most
by length and less by the smaller transverse dimensions.
Fig. 6(c) shows a pair of separated discs [2], which is
found to approach the greatest effective volume for some
shapes within limited length and diameter. However, any
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Fig. 7. Effective volume of square loop.

intermediate connecting wires would detract from this
rating. The full value of the radiation PF can be realized
by the use of a tuning inductor distributed along the axial
‘line between the discs. It is proportioned to conform to the
natural pattern of electric potential, thereby contributing no
extra amount to the stored electric energy. A coil of small
diameter may be used to avoid extra (cross-polarized)
radiation therefrom. The spherical effective volume may
extend beyond the length between the discs, as shown. This
occurs if the disc diameter exceeds } the length (2a > b/4),
as in the example shown. This may be interpreted as a
“sphere of influence” extending beyond the antenna
structure.

In further reference to Fig. 6(c), there is a pair of end
electrodes which will give the greatest radiation PF within
a cylindrical boundary. At each end, a hollow cup is
connected with its open end toward the center. Its depth is
proportioned to maximize the radiation PF. No greater
value can be obtained by simple conductors subject to the
stated constraints.

Fig. 7 shows some examples of a loop inductor on a
square frame. A thin wire (a) and a wide strip (b) differ
rather little in effective volume, because it is influenced
most by the size of the square. A multiturn loop (c) has
nearly the same effective volume as one turn occupying the
same space. This is one of the principal conclusions pre-
sented in the writer’s first paper [2]. It superseded some
incomplete evaluations based on the concept of “effective
height” of a number of turns, irrespective of their width
and spacing.

Referring again to Fig. 4, the shape factors are related
to the shape in opposite ways in the two kinds (C and L).
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Fig. 9. Radiation shield for use in measuring radiation power factor.

With greater ratio of length/diameter (b/2a), one factor (k,
for C) is greater and the other (k, for L) is smaller. There-
fore the utilization of volume is greater for the C type made
of a long wire or for the L type made of a “short coil” or
loop. These are exemplified in Figs. 6 and 7.-Each of these
has large and small dimensions, and the smaller dimensions
may be less significant in a practical allocation of space.
In the writer’s experience, the concept of radiation PF
was first applied to the design of a very small loop antenna
for coaxial location in the nose cone of a small rocket. Fig.
8 shows the resulting one turn of wide strip. 1t superseded
some attempts to design a multiturn loop. It is resonated by
an integral capacitor made of a ceramic slab metallized on
both faces. It proved superior in performance, simplicity,

" and ruggedness. It may have been the smallest antenna

then known to realize about 50 percent radiation efficiency,
the size being rated in fractions of the wavelength. Its
diameter and length were about 0.04 wavelength so its
radius was about 0.12 radianlength. It was measured by a
method to be described here.

For efficiency of radiation, a small antenna of one kind is
resonated by a reactor of the opposite kind. Then

radiation PF

radiation efficiency = . 6)
rad PF + loss PF

In a very small antenna, the radiation and loss power
factors may be so small that their ratio is difficult to measure.
In any case, how would they be separated in measurement?
Direct measurement of radiated power is laborious. Another .
method was developed, using a “radiation shield” [10].

Fig. 9 shows the concept of the radiation shield. Its
purpose is to avoid radiation of power while leaving the
inherent dissipation in the resonant circuit of the small
antenna. The shield is a box with conductive walls for
preventing radiation. Its size and shape are noncritical,



466

—

x4
Y, ~ TM-01 . _EF. vOL.
/ . ' HEMISPHERE
i // ~ \ RADIAN
i { osc |HEMISPHERE

L 1]
é P, © 0.03

Fig. 10. Flush disc capacitor.

but the theoretical ideal is a radiansphere as indicated. It
should be much larger than the antenna to be shielded, so
as to retain substantially the reactance and loss PF of the

_antenna. Then the PF is measured with and without the
shield, for evaluating the power efficiency of the useful
radiation [10]. In the design shown in Fig. 8, the circuit was
included in an oscillator, so the effect of the shield on the
amplitude of oscillation could be interpreted in terms of
radiation efficiency.

VII. FLUSH ANTENNAS

A useful family of small antennas comprises those that
are recessed in a shield surface, such as a ground plane or the
skin of an aircraft. Some may be inherently flush designs,
while others may be suited for operation adjacent to a shield
surface, whether recessed or not. The antenna may be C
or L type, either one radiating in a polarization compatible
with the shield surface.- .

Fig. 10 shows a flush disc capacitor. (It is sometimes
termed an “annular slot.”) This capacitor in the flush
mounting may be compared with the same capacitor just
above the surface. The recessing somewhat reduces the
radiation PF. The remaining effective volume is that of a
hemisphere indicated by the dashed semicircle. Its size is
comparable with that of the disc. The cylindrical walls may
be regarded as a short length of waveguide beyond cutoff,
operating in the lowest TM mode (circular TM-01, as
shown, or rectangular TM-11). The capacitor may be
resonated by an integral inductor as shown. In any cavity,
there is a size and shape of disc that can yield the greatest
radiation PF. The primary factor is the size of the cavity.

The evaluation of a flush antenna includes the shield
surface. It is necessary first to evaluate the radiation PF by
some method of computation. Then it can be stated in
terms of a volume ratio. Here we consider the half-space
of radiation and show the hemisphere of 4V’ which may
then be compared with the half-radiansphere, 1V, The
radii are retained (@’ and 2/27). An antenna located on the
surface (not recessed) could be considered with its image to
yield the complete sphere of V' to be compared with the
radiansphere V.. Then } of each may be shown above the
shield plane, as for the flush antenna.

The disc capacitor radiates in the same mode as a small
vertical electric dipole, by virtue of vertical electric flux from
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the disc. This is vertical polarization on the plane of the
shield, with omnidirective radiation. The other examples of
a flush antenna, to be shown here, radiate as a small
horizontal magnetic dipole, by virtue of magnetic flux
leaving the cavity on one side and returning on the other
side. This is vertical polarization but directive in a figure-
eight pattern. Omnidirective radiation can be provided by
quadrature excitation of two crossed modes in the same
cavity. The radiation PF of either kind is reduced by
recessing, but the magnetic dipole suffers less reduction.

Fig. 11 shows an idealized cavity resonator which radiates
as an inductor. The cavity is covered by a thin window of
high-k dielectric which serves two purposes. It completes the
current loop indicated by the arrows (/). Also it provides,
in effect, series capacitance which resonates the current loop.
The cylindrical walls and the aperture excitation may be
regarded as the lowest (cutoff) TE mode (circular TE-11),
or rectangular TE-10 or TE-0l, as shown). Each of these
modes has two crossed orientations, of which one is in-
dicated by the current loop. The continuous dielectric sheet
on a square (or circular) cavity resonates the two crossed
modes. Because each resonance is in the lowest mode, it
involves the smallest amount of stored energy relative to
radiated power, and therefore the greatest value of radiation
PF.

Fig. 12 shows some practical designs which yield nearly
the same performance by the use of conductive strips on
ordinary (low-k) dielectric windows. (High-k dielectric is
not required.) Here the radiating inductor (strip) and the
resonating series capacitor (gap) are apparent. The two
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Fig. 14. Long coil on ferrite rod.

alternatives are shown, one mode or a pair of crossed modes.
Practical designs about 1/4 square have been made with
radiation PF about 0.04. This is about the largest size that
follows the rules of a small antenna.

The required coupling with any of the resonant antennas
in Figs. 10-12 may be provided by another (smaller) reson-
ator located within the cavity. This enables the bandwidth
of matching shown by the intermediate graph in Fig. 3.
Each of these is suited for self-resonance, and requires some
depth of activity to hold down the extra amount of energy
storage in this nonradiating space.

Fig. 13 shows a flush inductor made of crossed coils on
a thin magnetic disc. At medium or low frequencies (MF,
LF, VLF) the available ferrite materials [12] can provide
a magnetic core which is a return path nearly free of extra
energy storage, even in the thin disc; also which adds very
little dissipation. The required depth of cavity is then only
sufficient to take the disc thickness with some margin.
Relative to the wavelength at the lower frequencies, the
antenna is too small to enable high efficiency, even at its
frequency of resonance, so it is useful only for reception.
A rotary coil or crossed coils can be used for a direction
finder or omnidirectional reception. The principal applica-
tion is on the skin of an aircraft.

Fig. 14 shows the ferrite-rod inductor which is the antenna
most commonly used in small broadcast receivers (MF,
around 1 MHz). The ferrite rod greatly increases the
effective volume of a thin coil, as indicated. The effective
volume is then determined primarily by the length, rather
than the diameter, of the coil. Like the ferrite disc, this can
be used close (parallel) to a shield surface or recessed in the
surface. : -

Here we may note that a long coil, with its small shape
factor (k, —» 1), can have its effective volume  greatly
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Fig. 15. Inductor in radome submerged in sea water.

increased by a ferrite core. On the other hand, a parallel-
plate capacitor, with its small shape factor (k, —» 1), can
only have its effective volume decreased by a dielectric
core. This is one respect in which the inductor offers more
opportunity in design. In another respect, the number of
turns can be used to set the impedance level, a freedom
that may be desired but is unavailable in a simple capacitor.
If a long coil as a magnetic dipole were filled with perfect
magnetic material, its effective volume would be comparable
with that of an equally long conductor as an electric dipole.
If the coil had many turns, they could theoretically be
distributed (crowded toward the ends) to give an effective
volume greater than that of a pair of discs far apart, Fig. 6(a).
If the coil is not too thin, this result can be approximated at
the lower frequencies with many turns on a ferrite core.

VIII. ANTENNAS FOR VLF

The greater the wavelength, the more relevant may be the
concept of a small antenna. Current activities go as low as
10 kHz with a wavelength of 30 km. Even the largest of
transmitter antennas is small in terms of this wavelength,
or its radianlength of 5 km. For underwater reception,
however, the radianlength or skin depth in salt water is
only a few meters, so a small antenna may occupy a sub-
stantial fraction of this size. The latter will be discussed
first, as another example of a small inductor.

For submarine reception of VLF signals in salt water,
an inductor in a hollow cavity (radome) is the preferred
type [8]. As compared with a capacitor, its efficiency is
greater because the conductivity of the water causes near-
field losses in response to electric field but not magnetic
field. Also there is no need for conductive contact with the
water.

Fig. 15 shows an idealized smali antenna in a submarine
cavity [8], [9]. It is a spherical coil with a magnetic core,
as shown in Fig. 5. In the water, the radianlength is equal
to the skin depth (8). At 15 kHz, this is about 2 m. The
size of the cavity is much less, and the coil still less, so it is a
small antenna in this environment. The radiation PF
indicates two qualities, the desired coupling to the medium
and the undesired dissipation in the medium. The former
is proportional to the coil volume, and is increased by the
magnetic core. The latter is decreased by increasing the

*
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cavity radius. The coil is in the vertical plane for vertical
polarization. Crossed coils may be used for omnidirective
reception and direction finding.

For efficient transmission at the lower frequencies, one
of the early simple types is the one shown in Fig. 16 [7]. It
is a “flat-top” grid of wires forming a capacitor with ground
as the lower conductor. In the terms of small antennas, it
may be described in the manner indicated. The effective
height (4) is related to the radiation resistance. The capacit-
ance enables the statement of an effective area (k,4) as
noted. The effective volume (k,44) in half-space is compared
with 3 radiansphere to determine the radiation PF. It is
notable that the grid of many wires may provide an effective
area greater than that of the grid, in spite of the much smaller
area of conductor. ,

As an extreme example, we shall consider the later one
of the two largest antennas in the world. They are the Navy
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transmitters located at Cutler, Me., (NAA) and Northwest
Cape, Australia, (NWC). The latter was commissioned in
1967. It is taken as an example because it is the simpler.
Figs. 17 and 18 show the plan and elevation views of the
structure. It operates down to about 15 kHz, a wavelength
of 20 km.

The lowest “specification” frequency determines the
required size. At this frequency, the following statistics are
relevant:

frequency 15.5 kHz
wavelength A =193km
extreme diameter 2.7km = 1]
center-tower height 390 m
effective height 185 m = tiz4
capacitance 0.163 uF
effective area 3.4 (km)?
effective volume V' = 0.63 (km)3
radiation resistance R, = 0.144 Q
reactance X, =63Q
radiation PF p. = 2.3 mils
loss PF < 2.3 mils
efficiency > 0.50
resonance bandwidth 134 Hz
radiated power 1 MW

input power 2 MW
reactive power 435 MVA
voltage 165 kV
current 2.63 kA.

Particularly spectacular are the reactive power of 435
MVA in the air dielectric, and the real power of 2 MW
delivered to a resistance of about 0.3 Q. Less than half of
this resistance is budgeted to all losses, including the ground
connection and the tuning inductor. The small value of
radiation PF (2.3 mils) well qualifies this structure as a
“small antenna.” The choice of a capacitor (rather than an
inductor) was influenced by the need for omnidirective
coverage.

The effective volume is diagramed in the form of a
cylinder bounded by the dashed lines. Fig. 17, the effective
area is a circle including more area than the grid of wires.
In Fig. 18, the effective height is reduced by two practical
considerations. The top level is lower than the top wires by
the effect of the downleads (48 wires around the central
tower). The bottom level is higher than the ground, by
the effect of the grounded towers and guy wires (each tower
having 3 at each of 4 or 5 levels). The resulting effective
height is about 4 the average height of the 13 towers. The
radiation PF is related to this effective volume by (3) adapted
to half-space above ground. (The effective volume is
compared with % radiansphere.)

1X. CONCLUSION

The principles of small antennas can be described in
simple terms, both mathematically and pictorially. They
are helpful in the understanding and design of practical
antennas in either type, capacitor or inductor. While the
two types have a common rating in terms of effective volume,
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there are differences that may give either an advantage in
size or other practical considerations. For any configuration,
the efficiency and/or bandwidth is ultimately limited by
size relative to the wavelength.
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Fundamental Relations in the Design of a VLF
Transmitting Antenna*
HAROLD A. WHEELER}

Summary—For a VLF flat-top antenna much smaller than the
radian sphere (a sphere whose radius is one radianlength), the effec-
tive height, effective area, and effective volume are defined. The
required power factor of radiation proportionately determines the
effective volume. For a specified power to be radiated, the effective
height inversely determines the current and the effective area in-
versely determines the voltage. For a limited electric gradient on the
overhead wires, the current requires a proportionate area of conduc-
tor surface. A corresponding total length of wire in the flat top is
adequate if disposed for uniform distribution of charge and if spread
out to realize the required effective area. These objectives are ob-
tained more readily by some configurations, such as long parallel
wires or concentric circles of wire. This study has been made for the
U. S. Navy’s high-power transmitter to be located in Maine, the first
to radiate 1 megawatt continuously at 15 kc.

HE antenna for a high-power VLF transmitter
Tis a large structure. It is important to know just
what size is needed to meet any particular re-
quirements. Therefore, concepts and formulas will be
given for the fundamental relations that govern the
design of such an antenna.
The principal objective is to radiate a specified
amount of power over a sufficient bandwidth of fre-

* Manuscript received by the PGAP, April 6, 1957; revised manu-
script received, September 21, 1957. Presented at VLF Symposium,
Boulder, Colo., January 23-25, 1957.

t Wheeler Laboratories, Great Neck, N. Y. Consultant to De-
velopmental Engineering Corp., Leesburg, Va., and Continental
Electronics Manufacturing Co., Dallas. Tex.

quency. Efficient radiation requires that the bandwidth
be provided largely by the radiation power factor,
to which is added the power factor of all losses in the
antenna circuit. For example, an efficiency of 0.50 re-
quires that one half the bandwidth be provided by the
radiation power factor.

The performance capabilities of the antenna are
limited by its size and such other factors as the current
for corona on the wires and the voltage of insulation.
These will be formulated.

Fig. 1 outlines the type of antenna, having a flat-top
web of wires suspended at a height above the ground.
The antenna is assumed to be much smaller than the
radian hemisphere (a hemisphere whose radius is one
radianlength), behaving as a pure capacitance with
negligible inductance. The relations are valid for single
or multiple tuning; in the latter case, all the tuning cir-
cuits are regarded as connected in parallel to form a
single circuit. )

Some detrimental factors are included implicitly, such
as the reduction of the effective height by the proximity
of grounded supporting towers. Ground losses and
other losses are omitted because they are outside the
fundamental relations.

Since one of the principal limitations is imposed by
corona on the wires, this topic is presented first as back-
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Fig. 1—Essential dimensions of flat-top antenna.
C =capacitance.
f=cffective height.
A =be=eflective area.
Ag=conductor arca (of surface of wires).
ground. In air as a dielectric or insulator, there is a
fairly definite value of alternating-voltage gradient
which is just sufficient to cause breakdown and sparking
in a uniform electric field. In the vicinity of round wires
far from other objects, a somewhat greater gradient is
permissible on the conductor surface, because the gradi-
ent decreases with increasing distance from the surface.
When the permissible gradient is exceeded on the sur-
face, the wire is surrounded by a corona cllscharge
rather than sparking.
An empirical formula has been published for evaluat-
ing the corona gradient on a round wire:!

E. = E(1 + Var/a) (1
in which
E,=voltage gradient {or corona on round wire (rms
kv/mm),
£, =2.05 kv/mm=voltage gradient for breakdown
in uniform field (rms),
@, =0.90 mm =wire radius (mm) on which £ ,=2F,,
a=wire radius (mm).

The most favorable condition is a uniform distribu-
tion of charge, and hence a uniform gradient, all over
the conductor surface of the wires. To obtain a reason-
able value of gradient for such a design, Ep is multi-
plied by several factors as follows:

1S. S. Attwood, “Electric and Magnetic Fields,” John Wiley &
Sons, Inc., New YorL N.Y., 3rded.;1949. (Sece p. 91 Peek's formula
for extra gmdicnt on round wire for sparkover.)
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1.27
1/2

for wires of diameter 1 inch, by (1) above.

for water drops in wet weather (approximate,
based on some experience). !
for doubtful factors, including departure from
constant gradient.

1/2

The resulting value of gradient is
= 0.65 kv/mm (rms),
An example will be carried along with the formulas,
based .on these specifications:

F=15 kc =frequency,
A =20 km =wavelength,
p =0.002 =radiation power factor,
P =1 megw =radiated power,
V =200 kv =antenna voltage (rms),
E,=0.65 kv/mm =gradient on wires (rms), and
R, =377 ohms =wave resistance in air.

For radiation efficiency of 0.50, the total power factor
would be 0.004; this fraction of the frequency gives a
bandwidth of 60 cycles between the points of half-power
response.

Several dimensions of the antenna are defined on an
idealized basis with reference to Fig. 1.

The effective height (h) is the average height of the
charge on the antenna and downleads, realtive to the
average height of the opposite charge on the ground and
supporting towers.? This is a statement of the accepted
meaning. It is shown as the actual height in Fig. 1, but
in practice the effective height is somewhat less. It de-
termines the radiation resistance.

The effective area (A) is the area of an idealized paral-
lel-plate condenser, with plates separated by the effec-
tive height, which would have the same capacitance as
the antenna.??

The capacitance (C) establishes the relation between
the preceding pair of dimensions, by the basic formula,

C = e«Ad/h farads (2)

in which

C =capacitance {(farads),

eo=electrivity (electric permittivity) of air (farads/
meter)

A =effective area (meter?),

h=effective height (meters).

This is the capacitance in a uniform field bounded by
the rectangular prism shown in dotted lines in Fig. 1.

The conductor area (A4,) is the area of the surface of
all conductors forming the antenna and downleads. It
is much smaller than the effective area. The conductor
area, if uniformly charged, is capable of holding an
amount of charge that is limited by corona. This charge

? This parallel usage of “effective height” and “effective arca,” as
defined here, should not be confused with other usages of these sume

terms.

3 J. T. Bolljahn and R. F. Reese, “Electrically small antennas and
the aircraft antenna problem,” IRE Trans., vol. AP-1, pp. 46-54;
October, 1953. (Equivalent arca defined, same as effec tive area in
present paper; no reference to voltage limitation for radietion power.)
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is proportional to the antenna current, regardless of the
antenna voltage.

The first relation to be expressed is one which in-
fluences the frequency bandwidth and the radiation
efficiency, but is independent of the amount of power.

The effective volume (A#h) is proportional to the re-
quired value of the radiation power factor (p).*

3pN®

82

Ah

It

meter? (3)

0.608 km?

in which

Ah =effective volume (meter?),
p =radiation power factor=ratio of radiation re-
sistance/reactance, and
A =wavelength (meters).

The radiation power factor contributes to the total
power factor which proportionately determines the
frequency bandwidth. The radiation efficiency is the
ratio of radiation power factor over total power factor.

The next pair of relations are determined by the
amount of power to be radiated.

A 3xP A P
2 R.

hl = meter-amperes (4)

B 47 E
0.503 km-ka.

]

2

AN T
AV = <2—) V3rPR. = e V/10P

Ky ™

meters? volts (5)

= 604 kmZ’kv

in which

I =antenna current (rms amperes),
V =antenna voltage (rms volts),
P =radiated power (watts), and
R,=377 ohms =wave resistance in air (ohms).

The former of these relations (meter-amperes) has
been used as a rating of the radiated power. The latter
(meter? volts) seems to be a new concept; it expresses
an inverse proportionality between effective area and
voltage.

The remaining relation involves the power and the
average electric gradient on the conductor surface.

A2 . a2 ——
A = V3rPR, = V10P  meters® (6)
41['2Ea T L
= 030,000 m?

+H. A, Wheeler, “Fundamental limitations of small antennas,”
Proc. IRE, vol. 35, pp. 1479-1484; December, 1947. (Antenna small-
er than the radian sphere.)
, “VLF Antenna Notebook,” Reps. 301 and 303 to Develop-
mental Eng. Corp., Leesburg, Va.; 1956.
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in which

Aq.=conductor area (meters?)
E,=average electric gradient on conductor surface
(rms volts/meter).

This expresses an inverse relationship between the con-
ductor area and the effective height.

These four relations will be applied here to determine
the dimensions for the stated example.

(5) A=(AV)/V=3.02 km?,
3) A=(4h)/A=0.200 km =200 m,
(6) A.=(Aqh)/R=4650 m>

For wire of 1-inch diameter, the required length of
wire is 58 km. The wire must be distributed to give the
required effective area, which is usually comparable
with the actual area occupied by the flat-top pattern of
wires. One of the most critical problems is the pattern
of distribution of the wire to assure nearly constant
gradient on nearly all of the conductor surface. Econ-
omy of conductor area is dictated by its proportional-
ity to the wind loading or the ice-melting power, and
approximately to the ice loading. For a certain area, the
former is nearly independent of wire size and length,
while the latter is substantially greater for smaller
wires. The effective area is more dependent on the num-
ber of wires, so it is greater for a greater length of
smaller wire; this rule is applicable where icing is not
encountered.

Some other properties of this example are the follow-
ing:

R =0.160 ohm =radiation resistance,
X =R/p =280 ohms=reactance,
C=0.133 uf =capacitance,

I=V/X =2.5 ka=antenna current.

The pattern of wires forming the flat top and down-
leads presents an opportunity for much ingenuity in
design and approximate computation. Fig. 1 shows an
array of parallel wires, termed the “triatic” after the
nautical term for the supporting catenaries across the
array. This form offers an inherent tendency for uni-
form charge distribution, and also the simplest formulas
for approximate computation. The two separate struc-
tures are intended to be connected together for normal
operation, or either half operated independently at re-
duced power while the other half is out of service.

The relations given here are most useful for estimat-
ing the size of antenna needed for realizing a specified
performance. They are also useful for evaluating the
capabilities of an existing antenna. The emphasis has
been placed on the simplest concepts relating the an-
tenna structure with its operating requirements.

This study has been made in connection with the de-
sign of the U. S. Navy's high-power transmitter to be
located in Maine. The computed example gives some
idea of the size of antenna required to radiate 1 mega-
watt at 15 kc.
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Fundame.ntal Limitations of a Small VLF
Antenna for Submarines*

HAROLD A. WHEELERY}

Summary—A submarine requires a small VLF antenna for recep-
tion while submerged. Since the propagation in sea water is nearly
vertical (downward from the surface), the only operative types are
horizontal dipoles, electric and magnetic. The electric dipole is
coupled by conduction and the magnetic dipole by induction in a
loop. The former has no resonance and nearly unlimited bandwidth,
but fails when not submerged. The latter, by resonance, is able to
present much greater interception area and available power. The
magnetic interception area is determined by the size of the radome
and by the radianlength or skin depth in sea water (2 meters at
15 kc). The radiation power factor, which is essential to bandwidth
and efficiency, is influenced also by the size of the inductor and by
the magnetic permeability of an iron core. Simple formulas illustrate
these relations for the idealized spherical shape of radome, coil and
core. Omnidirectivity in azimuth requires crossed coils in a two-
phase circuit.

HE fundamental limitations of a small antenna

have been fairly well stated for a location above

ground, but seem to have been neglected for a

location under the surface of sea water. The latter is the

problem of the small antenna mounted on a submarine
for reception of VLF signals while submerged.

The propagation of a radio wave over a water surface

is well understood. For present purposes, it will be

summarized with reference to Fig. 1. Just above the

T /L\ ZL (eo“o)
: T
\@\.\ \7I AIR
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\/ \ WA'I'ER
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300

Fig. 1—Wave refraction at water surface.

Skin depth: § =

surface, the direction of propagation is tilted downward
and a fraction of the power is directed into the water.
The index of refraction, as determined by the conductiv-
ity of the water, is very great, so the direction of propa-
gation in the water is nearly vertical.

The propagation in the water is greatly attenuated
by the skin effect which prevails in conductors. The
skin depth or napier depth is defined as the depth at
which the fields are attenuated one napier (8.7 db)
below their value at the surface.

* Manuscript received by the PGAP, April 6, 1957; revised manu-
script received, September 21, 1957. Presented at VLF Symposium,
Boulder, Colo.. January 23——25 1957.

t Wheeler Laboratories, Great Neck, N. Y.
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0 =skin depth, napier depth, or radianlength in
water (meters).
w=2xf=radian frequency (radlans/second)
o=0.4 7 10~°=magnetivity (permeability) in air
or water (henries/meter).
o =conductivity in water (mhos/meter).
A =wavelength in air (meters).
\/2x =radianlength in air (meters).
R.=120m = wave resistance in air (ohms).

The same distance (8) is also the radianlength in the
water, so the index of refraction is A /276 as diagrammed
in Fig. 1.

The conductivity of sea water is about 4 mhos/meter.
The lowest frequency in VLF service is about 15 kg, at
which the skin depth is 2.0 meters. The index of re-
fraction is 1600, so the direction of propagation in the
water is practically vertical. The attenuation with
depth is one napier per 2.0 meters, or 4.3 db/meter.

Vertical propagation downward in the water is ac-
complished by horizontal crossed electric and magnetic
fields. The orientation of these fields in azimuth is de-
termined by the direction of the wave over the surface.
There is practically no pickup by a submerged vertical
dipole of either kind, so there is no simple antenna for
omnidirective reception corresponding to the vertical
electric dipole above the surface. Omnidirective recep-
tion under the water is obtainable by a pair of crossed
horizontal dipoles coupled to the receiver in phase
quadrature. The further discussion is directed to a
single horizontal dipole, submerged to a depth greater
than the skin depth in the water.

The horizontal magnetic dipole is realized by a coil or
loop whose axis is horizontal. Fig. 2 shows a spherical
coil of radius a in the center of a spherical radome of
larger radius a’. The coil is filled with a core of mag-
netic ratio k. The radome is the boundary of insulating
material between the water outside and air inside. It is
assumed much smaller than the radian sphere of radius
 in the water. Following the principles that are recog-
nized for small antennas in free space, we shall formu-
late the principal properties of the submerged coil an-
tenna.

The radiation power factor of the coil determines its
capabilities as an efficient radiator over a frequency
bandwidth. It is a measure of the power coupled to the
surrounding water, as compared with the reactive
power in the inductance.
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Fig. 2—Coil in submerged radome.
a? 1 . @
= —— <K<
? a'8®> 1/k+ 1/2
in which

p =radiation power factor,

a =radius of spherical colil,

a’ =radius of spherical radome,

k = magnetic ratio of core in coil.
As in the case of a coil in free space, this power {actor is
proportional to the volume of the coil and is less for
greater radianlength. In this case it also is less for
greater size of radome. A greater magnctic ratio causes
lesser magnétic energy in the coil and thereby increases
the power factor. :

The interception area of the coil is the usual concept
for formulating its ability to take some power from the
wave and make it available to a load. This area is here
defined with reference to the power density in the air
wave over the surface, so it can be compared with the
same rating for a coil in the air.

y 3m2a’s? 2d 3)
m= exp — —
22 - P b

in which
4., =Iinterception area of submerged magnetic dipole,
d =depth of dipole from surface.
The first factor is the area before the attenuation by
depth, and the second factor is that attenuation.

The available power, as a basis for defining the inter-
ception area, is the power that the antenna could de-
liver to an ideal matched load, by tuning out the coil
reactance and matching the radiation resistance. As in
the case of a coil above the surface, the interception
area is determined by the environment ol the coil and
is independent of the properties of the coil itsell. This
area increases with the size of the radome. The first
factor is independent of the wavelength, since this di-
mension appears in both numerator (implicitly in &%)
and denominator.

January

A spherical coil as large as the radome, with a perfect
magnetic core, is the ideal for fully utilizing the volume
of the enclosed air space to obtain the greatest power
factor of radiation. This would place a lower limit on
the size of radome required to realize a certain power
factor of radiation. If the radome is larger, the coil
may be smaller, may be of different shape, and may dis-
pense with the iron core. For a submarine, it is more
important to reduce the size of the radome than to
economize in the weight of the coil and core.

The alternative kind of antenna is the horizontal
electric dipole, coupled with the water by conduction.
It is essentially a pair of electrodes having their outer
surfaces in contact with the water (directly-or through
thin dielectric walls of a radome). For comparison in
the same spherical radome, the electric dipole is adapted
to a spherical space; its electrodes are spherical caps of
such size as to give nearly uniform field inside the
sphere. K

Unlike the coil, the electric dipole has the negligible
reactance of short connecting wires. Its radiation re-
sistance is that of the water outside the radome, which
is of the order of 1 ohm. Therefore, the radiation power
factor is practically unity and there is no difaculty
coupling to a resonant circuit of any usual bandwidth.

The matched load for a spherical radome is a resist-
ance whose value is one half as great as that of the same
sphere filled with the same water. This is because the
external resistance of a sphere is one half as great as its
internal resistance if the mediums are the same. Such a
matched load is assumed for evaluating the available
power.

The interception area of the electric dipole is evalu-
ated on the same basis.

exp — - (4)
in which
A, = interception area of submerged electric dipole.

The first factor is dependent on the size of radome and
the wavelength but not on the conductivity of the water
(involved in the skin depth).

On the present assumption of a radome much smaller
than the radian sphere, the magnetic dipole or coil is
much superior in its interception area.

Am/ Ay = (8/a)2 > 1 (3)

This ratio of superiority is directly proportional to the
wavelength. As an example, take a radome of radius
a’=0.30 meter or 1 foot; in sea water at 15 kg, this
ratio of area or intercepted power is (2.0/0.30)2=44
(or 16.5 db).

In practice, the horizontal dipole may be rotated for
maximum pickup and for direction finding. Here the
coil has the advantage of convenience in rotation,
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since the coil does not have to be very close to the wall
of the radome.

Since the magnetic properties of air and water are
similar, and the magnetic field is horizontal in both, the
coil will operate nearly the same when above or below
the surface. On the other hand, the conduction proper-
ties are opposite, and the electric fields are respectively
vertical and horizontal, so the same electric dipole
cannot operate in both mediums.

[t is concluded that the magnetic dipole or coil an-
tenna is the preferred kind for use on a submarine, and
has a great advantage if limited to the interior of a
small radome. Its radiation power factor and intercep-
tion area are defined and formulated as representing
its most significant ratings of performance.

Wheeler : Fundamental Limitations of a Small VLF Antenna for Submarines
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The Radiansphere Around a Small Antenna®

HAROLD A. WHEELERY, FELLOW, IRE

Summary—The “radiansphere” is the boundary between the
near field and the far field of a small antenna. Its radius is one
radianlength (\/27), at which distance the three terms of the field are
equal in magnitude. A “small”antenna is one somewhat smaller than
the radiansphere, but it has a “sphere of influence” occupying the
radiansphere. The power that theoretically can be intercepted by a
hypothetical isotropic antenna is that which flows through the radian-
sphere or its cross section, the “radiancircle.”

From a small electric dipole, the far field of radiation is identified
as a retarded magnetic- field. Between two such dipoles, the far
mutual impedance is that of mutual inductance, expressed in terms
of space properties and the radiansphere.

A small coil wound on a perfect spherical magnetic core is con-
ceived as an ideal small antenna. Its radiation power factor is equal
to-the ratio of its volume over that of the radiansphere. A fraction of
this ratio is obtainable in various forms of small antennas (C er L)
occupying a comparable amount of space.

A radiation shield, in the form of a conducting shell the size of the
radiansphere, enables separate measurement of radiation resistance
and loss resistance.

INTRODUCTION

HE subject of small antennas deals with the
Tproblems of effective radiation and interception
by structures whose dimensions are much less
than one wavelength. This assumption of small size re-

duces to simplest terms the antenna properties and the.

resulting limitations in practical applications. The con-

cepts and rules to be presented are readily appreciated

and easily retained for future reference.

The scope of this paper is limited to some principles”

and viewpoints that are elementary but have not pre-
viously been integrated and clearly presented. They
come [rom various sources and have been assembled by
the writer in the course of occasional studies and design
experience for widely diversified purposes over the past
15 years or so.

Several concepts appear to have been original with
the writer, although based on well-known principles,
The “radiansphere” is developed to describe the bound-
ary of the transition between near field and far held,
and is given significance as. the “sphere of influence.”
The “radiancircle” is the interception arca of the hypo-
thetical isotropic radiator. The “radiation power fac-
tor,” previously introduced by the writer, is formulated
for an idealized spherical antenna much smaller than
the radiansphere. The “radiation shield,” a spherical
conductor located at the radian sphere, is presented to
enable separate determination of radiation resistance

* Qriginal manuscript received by the 1RE, December 23, 1938;
revised manuscript received, April 14, 1959. This topic has been pre-
sented to meetings of graduate seminars in clectrical engineering at
Johns Hopkins Univ., Baltimore, Md.; December 2, 1954; and at
Polytech. Inst. of Brooklyn, Brookivn, N. Y.: October 12, 1036.

T \Wheeler Labs., Great Neek, N Y.

and loss resistance, hence the radiation efficiency. The
mutual impedance between small dipoles is simple and
useful but seldom stated; here it is analyzed into the
three kinds of impedance components (C, R, L), and
is formulated directly in terms ol the mean radiation
resistance of the sending and receiving antennas.

After a list of symbols, the presentation will start
with a Drief reference to each principal concept, stated
in the terminology to be used here.

SYMBOLS

(MKS units: meters, seconds, watts, volts, amperes,
ohms, henries, farads.)

=length of small dipole (J<<N\/2m)(I<Kr)
r =radial distance (r>>[)
h=height above plane
a=radius of sphere (inductor)
A =area of small loop
A =interception area of antenna
V =volume (of sphere)
A =wavelength
A/2w =radianlength
[f=cycle frequency
w=2xrf=radian frequency
Z =impedance (complex)
R=resistance (radiation)
L =inductance
C =capacitance
I =current
V =voltage
£ =e¢lectric held
JI =magnetic field
Pi=power radiated from sending antenna
?, =power available from receiving antenna
Ry =377 =wave resistance of square arca of plane
wave in free space
ko=magnetivity in free space
e)=electrivity in free space
k,, =magnetic ratio (in core of inductor)
n=number of turns (in coil of inductor)
p=R/wL=power factor (radiation)
g = power ratio of directivity
sub-a =inductor sphere
sub-r =radian sphere
sub-1, 2=sending, receiving (antennas)
sub-12 =mutual (between antennas)
* =subject to retardation by distance angle
Basic CoNcrrrs
Ruadiansphere
The radiansphere 1s o hypothetical sphere having a
radius of one radiunlength from the center of an antenna

WL-33
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much smaller than the sphere. Physically, it marks the
transition betweén the “near field” inside and the “far
field” outside. While sending, the radiation field com-
prises stored energy and radiating power, the former
predominating in the near field and the latter in the far
field. The radiansphere is a measure of the “sphere of
influence” of the antenna. It is a convenient reference
_ for all radial distances.

Radiancircle

The radiancircle is the projection of the radiansphere
and, conceived as such, is the interception area of the
hypothetical isotropic radiator (to be defined) [2].

Radianlength

The radianlength is 1/27 wavelength (denoted \/2w)
which appears in many formulas for antennas and
waves. Its principal significance is its role as the radius
of the radiausphere and radiancircle. Any length dimen-
sion () may be eppressed in terms of its ratio over the
radianlength (2wl/N).

Wave Reststance

The wave resistance of free space (Ro=120m =377
ohms) is the apparent resistance (V/I or E/H) of a

square area of a plane wave in free space. It may be in-.

cluded in any impedance formula to provide the re-
quired dimension (ohms}) in a significant and convenient
form. For example, the reactance of an inductor usually
“includes the factor wu,, for which may be substituted
Ro(2w/\); the latter more directly provides the same
dimensions, ohms per meter [5].

Small Antenna

A “small” antenna is one which is much smaller than
the radiansphere. Conversely, it is one operating at a
frequency so low that its sphere of influence is-much
greater than its size. It is characterized by a small
power factor of radiation, meaning that its radiation re-
sistance is much less than the principal component of its
self-reactance. A small antenna is usually a simple-elec-
tric or magnetic dipole. The near field depends on which
kind of dipole, while the far field is the same for either
kind. The electric dipole is a current element physically
realizable, while the magnetic dipole is a flux element
simulated by a current loop [5], [6].

Mutual Impedance

Fig. 1 shows the definition of the complex mutual im-
pedance (Z1;) hetween two electric dipoles (as examples
of small antennas). It includes the attenuation of ampli-
tude and the retardation of angle with the distance
from sending antenna to receiving antenna [2], [3].

Efficiency

This is here defined as the maximum efficiency of
transmission from a first antenna to a second. It is equal
to the ratio of the power available from the second over
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2 r Vz receive

Fig. 1—Definition of mutual impedance between
two small electric dipoles.

the power input to the first (P/P,). For present pur-
poses, the associated connection circuits are assumed to
be free of dissipation. The second antenna delivers the
available power if its resistance is matched to a load re- .
sistance while tuning out the reactance of both. If the
antennas are separated far enough to give low efficiency,
the efficiency may be expressed simply in terms of the
radiation resistance of both antennas and the magnitude
of mutual impedance therebetween (Ry, R, | Z1s|) [1],

2], [4].

Isotraope

The isotropic radiator or isotrope is one which is con-
ceived to radiate the same in all directions over the
sphere in space. It is physically realizable in longitudinal
waves (such as sound) but not in transverse waves (such
as radio). In any case, it is a helpful concept as a ref-
erence for evaluating directivity [2], [4].

Directivity

The usual antennas concentrate their radiated power .
in some part of the sphere in space. In the direction of
greatest concentration, the power ratio of directivity (g)
has its maximum value (greater than unity). Inversely,
we may say that effectively 1/g of the sphere is filled
with radiation. The doughnut pattern of a small dipole
fills 2/3 of the sphere, so g=3/2 [2], [4].

Electric Dipole

The electric dipole is one that radiates by virtue of a
current flowing in a length of conductor and returning
through the capacitance in the surrounding space. By
reciprocity, when exposed to an electric field, it receives
an induced voltage proportional to its length. It is the
simplest type of radiator for theoretical analysis.

_ Magnetic Dipole

The magnetic dipole is one that radiates by virtue of
magnetic flux from the dipole returning through the
surrounding space. It is realized by current in a coil of
conductor having a certain total area of coaxial turns,
It is distinguished from the electric dipole in that the
current returns in the conductor and not in the space
capacitance. Its radiation may be computed by regard-
ing each small element of conductor as an electric
dipole. Some, but not all, of the general properties to be
stated for the electric dipole are valid also for the mag-
netic dipole.
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FAR COMPONENT OF MUTUAL IMPEDANCE

At radial distances much greater than the radian-

length, the dominant component of mutual impedance -

is the one caused by the far field of radiation. Its magni-
tude may be computed from the mutual inductance
between current elements, In doing this, we consider
only the magnetic field, ignoring the electric field. The
oonly deficiency is the absence of the retardation caused
by the interaction-of both fields.

Referring to Fig. 1, the mutual inductance between
the two short current elements is given by the Neumann
formula (Ramo-Whinnery), [9]:

his

Ly = po—
12 #041"

)

From this is computed the mutual impedance, expressed
in terms of wave quantities:
Ry Ll i

‘le|-=wL12='——=Ro"—2"’

: ar r(\/21) A
The 4r in the denominator appears when formulating
a spherical problem in terms of rationalized (cylindrical)
units. It is notable that all length dimensions appear in
ratios, while the impedance dimension is provided by
. R,.

The phase angle of inductive reactance and the re- .

tardation by distance are easily added to this formula,
as will be shown below in a complete formula. A

In radial directions different from Fig. 1, the mag-
netic-field coupling is opposed in some degree by elec-
“tric-field coupling to give the characteristic doughnut
pattern,

RADIATION RESISTANCE

Since the radiation resistance is determined by the
radiated power in the far field, it can be computed from
the simple formula for mutual impedance. We use also
the concept that the doughnut pattern fills only % of
the sphere. The radiation field is

Vz Ilelll _ ﬁ) ll |I | (3)
4r r(\/27) e

E
|&] = A 2

The radiated power, which determines the radiation re-
sistance (R)), is computed as the product of 3 the
area of the distance sphere times the power density of
radiation outward through this sphere.

2
=mhm=?@MH&Wm
2 Ro/2xh\? ‘
=——(—) | nl 4
341r(k)|l| : *)

The radiation resistance is therefore

2 Ro 21l'11 2 21l'll 2
3 47\ A A

(5)
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In this formula, the length of the dipole is expressed as
a fraction of the radianlength (2xl,/)).

Four such small dipoles may form the basis for com-
puting the radiation resistance of a small square loop
(of area A;=1,%. In a direction parallel to one pair of
sides, only the other pair radiate and they nearly cancel
each other. The residual far field is 271,/ of that of one
side because this is the angle of the difference of their
distance and retardation. The directive pattern is that
of a small magnetic dipole which, like the small electric
dipole, fills % of the sphere in space. Therefore the radia-

_tion resistance of the loop is that of one side, mu]tlphed

by the power ratio (21rll/)‘)2 _
2 Ro/2wh\* 2wl \*¢
- TR - n()
3 47\ A \.
A, 2 ’
20 ] . (6)
(A\/2x)?

The strength of the equivalent magnetic dipole is pro-
portional to the area (A4i). If there are several parallel
turns carrying the same current (I;), the effective area
is the total area of all turns.

EFFIcIENCY IN TERMS OF INTERCEPTION AREA

The available-power efficiency (if small) is simply

formulated from the radiation quantities:

P, |zn|z

P] 4R1R2

(7)

Substituting for these quantities in terms of length di-

mensions, and generalizing each R by changing from %

to 1/g:

p, 1 A\? r(\/27m)?

E=Zw“cw)=9&fﬂﬁ_
area of radian circle

= pge : (8)

area of distance sphere

The last two forms were discovered by the writer [2];
the first form was published by Friis [4].

Fig. 2 illustrates this rule for the basic simple case of
two isotropes, while Fig. 3 does the same for the more
general case, exemplified by two small dipoles.

Since sending and receiving are reciprocal functions,.
it is natural to identify the interception area of each one.
This is diagramed in Fig. 3, showing the area each pre-
sents to the other. Letting this area be 4 =gr(\/27)*=¢
radiancircles, for each antenna, the efficiency becomes

[2], [4]:
P2 _ A1A2 _ A]Aa
Pi (4rr)r(Z/20)F N

(sending area)(receiving area)

)

(distance sphere)(radiancircle) .
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(c=52)

Fig. 3—Area of interception for Lwo small dipoles.

By the siimple formulas, two isotropes at a distance of
one radianlength have a coupling efficiency of 3. This
is approximately valid, being in the transition between
high and low efficiency. In general, this occurs at a
distance of /gg, vadianlengths, by (8). At lesser dis-
tainees, the interaction complicates the formula for

cliciency.,

The mutual impedance mayv be expressed in terms of
the wvalues ol radiavion resistance by rearranging (7)
and (8).

. A o
= 2\/R1Rg‘\/1')g//)1 = 2——‘ \/glggRle. (10)
r

| 7

This is a corollary to the thecorem of interception arca
[2]. Tt was independently discovered by Huntoon at
NBS during the war while studying the problem of
proximity fuzes [3].

The receiving antenna reradiates an amount of power
equal to the availuble power it delivers to the matched
Joad. Il instead the antenna is tuned without adding any
resistance, the received current is doubled. The second
antenna then reradiates four times its available power.
This rule is limited to a small antenna. '

A large tlat arrayv with a retlector can be designed to
intercept all the power incident on its arca. [ts power
ratio of directivity, by compurison with the isotope, is
then

area 4w (aren) arca
g = = 1

7r()\/277'5; A2 -

radiancircle

Ry j2wh j2wls 2 \3
Ze= - : +
Ar A A j2mr

(length  (C)

angles)

(ohms)
(sphere)
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Fig. 4—Intermediate area of interception for two
antennas over plane ground. .

[f the area is covered by many dipoles pitched ¥ wave- |
length in a rectangular array, the power ratio of direc-
tivity is seen to be 7 times the number of dipoles.

Two antennas mav be located above the ground at
heights so low that there is near-cancellation of direct
and reflected waves. Fig. 4 shows the gecometry of such
acase. It is assumed that the path difference isless than
one radianlength (Jii»<rA/4w) and that the ground is
a Hat surface with a reflection cocthicient ol minus one
(which_is typical of imperfect conductors near grazing
mcidence). It can be shown that

P-_‘ ,l|,l~_' 2 R
= 7) NCEY

i

o 20, o
| AN | = \/glg:RnRu:
r

1
Taking the partial distances as shown,
/Il . llg

Ty = F ————
11'1 + llg

o= - ; 13

y—

/I[ + llg
The intermediate height (1) is that of the direct line
over the point of reflection:

2t

= —_ 1/ = 3(1/] 1/s).
Int I /h (/I + 1/1)

a+H
This is taken as the radius ol an intermediate circular
area. It is found that the transmission efficiency is the
product of two values, one computed by (9) from the
first antenna to the intermediate circle, and the other
from this circle to the second antenna. The proximity
of the ground has the cffect of an intermediate aperture
as shown.

AL CoMPONENTS OF MuTUAL [MPEDANCE

In Fig. 1. the complex mutual impedance of two small
dipoles has three terms at distances much greater than
the dimension of the dipoles but not necessarily greater
than the radianlength. These components are rcachly
derived from the formula for the transverse electric
ficld given in textbooks:

)+ G2
—— —_— ex —_— e — .
i2xr j2xr P A

(K) (L)

(15)

(revard)

(distance angle)



1959

The coefficient in front of the brackets [ ] is equal to
—32+/R\R,, in terms of radiation resistance. In Ramo-
Whinnery [9] is found an expression which emphasizes
the significance of the three components (C, R, L); this
expression is revised as follows to give the three com-
ponents the dimensions of impedance:

Wi .
4‘:2 (1/jweor + Ro + jwpor) exp — j2ur/N. (16)

T

Zy =

This form is instructive and is also useful for evaluating
the equivalent circuit elements (C, R, L). The preceding
form (15) is the ultimate in dimensional simplicity.

Fig. 5 shows the network equivalent to two small
dipoles, giving a breakdown of the three components of

mutual impedance, and their variation with distance

(). They are marked (*) to denote that they are subject
to retardation with distance.

‘Fig. 6 shows the variation of the three components
with distance. At a distance of one radianlength, the
three components are equal in magnitude, so that first
and third cancel, leaving only the resistance. At lesser
distances, the capacitive coupling predominates; at
greater distances, the inductive coupling predominates,
as derived above for the far field. .

In any other direction, these components are modi-
fied. The far component disappears if either dipole is in
line with the radial distance.

SPHERICAL SMALL ANTENNA

In relation to a spherical wave and the radiansphere,
the ideal shape of a small antenna might be spherical.
There is one such antenna that is significant. It is a
“magnetic dipole” simulated by a spherical inductor
[10], [12]. :

Fig. 7 shows such an inductor. Its winding is pitched
uniformly in the axial direction. Its core may be filled
with magnetic material (k).

If the length of wire is much less than the resonant
length, the magnetic field inside is uniform, and outside
has the same pattern as that of a small magnetic dipole.
(Such an inductor is mentioned by Maxwell but is
seldom found in the more recent literature; the writer
made use of this concept about 1941.)

The inductance of this sphere is

. o
= — an —_———
3 T ok

Its radiation resistance is

2 2ra\* 1 2
R = — Rwn? (—) (— ) .
3 A 1+ 2/k,

Its inductive reactance is

. (18)

. 2ra |
wl = — Ryn? —

— . 19
3 N 1+ 2/kn (19)
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Fig. 5—Network equivalent to two small electric dipoles.
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Fig. 6—Variation of components of mutual impedance.

(logarithmic scales)

Therefore the radiation power factor is
R/l (21ra)"‘ 1
p =R N/ 1+ 2/kn

volume of inductor sphere 1

, < (20)
volume of radiansphere 1+ 2/k,
This relation reaches the ultimate simplicity for the
ideal case of a perfect magnetic core (k,= ) so that
there is no stored energy inside the coil. This limiting
case is represented in Fig. 8.

The radiansphere may be regarded as a hypothetical

. inductor whose internal energy is the stored energy of

the magnetic field, and whose external energy is the
radiating power. The small antenna radiates by virtue
of its coefficient of coupling with the radiansphere; the
above ratio (20) is proportional to the square of this
coefficient of coupling.

PRACTICAL SMALL ANTENNAS

In a previous paper, the writer has treated the topic
of practical small antennas [5]. Special emphasis was
placed on the role of the volume occupied by the an-
tenna in determining its radiation power factor. A
cylindrical volume was taken as a basis for comparing
electric dipoles with magnetic dipoles (air-core coils).
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outside: o

Fig. 7—Spherical inductor.

Fig. 8—Spherical inductor in radiansphere.

Some of the most common forms of small antennas
are of such shape that the occupied volume is no longer

significant. This is true of an electric dipole made of a’

straight wire or rod or tower. It is also true of a magnetic
dipole made of a thin loop of wire. Either of these would
require a certain size of sphere to contain it. Since this
volume is only partially utilized, it is presumptive that
the antenna would have a radiation power factor much
less than the theoretical upper limit for this size of
sphere. 4 :

The opposite extreme is a flat capacitor with air-
dielectric or a long inductor with air core. In these
cases, the radiation power factor approaches a lower
limit of 2/9 the value for an ideal sphere (with perfect
magnetic core) of the same volume.

Lt is interesting to compare two small antennas of op-
posite kinds occupying the same circular-cylindrical
space, namely the disk capacitor (C) and the solenoid

inductor (L), each having an air core. The shape chosen

is a cylinder of equal diameter and height. As compared
with an ideal sphere of the same volume (having no
energy stored inside), each kind has a power factor less
than the ideal by the following factors:

8
C: —
T

4
L: (1 + —)
3r

In this rating, the power factor of the capacitor is about
twice that of the inductor. However, the latter can be
increased by a factor of two or more by inserting an iron
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core, while the former cannot be increased by any
known materials.

The comparison with air cores brings out a basic dif-
ference between the two kinds. The external (useful)
stored energy of the capacitor is about 3 of the total,
while that of the inductor is about }. This is because the
inside and outside flux paths differ in impedance in a
ratio of about two to one; these paths are in parallel for
the capacitor and in series for the inductor. Decreasing
the effective length of internal flux path by inserting
some material has the effect of increasing the stored
energy in the ¢apacitor but decreasing it in the inductor.
The latter is advantageous.

If a small antenna is restricted in its maximum di-
mension but not in its occupied volume, the radiation
power factor is increased by utilizing as much as possible
of the volume of a sphere whose diameter is equal to
this dimension. The cylinder discussed above is a good
practical compromise. The practical limitations of
capacitor and inductor are only slightly different, so the
choice may be determined by other considerations (such
as wave polarization, loss power factor, associated cir-
cuits, construction, and environment).

A special case is a small antenna operating under-
ground or underwater. These mediums are dissipative
toward a electric field but not a magnetic field. There-
fore the loop antenna is much to be preferred for effi-
ciency of radiation in either of these environments [11].

RADIATION SHIELD

For purposes of measurement, it may be desired to
remove the radiation resistance of a small antenna while
retaining its other properties (loss resistance, capaci-
tance, inductance). This can be accomplished to a close
approximation by enclosing the antenna in a radiation
shield which ideally is a perfectly conducting spherical
shell whose inner surface is located at the radiansphere.
(See Fig. 8, for example.) This prevents the radiation
while causing little disturbance of the near field. In
practice, the size, shape, and material are not critical.
A cylinder with one or both ends open may suffice.

The writer devised this test for a very small loop
antenna operating at a frequency such that the radian-
sphere had a convenient size; the loop was in an oscil-
lating circuit so the radiation shield caused an increase
in the amplitude of oscillation. The increase in ampli-
tude was a measure of the radiation efficiency. In
general, the radiation shield enables the separate deter-
mination of loss resistance and radiation resistance.

CoNCLUSION ,

The radiansphere around a small antenna is logically
regarded as the boundary between the near field of
stored energy and the farfield of radiating power. There
is not a definite boundary but rather a transition, since
the terms associated with the near field predominate in-
side and those associated with the far field predominate
outside. The interception area defined for the hypo-
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thetical isotropic antenna is the area of the radiancircle,
a projection of the radiansphere, so the latter is logically
regarded as the sphere of influence of such an antenna.
An idealized small spherical antenna is found to have a
radiation power factor equal to the ratio of its volume
over that of the radiansphere. A radiation shield is de-
scribed whose ideal location is at the radiansphere. All
of these concepts are helpful in visualizing and remem-
bering the rules governing small antennas, especially
their near field and far field.
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Radio-Wave Propagation in the Earth's Crust™”

Harold A. Wheeler
(February 26, 1960)

There is a reasonable basis for postulating the existence of a useful waveguide deep in
the carth’s crust, of the order of 2 to 20 kin below the surface. Its diclectric is basement
rock of very low conductivity. Its upper boundary is formed by the conductive layers near
the surface. Itslower boundary is formed by a high-temperature conductive layer far below
the surface, termed the “thermal ionosphere” by analogy to the well-known ‘“‘radiation
ionosphere’ far above the surface.

The electrical conductivity of the basement rock has not been explored. An example
based on reasonable estimates indicates that transmission at 1.5 ke/s might be possible for
a distance of the order of 1500 k.

This waveguide is located under land and sea over the entire surface of the carth. It
may be useful for radio transmission from. the shore to a submarine on the floor of the ocean.
The sending antenna might be a long conduector in a drill hole deep in the basement rock;
the receiving antenna might be a vertical loop in the water.

In the earth’s crust, there appears to be a deep
waveguide that has not yet been explored. This
waveguide extends under all the surface area, so
1t suggests the possibility of wave propagation under
the ocean floor. This might enable communication
from land to & submarine located on or near the
ocean floor. If below a certain depth, it happens
that the excess radio noise from electric storms would
become weaker than thermal noise, and no other
source of appreciable radio noise is recognized.

This waveguide comprises basement rock as a

dectric  between upper and lower conductive
boundaries. The upper boundary is formed of the
well-known geological strata located between the
surface and the basement roclk, with conductivity
provided by electrolytic solutions and semiconductive
minerals. The lower boundary is provided by high-
temperature conductivity in the basement rock.

In concept, the lower boundary is similar to the
usual ionosphere, being formed by gradually increas-
ing conductivity. In the usual ionosphere [Wait,
1957], caused by extraterrestrial radiation, the con-
ductivity increases with height. In the present
case, however, the conductivity increases with depth
and is caused by the increasing temperature i the
dielectric material. Therefore 1t may be designated
as the “inverted ionosphere” or ‘“thermal iono-
sphere.”

Figure 1 shows how this waveguide may be used
for communication from a shore sending station (S)
to an underwater receiving station (R). The latter
may be a submarine on the bottomn of the ocean.
The sender launches a vertically polarized transverse-
electro-magnetic (TEM) wave by means of a vertical
wire projecting into the basement rock. The wave
1s propagated in the deep waveguide between the
surface conductor and the thermal ionosplere.
Some power {rom the wave leaks out of the wave-

1 Contribution from Wheeler Laboratories, Greal Neck, N.Y., and Devclop-
mental Engineering Corp., Leesburg, Va.

2 Paper presented at Conference on the Propagalion of ELF Radio Waves,
“nulder, Colo., January 27, 1960.

THERMAL IONOSPHERE

Ficure 1. Communicalion through the deep waveguide under
the ocean.

guide into the ocean just above, and is sampled by
an antenna at the receiver.

Figure 2 shows an arrangement for the sender
antenma. It is a long conductor (pipe) sunk into a
drill hole filled with oil insulation. The example
shown has conducting material down to a depth of
about 1 km. Through this layer of earth, there is
an outer pipe which forms the outer conductor of a
coaxial transmission line. This pipe 1s in contact
with a conducting surface such as water or radial
wires in the ground. Below this layer of earth, the
inner conductor extends further about 2 km into
the basement-rock dielectric. This extension radiates
into the waveguide in the usual manner.
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Ficure 2. Sender antenna tn the deep waveguide.
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Ficure 3. Variation of conductivity with depth to form’ the
deep waveguide.

Figure 3 shows how the temperature and the
resulting conductivity may vary with depth, espe-
cially in the basement rock at depths exceeding a
few kilometers. This diagram will be used to explain
the expected behavior of the deep waveguide. At
depths of about 2 to 20 km, the basement rock is
indicated to have such low conductivity that it is
a dielectric suitable for wave propagation. Above
and below this dielectric, the conductivity is high
enough to serve the function of boundaries for the
waveguide.

The upper boundary is fairly well defined, in a
depth of the order of 1 km (perhaps down to several
kilometers). Its conductivity, in the most common
materials, ranges from a maximum of 4 mhos/m in
sea water down to about 10~* in rather dry noncon-
ductive minerals.

Tbe diclectric layer, shown between depths of
about 2 and 20 km, may have very low conductivity,
of the order of 107% to 107! mho/m. The lowest
conductivity is observed in fused quartz, but prob-
ably is not found in nature. The present plan is
uselul if the conductivity is around 1078 or lower.
The dielectric constant is about 6.

The lower boundary has some unusual properties.
(These are also characteristic of the ionosphere at
frequencies below VLF.) The gradual increase of
conductivity [Van Hippel, 1954] provides an effective
boundary for each kind of field, that for the electric
ficld being closer than that for the magnetic field.
In each case, there jis a sort of skin depth in the
boundary [Wheeler, 1952]. Both of these boundaries
male comparable contributions to the total dissipa-
tion factor of the waveguide, which determines the
exponential attenuation rate.
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The location of cach boundary depends on the
frequency, the conductivity, and the rate of change
of conductivity with depth. In the example to
outlined, these howndaries occur at temperatures _.
the range of 300 to 600 °C.

As an example of the behavior that might be
expected in this waveguide, the following numerical
values are suggested.

Frequency 1.5 kefs
Dielectric constant 6
Wavelength (in dielectric) 80 km
Effcctive boundaries of ¥ field (depths) 1-18 km
Effective boundaries of M field (depths) 1-27 km
Skin depth for  field (lower houndary) 1.5 km
Skin depth for M field (lower boundary) 4 km
Length of radiator (in waveguide) 2 km
Reactance of radiator 1600
ohms
Lffective length of radiator 1 km
Radiation resistance (in waveguide) 0.4 ohms
Other resistance 20 ohms
Radiation efficiency 0.02
Average power factor of £ and M fields, about 0.1
Napier distance (for wave attenuation) 130 km
Decibel distance (for wave attenuation) 15 km
100—db distance 1500 km

1f these values are to be experienced, communica-
tion ranges ol the order of 1500 km will be possible
under the surface of the earth.

The assumptions lor this example are hased on
preliminary estimates of the best conditions that are
at all likely to be realized. The high-temperature
conductivity needed [or the lower boundary is typical
of quartz and other similar minerals. The extremely
low conductivity at lower temperatures is unlikel
but need not be quite so low to provide a dielect
that could give the indicated performance.

As for the properties of the basement rock, it is
very doubtful how low its conductivity may be.
Its seismic properties are explored but not 1ts
electrical conductivity. Its principal chemical com-
ponents are known, but appavently not its small
content of “‘impurities” that may determine the
conductivity. Lt seems that core samples have been
made to only a small depth (less than 1 km) in the
basement rock, presumably because there has been
little prospect of valuable mineral products at a
reasonable cost. 1t is notable that some tests show
a trend toward lower conductivity (below 107%) in
the transition lrom the surlace layers into the base-
ment rock. A continuation of this trend may enable
such performance as is indicated in the example.

Returning to the waveguide properties, the TEM
mode (with vertical polarization) is the one that has
the greatest probability of enabling long-range
communication. It i1s the only propagating mode
at frequencies below about 2 kefs (including the
above example).

This preluninary study has indicated that the
deep waveguide 1s probably a definite physical
phenomenon. The properties of its dielectric and
boundaries are not known cuantitatively, so it 1s
uncertain to what distances this waveguide may be
useful for communication or related purposes. Sowe
rather optimistic assumptions as to these propertics
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lead one to speculate on distances of the order of
1500 km. While the deep waveguide extends under

+ entire surface of land and sea, it 1s most needed
ot tadio transmission to a submarine on the ocean
floor, because this location is shielded from the usual
radio waves above the surface.

This concept occurred to the writer recently
during discussions with Lester H. Carr and his
assoclates in Developmental Engineering Corpora-
tion, notably L. E. Rawls, G. F. Leidorf, and their
geological consultant, P. Parker. The opportunity

of working with this group is acknowledged with
appreciation.
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Use of the incoherent scatter technique to obtain ionospheric | Microsccond synchronization is obtained by usc of the

temperatures, T. E. VanZandt and K. L. Bowles, J. Geophys.
Research 65, No. 9, 2627-2628 (Sept. 1960).

If the ion-cleetron gas is in diffusive equilibrium on the top-
side of the F layer, then the electron density decreases
exponentially with height, and its logarithmic decrement is
proportional to the ncutral gas temperature. From an
eleciron density profile obtained by the scatter radar tech-
nique, it is shown that this interpretation is counsistent.
Morecover, the deduction of ionospheric temperatures in this
way from scatter radar clectron density profiles has several
advantages over other methods.

Correlation of an auroral arc and a subvisible monochromatic
6300 A Arc with outer-zone radiation on November 28, 1959,
B. J. O’Brien, J. A. VanAllen, F. IT. Roach, and C. W.
Gartlein, J. Geophys. Research 65, No. 9, 2759-2766 (Sept.
1960).

During a severc geomagnetic storm on November 28, 1959,
two Geiger tubes on satellite Lxplorer VII (1959 iota) found
anomalies in the outer radiation zone at an altitude of about
1000 km which appear to be corrclated in space and time
with optical emissions from the atmospheré beneath, Very
intense narrow zones of radiation were detected over a visible
aurora during one pass. The radiation in three such zones
was harder toward low latitudes. On three subsequent passes
the radiation zone was deduced to be over a subvisible 6300
A arc, whose brightness diminished as the radialion zones

:caine less intense.  The correlation is disenssed.

Seasonal variations in the twilight enhancement of [OI] 5577,
L. R. Megill, P. M. Jamnick, and J. EE. Cruz, J. Almospheric
and Terrest. Phys. 18, No. 4, 309-314 (Aug. 1960).
Measurements of the twilight enhancement of [O1) 5577 were
obtained during the period September 1957 to December
1958 at Rapid City, S.D. All these measurcments were
normalized to the intensity at sunset or sunrise at a height
of 100 k. The results obtained indicate that there was a
seasonal dependence of the twilight enhancement of [OI]
5577 emission. The enhancement occurred most frequently
in the autumm and winter months, the maximum occurring
about 1 November. The enhancement almost never occurred
during the spring and summer months.

Some magnetoionic phenomena of the Arctic E-region,
J. W. Wright, J. Atmospheric and Terrest. Phys. 18, No. 4,
276289 (Awg. 1960).

Several unusual phenomena of [i-region ionogramn echoes
obtained at Thule, Greenland (mag. dip 85.5°) are described.
They arc cxplained as the cffects of clectron collisions on the
propagation of radio waves at high-magnetic latitudes. The
third magnetoionic component (Z-ccho) is explained in this
way and scveral of its distinguishing features arc explained
and illustrated. New phenomena demaonstrate the existence
of an [L-pausc (valley above hnax £), and permit the measure-
ment of clectron densitics and collision frequencies therein.

Widely separated clocks with microsecond synchronization
and independent distribution systems, T. L. Davis and R. .
Doherty, TRE Wescon Conv. Record 4, pt. 5, 3—17 (1960).

In » majority of timing applications, a problem exists in
setting two or more clocks to agree with one another.
Present technigues using WWV or other high frequency
broadcasts allow clocks to be synchronized within one
millisecond. This paper offers an improvement in synchroni-
~tion of three orders of magnitude.

of the F region above iy /s

Loran-C navigation system as the link betwcen a master
clock at Boulder, Colorado, and any slaved clock anywhere
in the Loran-C serviee arcu.

The timing system also includes a unique method for distribu-
tion of several time code formats on a singte UHF channel.

Comment on models of the ionosphere above hmax Fs, J. W,
Wrig)hl;, J. Geophys. Research 65, No. 8, 2595-2596 (Sept.
1960).

Evidence for a gradient of scale height in the F region is
shown, and discussed in relation to x simple Chapman model
It is suggested that a similar
model, but allowing for a scale-height gradient, may give
somewhat better agreement with recent observations.

Improvements in radio propagation prediction service, W. B,
Chadwick, FElec. Eng. 79, 721-724 (Sept. 1960).

Data from world-wide ionospheric and solar stations permit
close observation of the changing state of the ionosphere so
that the maximum usable frequency for radio communications
between any two points in the world can be accurately
predicted 3 months in advance.

Other NBS Publications

Journal of Research, Vol 654, No. 1, January—February 1961.
70 cents.

Faint lines in the arc spectrum of iron (Fe 1). C. C. Kiess,
V. C. Rubin, and C. Ii. Moore.

Infrared absorption of spectra of some l-acetamido pyranoid
derivatives and reducing, acetylated pyranoses. R. Stuart
Tipson and H. 8. Isbell.

Monolayers of lincar saturated succinate polyesters and air-
liquid interfaces. W. M. Lee, J. Leon Shereshefsky, and
R. R. Stromberg.

Heat of formation of beryllium chloride. W. H. Johnson
and A. A. Gilliland. N
Heat of decomposition of potassium perchlorate. W. H.
Johnson and A. A. Gillitand.
Heats of formation of lithium
perchlorate, and sodium perchlorate.

W. H. Johnson.

Heat of formation of AN-dimethylaminodiborane. W. L
Johnson, I. Jaffe, and 1. J. Prosen.

Scparation of hafuium from zirconium by anion exchange.
J. L. Haguec and L. A. Machlan.

Reaction of sulfur, hydrogen sulfide, and accclerators with
propylene and butadicne. F. J. Linnig, . J. Parks, and
L. A, Wall,

perchlorate, ammonium
A. A. Gilliland and

Journal of Research, Vol. 65C, No. 1, January—March 1961,
75 cents.

Electronic scanning microscope for a spectrographic plate
comparator. M. L. Kuder.

Viscoclastometer for measurement of flow and clastic recovery.
R. J. Overberg and H. Leaderman.

An ultra low frequency bridge for diclectric measurements.
D. J. Scheiber.

The ephi system for VLF dircetion-finding. G. Hefley, R. F.
Linfield, and T. L. Davis.

TFast counting of alpha particles in air ionization chambers.
Z. Bay, F. D. McLernon, and P. A. Newman.
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X-ray diffraction measurement of intragranular misorientation
in alpha brass subjected to reverse plastic strain. C. J.
Newton and H. C. Vacher.

Enthalpy and specific heat of nine corrosion-resistant alloys
at high temperatures. T. B. Douglas and A. C. Victor.
Determination of minor coustituents in low-alloy steels by
N-ray fluorescence. R. L. Michaelis, R. Alvarcz, and

B. A. Xilday.

Standard X-ray diffraction powder patterns, 1. I&. Swanson,
M. 1. Cook, Ii. H. Evans, and J. H. deCGroot. NBS Circ.
539, Vol. 10 (1960) 40 ccnts.

Heat treatment and properties of iron and steel, T. G. Digges
and S. J. Rosenberg. NBS Mono. 18 (1960) 35 cents.
(Supersedes C495).

Specific heat and enthalpics of technical solids at low temper-
atnres. A compilation from the literature, R. J. Corruceini
and J. J. Gniewek. NBS Mono. 21 (1960) 20 cents.

The mectric system of measurement, NBS Misc. Publ. 232

T (1960) 50 cents.

Household weights and measures. NBS Misc. Publ. 234
(1960) (Stupersedes M39) 5 cents.
Screw-thread standards for federal services, 1957. Amends

in part H28 (1944) (and in parls its 1959 Supplement).
NBS Handb. H28 (1957) Part IT1 (1960) 60 cents.

Quarterly radio noise data—June, July, August 1959, W. Q.
Crichlow, R. D. Disncy, and M. A. Jenkins. NBS TN18-3
(PB151377-3) (1960) $1.00.

Quarterly radio noise data—September, October, November
1959, W. Q. Crichlow, R. D. Disney, and M. A. Jenkins.
NBS TN18-4 (PB151377-4) (1960) $1.50.

Tuvestigation of bearing ereep ol two forged aluminum alloys,
L. Mordfin, N. Halsey, P. J. Granum. NBS TN55
(PB161556) (1960) $1.00.

Rapid determination of the order of chemical reactions from
time-radio tables, J. H. Flynn. NBS TN62 (PB161563)
(1960) 75 cents.

Radio refractometry, J. W. Herbstreit. NBS TN66 (PB-
161567) (1960) 50 cenls.

Transistorized building blocks for data instrumentation,
J. A. Cunningham and R. L. Hill. NBS TN68 (PB161569)
(1960) $2.00.

Low- and very low-radiofrequency model ionosphere reflce-
tion coefficients, J. R. Johler, L. C. Walters, J. D. Harpen,
Jr. NBS TNG9 (PB161570) (1960) $2.00.

Calibration of five gamma-emitting nuclides for emission rate,
J. M. R. Hutchinson. NBS TN71 (PB1Gi572) (1960)
75 cents.

Table of magnitude of reflection coeflicient versus return loss

(LR=20 log 10 %) R. W. Beabty and W. J. Anson. NBS
TN72 (PB161573) (1960) $1.25.

VHY and UHF power gencrators for RF instrumeniation,

A. H. Morgan and P. A. Iludson. NBS TN77 (PB161578)
(1960) 75 cents.

Halobenzenes as sensitizers for the radiation-induced poly-
merization of styrene, D. W. Brown and L. A. Wall, J.
Polymer Sci, 44, 325 (June 1960).

Some aspects of fluorine flame spectroscopy, 1D. E. Munu.
Proc. Propellant Thermodynamics and Hauandling Conf.
Special Rept. 12 (Ohio State University, Columbus, Ohio,
June 1960).

Optical constants of aluminum, H. Mendlowitz.
Phys. Soc. (London, England) LXXYV, 664 (1960).

Current thermodynamic research on light- element compounds
at the national bureau of standards, T. B. Douglas. Proc.
Propellant Thermodynamics and Handling Conf. Special
ZlReptS. 12 (Ohio State University, Columbus, Ohio, June
960).

Free radicals in gamma, irradiated polystyrencs, R, I. Tlorin,
L. A. Wall, and D. W. Brown, Trans, Faraday Soc. 56, No.
453, 1304-1310 (Sept. 1960).

Sealed-off g atomic-beum light source, R. L. Barger und
K. G. Kessler. J. Opt. Soc. Am. 50, No. 7, 651 (July 1960).

Temperature dependence of Young’s modulus of vitreous
germania and siliea, 8. Spinner and G. W. Cleek. J. Appl.
Phys. 31, No. 8, 1407 (1960).

Proc.

Atomic clocks for space experiments, P. L. Bender, Astro-
nauties p. 69 (July 1960).

Photolysis of ammonia in a solid matrix at low temperatur
Q. Schnepp and K. Dressler. J. Chem. Phys. 32, No.
1682 (June 1960).

Photochemical rates in the equatorial ¥, region [rom the 1958
cclipse, T. . Van Zandt, R. B. Norton, and G. H. Stone-
hocker, J. Geophys. Research 65, No. 7, 2003 (July 1960).

Influence of sonrce distances on the impedance characteristics
of ELF radio waves, J. R. Wait, Proc. IRI: 48, No. 7, 1338
(July 1960).

Electroless plated contacts to silicon carbide, R. L. Raybold.
Rev. Sci. Instr. 31, No. 7, 781 (July 1960).

Statistical models for component aging experiments, J. R.
Rosenblati. TIntern. Conv. Record. Inst. Radio Engrs.
8, Pt. 6, 115 (1960).

Isotope effect in the hydrogen atom-formaldechyde reaction,
J. R. Mc¢Nesby, M. D. Scheer, and R. Klein, J. Chem.
Phys. 32, No. 6, 1814 (June 1960).

Electrie current and fluid spin created by the passage of a
magnetosonic wave, R. P. Kanawal and C. Truesdell, Arch.
Rational Mach. and Analysis, 5, No. 5, 432, (1960).

The nature of the inorganic phase in caleified tissucs, A. S.
Posner. Cualcification in Biological Systems, p. 373
(American Assoc. Advancement of Sei., Washington, D.C,,
1960).

Effect of water-reducing admixturcs and set-retarding ad-
mixtures on propertics of concrete, Introduction and Sum-
mary, B. T8, Foster. Am. Soc. Testing Materials Spec.
Tech. Publ. 266, Introduction 1 & 2 and Summary 240
(June 1960).

Absorption spectra of solid methane, ammonia, and ice in the
vacuum ultraviolet, K. Dressler and O. Schnepp, J. Chem.
Phys. 33, No. 1, 270 (July 1960).

The extent of IT II regions, S. R. Pottasch, Astrophys. J.
132, No. 1, 269 (July 1960).

Nickel oxide thin fihm resistors for low pressure shock wave
detection, K. &, McCullon. Rev. Sci. Instr. 31, No. 7,
780 (July 1960).

Casimir coefficients and minimum entropy production, R.
. Nettleton, J. Chem. Phys. 33, No. 1, 237 (July 1960

Variations of surface tension calculated with improv
approximation for activity coefficient, L. C. Shepley anu
A. B) Bestul. J. Am. Ceram. Soc. 43, No. 7, 386 (July
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Council adopts F. D. I. specification for alloy for dental
amalgam, Council on Dental Research, J. Am. Dental
Assoc. 60, No. 6, 773 (June 1960).

The foundations of mechanics and thermodynamics, E. A.
Kearsley and M. 8. Green, Phys. Today 13, No. 7, 22
(July 1960).

Optical methods for negative ion studies, S. J. Smith and
L. 1\’)[. Branscomb, Rev. Sci. Instr. 31, No. 7, 733 (July
1960).

On the theory of the slow-tail portion of atmospheric wave-
forms, J. R. Wait, J. Geophys. Research 65, No. 7, 1939
(July 1960).

Statistical aspects of the cement testing program, W. J.
Youden. Am. Soc. Testing Materials Proc 59, 1120 (1959).

Optical transmissivity and characteristic encrgy losses, Il
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Adsorption spectra of solid xenon, krypton, and argon in the
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Radiation patterns of finite-size corner-reflector antennas,
A. C. Wilson, 1. V. Cottony, IRE Trans, Ant. Prop.
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Structure of sulfurous esters, H. Finegold, Proc. Chem. Soc.
(London) 283 (Aug. 1960).

VLT attenuation for east-west and west-cast daytime propa-
gation using atmospherics, W. L. Taylor, J. Geophys
Research 65, No. 7, 1933 (July 1960).
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dosimetry, R. S. Caswell, Rev. Sci. Instr. 31, No.'8, 869
(Aug. 1960).
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The National Bureau of Standards
announces a three-week course in
Radio Propagation

July 31 to August 18, 1961

Central Radio Propagation Laboratory
Boulder, Colorado

This course is designed to provide a discussion of the fundamentals of radio propagation, the latest advances
in the state of the art, and the application of this knowledge to the design and development of conmimunication
systems. Tropospheric Propagation and Ionspheric Propagation will be considered in two separate scctions
which may be taken individually or in succession. Details of this course may be obtained from the Educational
Director at the address given below.

The course will consider communication via the entire range of useable radio frequencics and will extend
into the modes of propagation which are being explored for the future. In both sections the continuing einphasis
will be on those elements of propagation which affect system design and frequency allocation.

Tu addition to the subject matter mentioned above the two sections will include discussion of the following:

Tropospheric Propagation (July 31-August 4, 1961)

The effect of atinospheric turbulence, and of both normal and unusual atmospheric stratiication,
upon the refraction and attenuation of radio waves . . . Climatology of the atmospheric radio refractive
index and its measurement by refractometers or weather data . . . Diffraction and reflection from irreg-
ular terrain and absorption by trees and buildings . . . The phase stability of microwave signals and its
effect upon systems of tracking, guidance, and geodetic measurement . . . Mechanisms of tropospheric
propagation . . . Variability of transmission loss and the theorebical basis for transmission loss predie-
tion . . . Modulation studies and techniques . . . Methods for predicting the probability of salisfactory
point-to-point communication, broadcast coverage, and communication via satellites.

Ionospheric Propagation (August 7-18, 1961)

Theory of radio wave propagation via the ionosphere, fromm the very lowest frequencies to micro-
waves . . . The distorting cffects of ionospheric irregularitics and dispersion on broad-band radio
signals . . . A description of the ionospherc—its spatial and temporal variations and their predictabil-
ity . . . Transmission loss and its variability as a function of frequency and other system parameters . . .
Special problems of earth-space communication . . . Statistical character and average power of atmos-
pheric, cosmie, and artificial radio uoise . . . Characterization of the propagation medium as a time-
variant communication channel . . . Consideration of perturbations of amplitude and phase, multipath
propagation, and noise as factors affecting modulation techniques, and the capacity and reliability of
systems . . . Prediction of perforinance of ionospheric radio systems for communication, detection and
positioning, navigation and timing.

Prerequisites: Tuition:
A bachelor’s degree in Llectrical IEngincering, Tropospheric Propagation—$100
Physics, or other suitable academic or practical Tonospheric Propagation—5$200
experielice. Tintire course—3$300

Registrations will be limited and carly application should be made to eusure consideration. TFurther
details of the course and registration forms will be available March 1, 1961, from: Iidmund H. Brown, Educa-
tional Director, Boulder Laboratories, National Bureau of Standards, Boulder, Colorado.
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r Vol. 68D, No. 1, January 1964

VLF Propagation Under the lonosphere in the Lowest
Mode of Horizontal Polarization

Harold A. Wheeler

Contribution From the Wheeler Laboratories, Great Neck, N.Y.

In the lower part of the VLF band, around 4 kcfs, it appears that the lowest rate of

attenuation is obtainable by horizontal polarization in the TE-0L mode.

This offers a

substantial advantage relative to vertical polarization in the usual TM-01 mode and the

simple TM-00 or TEM mode.

Some types of antennas are found to be suitable for the

TE-0L mode, namely, a horizontal wire above ground or a vertical loop, cither one located

in a plane perpendicular to the direction of transmission.

A theoretical study is summarized,

leading to the conclusion that this modc offers some unique features and is suitable for
transmission to distances of the order of 4,000 km.

1. Introduction

The practical utilization of the VLF band has
been limited to vertical polarization, and the same
1s true ol most theoretical studies. It now appears
that there is a part of the frequency spectrum which
would be bhest utilized by the use of horizontal
polarization.

Practical utilization ol the VLF band (3 to 30 ke/s)
hag been limited to the upper part (10 to 30 ke/s) where

nittedly the most efficient transmission under the
wnosphere appears to be obtained by vertical
polarization. The prospects lor the lower part
(3 to 10 ke/s) have been dimmed by the observation of
maximum attenuation ol noise {(at 3 to 4 ke/s) but
it has not been sufficiently emphasized that this
handicap applies only to vertical polarization.

The appreciation of this fact about 4 years ago
encouraged the writer to consider the alternative of
horizontal polarization for utilization ol [requencies
in the lower part of the VLF band (say around 4
kefs). The resulting theoretical studies indicate
the utility ol this part of the spectrum is best utilized
by horizontal polarization.

It is found that a single mode ol HP, the TE-01
mode, promises the lowest rate of attenuation of all
modes, in a limited range of the spectrum. The
principal advantage is the more effective reflection
from the ionosphere. Another advantage is the use
ol a single mode as distinguished from a mixture ol
the two principal modes of vertical polarization, the
usual TM-01 and the simple TM—00 or TEM.

The use of a different mode naturally introduces
opportunities and problems that are challenging.
These will be presented and summarized in support
ol the thesis. The essential characteristics ol
different types of antennas will be compared. An
example (computed for 4 ke/s) indicates that uselul
transmission is possible to distances ol the order ol

00 km.

2. Theory of Propagation

Propagation with horizontal polarization under
the ionosphere has some major differences [rom
vertical polarization, in regard to its behavior and
limitations. Therefore it is essential to have a
clear view of these distiuctions.

In order to present the subject in proper pre-
spective, it will be necessary to compare the hori-
zontally polarized mode with its closest competitors,
the lowest two of the vertically polarized modes.
These different modes are designated as lollows:

TM~00 or TEM mode.
TM-01 mode.
TE-01 mode.

Vertical polarization,
Vertical polarization,
Horizontal polarization,

These designations follow the pattern ol mode num-
bers in a rectangular waveguide. The first digit (0)
denotes uniform field across the width, which re-
sults from the absence ol side walls. The second
digit (0 or 1) denotes the number ol ‘“‘hall-wave”
cycles of field variation in the height of the wave-
guide. There is a recognizable correlation between
these designations and the same or similar ones in
use by other writers.

Figure 1 shows the field pattern of the subject
mode, TE-01, characterized by horizontal polariza-
tion of the electric field (£). The upper and lower
houndaries ol the waveguide are the 1onosphere and
the ground (land or water), separated by the effective
height (k). The magnetic field (H) has a vertical
component and also has a component in the direc-
tion of propagation, which are related to the concept
ol two component waves with oblique propagation.
Each “hall-wave’’ cycle of the field pattern is asso-
ciated with a half-wavelength in the guide (%A,).

The principal discussion ol the waveguide behavior
will be based on magnetic-dipole (loop) antennas
at the sending and receiving ends (S and R). The
vertical loop Is the one kind ol antenna which is
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Frgure 1. Wave propagation in TE--01 mode under ionosphere.

adapted to all three modes. Tts operation in ‘“ver-
tical polarization” is well known, in that the trans-
verse magnetic field (TM) is horizontal. Its
operation m horizontal polarization is unusual, in
that the horizontal longitudinal component of
magnetic field is the principal component near the
boundaries (ionosphere and ground). Therelore
the loop axis is along the line ol propagation, a
direction which gives no radiation in [ree space.
Here it does couple with the waveguide mode.
This may be explammed by its substantial radiation
in the oblique directions of propagation of the pair
ol component waves in the guide.

Figure 1 shows how vertical loops in coaxial rela-
tion may be used on the ground for sending and
receiving (S and R). On aircralt at a substantial
altitude, the horizontal component of magnetic field
decreases while the vertical component increases
(respectively reaching zero and maixmum ab %h).
Therefore a horizontal loop on an aircraft may serve
as a receiving antenna (R’).

By comparison with figure 1, the vertically polar-
ized modes have different patterns with only hori-
zontal magnetic field. The TM-00 or TEM mode
has uniform vertical electric field terminating on the
boundaries. The TM-01 mode has a vertical com-
ponent of electric field of maximum value but oppo-
site polarity at the upper and lower boundaries.
Also 1t has a horizontal component in the direction of
propagation, which is not usually utilized.

For this study, the following ionosphere conditions
are assumed; they are believed to be typical of the
actual range of conditions: '

Effective height of ionosphere: A =75 km.
Cutoft wavelength of 01 modes: A,=2hA=150 km.
Cutofl frequency: fe=2 kefs.

These conditions are based on the concept that the
boundaries behave as fairly good conduclors.

This concept fails for the TM-01 mode under
usual VLEF operating conditions (10 to 30 ke/s); this
will be taken into account in drawing conclusions.
Under the extreme conditions of low conductivity
and high frequency, the upper boundary behaves
more like 8 magnetic wall (open-circuit instead of
short-circuit), the phase of reflection being reversed.
This concepl would lead to a mode designated TM-

0% and a nominal cutoff frequency of 1 kejs. How-
ever, the latter is not realized, because this concept g
not applicable near cutoff.

As mentioned above, the waveguide behavior can
be explained in terms of a pair of oblique waves
rellected from the boundaries. TFigure 2 shows this
familiar concept as applied to the present subject,
particularly the TE-01 and TM-01 modes. The
sending antenna, with its images in the boundaries,
forms a pair of waves that are incident on the
boundaries at an elevation angle (¢) from parallel
(grazing incidence). These waves undergo reflection
at the boundaries. At the ionosphere, the reflection
coeflicient (p) is less than unity and this deficiency
causes a loss in propagation out to the transmission
radius (7). Corresponding loss in the ground reflec-
tion (not shown) is much less and will be ignored.
The propagation loss may be computed {rom the
reflection loss multiplied by the number of reflections.

The ionosphere may be described in terms ol its
conductivity (o) and some resulting derived factors,
as follows:

. . LT A
Dissipation [actor: p—w—e—Z (2—7“5 (1)
Skin depth: 6:\/ A ;

ol
2mwé 47 1 =
J— — = / y
A \/MRC \/300)\ Vel @

in which

og=conductivity, uniform above a certain level
of altitude (mhos/meter).

w=2rf=radian {frequency (radians/second).

e=8.85X 10 2=electrivity (electric permittiv-
ity) in free space, including ionosphere
(farads/meter).

A=free-space wavelength corresponding to the
_ operating frequency (meters).
R,=377=1reespace wave resistance across a

square area of wave front (ohms).
d=skin depth on surface of conductor (meters).

(o, p, 8)

IONOSPHERE

S GROUND R
I ]
f r 1

{
TE-0I {HP) OR TM- 01 {VP) MODE

Freure 2. Theory of reflection for evaluation of transmission

efficiency. ,
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In these formulag, the ionosphere is taken to lhave
“nure conduclivity,” free of electricity; hence they

3 valid ounly if the displacement currents are much
wess than the conduction currents at any frequency
under consideration,

It is noted that the ionosphere has a gradual
transition of conductivity, rather than the definite
boundary here assumed. This factor will be dis-
cussed further on.

Figure 2 shows incidentally the relations between
the radiation patterns of a ground antenna (§) and
its coupling with the waveguide mode. These pat-
terns are cross sections of the familiar “doughnut”
pattern in various orientations. Each of these
patterns is obtainable by a well-known simple
antenna, such as a vertical wire, o raised horizontal
wire, or a vertical loop with proper orientation.

The HP pattern is that ol a vertical (axial) loop
or a raised horizontal (transverse) wire. It shows
zero radiation in the direction from S to . How-
ever, it shows substantial (less than maximum)
radiation in the oblique direction of propagation of
a component wave in the guide. Therefore it gives
substantial coupling between the antenna and the
TE-01 mode of horizontal polarization.

The elevation angle (¢) of oblique propagation in
the waveguide is defined as [ollows:

sin y=MAfA,; cos y=MA/A; tan Yy=X7/\, (3)

in which A, is the so-called “guide wavelength.”

As previously mentioned, the attenuation in

ypagation may be computed [rom the reflection
toss, as determined by the elevation angle and the
conductivity. This concept [ails for the TM-00
mode, in which the elevation angle is zero, so it 1s
not adequate for comparison of the three modes
under consideration.

We return to the familiar viewpoint of waveguide
modes, between conductive boundaries giving nearly
complete reflection. The resulting attenuation can
be computed [rom simple formulas, to be given.
The relative attenuation in the threc modes is
graphed in figure 3. The simplest mode (1TM-00) is
taken as a relerence, because it propagates over the
entire frequency range.

The following formulas give the attenuation in
each ol the three modes for the present configura-
tion, in the limiting case of nearly complete reflection
at the walls [Marcuvitz, 1951],

1 27r6 27r7’

(4)

Here the height (A) is replaced by ¥ wavelength at
cutoff (Ir.) for the other two modes, although this
mode }ms no cutoff.

Mool (VE): o ) 220
TM-01 (VP): @, =g- == % ®)
aglag=2[cos ¢ (6)

CUTOFF

TE-Oi

/! T™M-00, VP
{ REFERENCE )

ATTENUATION RELATIVE TO TM-00 (a/a,)
n

ay
0 | l
0 0.5 |
Mg = sin ¢
[ T T T T | 7 T T
@® 20 10 5 4 3 2.5 2
FREQUENCY (Kc)
Fraure 3. Relalive altenuation of propagation in wmodes
TM-00, TM-01, and TE-01.
i 1 278 2mr )\
TE-01 (HP): 7
(HP) = h h N )

ayfoy=2 sin® Yfcos y=2 siny tany (8)
anfa,=(MA) =sin’ y. 9)*

In these formulas « is the attenuation (napiers) lor
the radial distance (r).

It is noted that this attenuation is only the com-
ponent caused by dissipation in the upper boundary.
This is added to the basi¢c attenuation caused by
radial divergence ol the wave from sender to re-
ceiver. TFrom the mode viewpoint in the present
situation, this is a cylindrical wave guided between
parallel plxmc conductors.

Referring to figure 3, the horizontal scale is the
wavelengthratio (A\/A.) which is inversely proportional
to flequency this is chosen to present the entire
range of propagation on a finite scale. Also it shows
clemlv the limiting conditions far {rom cutoff.

The two modes associated with oblique propaga-
tion have attenuation increasing toward the cutoff
frequency. This may be explained by the increas-
ing number of reflections in covering the distance.

The dissipation is caused by magnetic field at the
upper boundary. Far from cutoff, the HP mode has
the maximum concentration of mmgncbl(, field mid-
way between the boundaries, so the dissipation is
much the least of the three modes. This is analogous
1o the familiar TE-01 mode in circular waveguide.
As in that case, the TE-01 mode between parallel
planes has the least attenuation of all modes, far

2 This equation (9) is in agreement with a formula of J. R. Wait [1960].
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from cutoff. The marginal condition is

2
Joao=1 : M\, =sin ¢y =M\, =~/ — —=0.625;
0’1/010 / W / \/—\/-1—7+1

Flfe=x/A=1.60.

For the ionosphere, these relations are complicated
by the [act that it may not behave as a “pure con-
ductor,” especially as it affects the TM-01 mode.
The conduction current may be comparable with the
displacement current. Therefore there is some dif-
ficulty in evaluating the apparent conductivity in
the simple model here assuimed.

In practical conditions, the curves in figure 3 fall
short of representing the relative attenuation in the
several modes. This happens from the [ailure of
two assumptions: first, that the reflecting boundary
is a good conductor; and second, that it has a step
transition between the conductor and the wave
medium. The former i1s to be discussed here; the
latter at a point further on.

Continuing on the assumption of a step boundary,
the relation shown between TM-00 and TE-01
modes is qualitatively valid for the usual conduc-
tivity ol the ionosphere, at frequencies not too far
{from cutoff. On the other haud, the curve for the
TM-01 mode (a,) fails entirely for reasons associated
with the angle of minimum reflection (Brewster
angle). Far [rom cutoff (beyond the Brewster an-
ele), at small angles approaching grazing incidence,
the ionosphere belhiaves more like a magnetic wall
(open-circuit) than an electric wall (short-circuit) for
reasons not to be elaborated here. As a result, the
waveguide propagation behaves more like the TM~
0% mode. The 1onosphere becomes a much better
reflector, so the attenuation becomes the least of all
modes, approaching % the attenuation of the TE~01
mode. T'he transition to this phenomenon is quali-
tatively indicated by the cashed line (e, ).

The location of the dashed line in figure 3 is indefi-
nite because the relative attenuation varies with
conditions. There is an experimental basis for speci-
fying its intersection with unity, or the attenuation
crossover of the TM-01 and TM-00 modes. It hap-
pens that VP measurements ol atmospheric noise
show a definite minimum at a certain frequency
[C.C.LR., 1957; Jean et al., 1961; Maxwell et al.,
1963] and it may be inferred that one of these modes
is predominant on eitler side of this frequency. The
[requency of minimum noise is centered at 3 to 4 ke/s,
presumably nearer the higher value for conditions of
lower ionosphere (height near 70 km). Therefore
4 ke/s is here taken as o typical value ol the crossover
frequency, and the dashed line in figure 3 is so drawn.

From these considerations, figure 3 shows that the
HP mode may have the least attenuation of all modes
in the frequency range ol about 3 to 5 ke/s. At least,
it is competitive with the two VP modes. This in
itself is interesting and may not have been stated in
earlier publications. However, there are other fac-
tors that give it a unique advantage, as will be
explained.

(10)

For a stable transmission over a long range from
one point to another, it is preferable to utilize only -
waveguide mode. Figure 3 shows the two nioc
with vertical polarization, and furthermore shows
that they are equal in attenuation at some frequency
near 4 ke/s. Diurnal variation of the ionospherc
height will cause a variation of several cycles in their
relative phase at the receiver. Therefore we have
the possibility of slow periodic fading and occasional
deep fading, 111 contrast to stable transmission.

On the other hand, there is only one mode with
horizontal polarization and maximum amplitude.
In the range of 3 to 5 ke/s, we may consider the utili-
zation of this TE-01 mode to the exclusion ol others.
It has comparable attenuation, perhaps the lowest,
and there would he no opportunity for fading.
Therefore 1t may be the most useful mode for thns
[requency range. This concept is the subject of this
paper. It will be considered {urther with reference
to the practical problems of utilization.

The evaluation of attenuation in terms ol skin
depth (8) is based on the concept of a wall of uni-
form high conductivity with a definite plane bound-
ary. The gradual boundary of the ionospherc is
better approximated by an exponential profile of
conductivity, under study by the writer during the
past 4 years [Wheeler, 1959, 1960, 1961, 1962] and
mote intensively by others [Wait and Walters, 1963].
There is a difference in behavior that can be de-
scribed simply lor horizontal polarization but not so
simply for vertical polarization. The reasons for
this will be given briefly.

In the usual “skin effect,” the “hard’”” boundary
a good conductor acts as the houndary Tor both .
and M fields. It causes appreciable loss associated
with the A field but no appreciable loss associated
with the /7 field. On the other hand, the ‘‘solt”
boundary of the ionosphere may cause its effective
level to appear at different heights, lower [or the &£
field than lor the A4 field [Wheeler, 1959, 1960, 1961].
This contributes a loss also associated with the £
field, which is comparable with that of the M field.
In the actual profile ol the ionosphere, the lower level
of the F-field boundary is usually in a region of more
gradual variation, so the Z-field loss is likely to be
the greater ol the two components. _

With vertical polarization, both /' and M fields
are maximum at a conductive boundary, so both are
subject to the losses of & “soft” boundary. With hori-
zontal polarization, however, the M field is maximum
and the E field is minimum at a conductive bound-
ary, so only the M-field losses are appreciable. This
enables a simple description of the boundary reflec-
tion [or Liorizontal polarization [Wait and Walters,
1963].

In] the TE-01 mode, the boundary losses can be
computed by making the following substitution n
formula (7). The effective skin depth appears to be

(11)

in which A, is the “napier height” in the exponential
profile, that is, the change of height in which the,

6=1rh1
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conductivity increases in the ratio of e, the base of
,/nﬂ.t;tu':‘nl logarithms. (This rule was developed by

writer in 1960.) In other words,

conductivity at A4+Ah
coucuctivity at A

=exp Ah/h,. (12)

In the usual skin effect, the skin depth is pro-
portional to the % power of wavelength (Soc+/X).
On the other hand, in the exponential profile,
the apparent skin depth is invariant with wave-
length.  This implies that the reflection takes place
at different levels of conductivity, proportional to
wavelength, so the usual variation with wavalength
is compensated.

Relerring to figure 3, if the skin depth is constant,
the attenuation in the relerence mode TM-00
varies inversely with wavelength or directly with
frequency. Either side of the crossover of the two
VP modes, one or the other has decrcasing attenu-
ation. This is consistent with the concept that
the VP noise spectrum is subject to maximum
attenuation at the crossover.

In figure 3, the extra E-field loss in VP is ignored.
Tt is expected that the relative attenuation of the
HP mode will be found to be much less, perhaps
down to % the amount indicated by the curves.
Il so, this will yicld a great advantage for HP over
VP in the frequency range shown around 4 kefs.
The attenuation rate for the VP modes has been
reviewed recently [Maxwell et al., 1963] and the
resulting values in the frequency range are much

wter than would be expected for HP [Wait and
~alters, 1963].

Here we should be reminded that the VLF sending
station has to compete with a high level ol atmos-
pheric noise rom lightning. There 1s o need for
tests ol the HP noise spectrum, since only the VP
spectrum has been reported. Horizontal lightning
strokes are presumably more [requent than vertical,
and have a height advantage over an HP antenna
near the ground. They are not expected to Lave
any minimum of spectral density, since the crossover
phenomenon is avoided in HP. These factors
suggest that HP may be subject to a handicap in
the noise level to be surmounted by radiation of
power {rom the sending antenna.

It has been assumed that higher modes have much
greater attenuation, and thevelore are relatively too
weak to be uselul or to cause appreciable cancellation.
The justification is very simple. We may compare
the .“01” mode with the “ON" mode ol higher order
(N>1). Ifrst we note that the cutoff wavelength
is 1/N as great, so the angle of elevation () becomes
about &V times as great; this causes about N times the
loss in one reflection.  (T'he reflection loss approaches
zero at grazing incidence.) Second, this means about
N times the number ol reflections for the same dis-
tance. We conclude that the rate of attenuation
in the “0NV” mode is about N? times as great as that
in the “01” mode. This comparison applies simi-
larly to the TM and TE modes in the present dis-
- ~ugsion.

With vertical polarization, the imperfect conduc-
tivity of the ground contributes appreciable attenua-
tion, greater at higher frequency. This eflect is
severe in case of dry ground, especially mountains
or ice cap. On the other hand, with horizontal
polarization, this component of attenuation is less in
general; in particular it is less at higher [requency
and is negligible in comparison with the ionosphere
component.

For any particular mode in a waveguide, there is a
coupling lactor associated with any type of antenna.
This coupling may be evaluated as complete (1)
or partial but useful (<{1) or nominally zero (0).
In these terms, table 1 gives the rating ol various
types ol antennas with respect to the three modes of
interest.

TasLe 1. Mode coupling of various types of aniennas
Modec coupling
Antenna (at ground)
VP vr HP
TM-00 | TM-01 | TE-01

Omnidirective:

(1) Vertical wire. ... ... ___________. 1 <l [4]

(2) Horizontal wire, crossed pair . 0 <l <l

(3) Vertical loop, crossed pairo .o __.__._____ 1 1 <1
Directive: .

(4) Oblique wire, end direction <i 0 0

(5) Florizontal wire, end direction ] <l 0

E(S) Iorizontal wire, side direction 0 0 <l

7) Vertical loop, planar direction_ 1 1 0

(8) Vertical loop, axial direction.._.__ 0 0 <1

NOTES:

(2)(3) Rotary phase; can nse diversity with opposile rotation,

(4) Deosigned to cancel T'M-01 mode in one direction at one frequency.

(1) (5)(6)(8) Sclection of single mode, eflective in only one direction.

(1) and (2) Sending-receiving combination for selection of T'M-01 mode,
both ommidirective.

(2) and (7) Sending-receiving combination for sclection of T'M-01 mode,
one omnidirective and the other directive; can use
(7 for direction finding.

(1) and (7) Sending-receiving cotubination for both VP modes, the usual
combination; can use (7) for direction finding.

Figure 4 gives some curves of the variation ol mode
coupling with wavelength or [requency. As in
figure 3, these are referred to the TM—-00 mode, and
the same horizontal scale 1s used. These are based
on the vertical loop antenna, being the only type
that couples with all three modes.

The following formulas give the mode coupling
ratios on the assumption that the antenna is a sma
horizontal magnetic dipole (vertical loop) located on
or near the lower boundary (ground).

TM-0L (VD) [2
TM-00 (VP) "™ cos y

TE-01 (HP) , . \/ 2 —
TM-00 (VD) Dhy=sin ¥ o8 U= /2siny tan ¢ (14)

(13)

in which £ is the mode-coupling voltage or current
ratio relerred to the TM-00 (TEM) mode.

This ratio may be evaluated for a receiving loop,
by comparing the values of induced voltage (rom
plane waves ol two modes, carrying equal values of
power. In general, the mode coupling depends
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Frcure 4. Relative mode coupling belween loop and modes
TM-00, TM-01, and TE-01.

on the factors shown in figure 2, namely, the eleva-
tion angle (¢) and the antenna radiation pattern.
For VP, the vertical loop has a pattern invartant
with angle, so the coupling (%,) includes only the
waveguide effect (in terms of cos ). For HP, the
pattern contributes an extra factor (sin ¢), which is
ol particular interest in the present discussion.

The mode coupling ratios are simply related with
the attenuation ratios, as will be seen by comparing
(6) and (8) with (13) and (14). This results [rom the
fact that they both depend on the magnetic field
adjacent to the boundaries.

In figure 4, the mode coupling ratio (£,) between
the two VP modes is nearly constant, except near
cutoff, and is not far from unity. On the other hand,
the HP mode coupling (k) varies more than pro-
portional to wavelength. This is because the cou-
pling increases with the elevation angle (¥), as previ-
ously mentioned with reference to figure 2.

In the range of 3 to 5 ke/s, of particular significance
in figure 3, the coupling of the HP mode is somewhat
less than that of the VP modes. However, this
slight deficiency is present only at each end of the
circuit; over a long distance, it is easily offset by a
slightly lower rate of attenuation, or by other ad-
vantages such as stability against fading.

Referring to figure 4, the mode coupling ol the
loop mmay be compared with that ol a straight wire.
A vertical wire couples only with the VP modes;
the coupling with TM-01 decreases toward zero at
cutoff. A horizontal wire couples with TM-01 and
TE-01 modes, not with TM-00; its coupling with
TM-01 or TE-01 has the same variation as k, in
figure 4.

Relerring to table 1, there are tabulated the mode-
coupling ratings of eight types ol antennas that may

be interesting with respect either to ommidirective
coverage or to unique properties in one directior
The table is self-explanatory, so the discussion w

be limited to some relations ol particular interest.

The vertical wire is the only antenna that couples
with only VP, not HP m any direction. The
hortzontal wire or the vertical loop couples with
both VP and HP; the loop couples with all three
modes. These two types have directive properties
that enable the selection ol either VP or HP, to the
exclusion ol the other, In some divection.

It is concluded that the single-mode feature of
HP can be assured only in a point-to-point circuit,
having one or both antennas of type (6) or (8).
Each of these couples only HP in one direction.

3. Antennas

The utilization of any particular mode of prop-
agation requires the selection of types of antennas
which are suited for coupling with the mode. In
the present discussion, the use of horizontal polari-
zation instead of the usual vertical polarization
requires coupling with the TE-01 mods instead of
the usual T™M-01 or TM-00 modes. The intro-
duction to the mode in figure I shows the common
loop antenna used in different orientations relative
to the direction of transmission from sander (S) to
receiver (R or R).

Figure 5 shows the horizontal wire (a) and the
vertical loop (b), which are alternative types for
utilizing the single-mode feature of HP propagatio-
in a divection perpendicular to the vertical pla
of the antenna. Each will be described, for the
case of a “small’”’ antenna, having effective length (J)
and effective height (/) less than ¥ wavelength.
The simple structures to be shown are typical of
sending antennas of rather large size for radiation
of high power.

l 21 ]
(a) ‘ {
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Frcure 5. Alternative sending anlennas on lhe ground.

(a) MHorizontal electric dipole (horizontal wire),
(b) Alternative sending antennas on the ground.
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Figure 5(a) shows a horizontal wire which behaves

a horizontal electric dipole of a certain effective

.agth (1) and effective height (7). It has a balanced

coupling with the circuit, so the effective capacitance

(C) is that of the two halves in series. It is tunasd
to resonance by an inductor (L).

Figure 5(b) shows a vertical loop which bshaves
as a horizontal magnetic dipole of a certain effective
area ({X1). Tt has a balanced coupling with the
cireuit, so the effective inductance (L) is that of the
two halves in series. It is tuned to resonance by
a capacitor (C).

In figure 5(a) or 5(b), the HP mode coupling is
determined by the effective area ({[X{’). The top
wire may be horizontal (solid lines) or sloping
(dashed lines). The latter offers a particular
advantage for the horizontal wire (a) because the
current 1s greater near the center; as a result, the
center has to be raised only half as much as the ends
are lowered, so the average height can be decreased.
In either case, the sloping form enables the use of a
single tower.

For omnidirective coverage, either type can be
utilized in a crossed pair having quadrature relative
phase ol coupling with the circuit. The sloping form
enables the use of a single tower for both antennas
of the pair.

As in any capacitive antenna, the use of grounded
metal supporting structures causes a reduction of
effective height of the horizontal wire (a). In an
inductive antenna, such as the loop (b), a thin
—ertical tower has no appreciable effect; the use of a

ick metal tower or grounded guy wires may cause
reduction of effective height, but less than the effect
on a capacitive antenna.

As in “small” sending antennas in general, the
radiation of high power requires a higher voltage on
the capacitive type (a) and a higher current on the
inductive type (b). This essential difference and
other practical considerations influence the choice
between these two types [Wheeler, 1958a].

A receiving antenna may be much smaller, [or two
reasons. First, there is no requirement for handling
high power. Second, a rather small size is sufficient
to receive atmospheric noise at a level higher than
circuit noise. There is more [reedom of design in
the smaller size.

A small electric dipole has two practical limitations.
First, the reactance becomes so high as to impose
difficulties in circuit design, and there is no way of
transforming the reactance to a lower value in the
antenna. Second, there is no core material available
Jor enabling a [urther reduction in size while retaining
the same efficiency.

A small magnetic dipole or loop offers advantages
in both of these respects. First, while the reactance
of one turn is low, 1t may be transformed to a con-
venient value by using a number of turns. Second,
a Territe core enables a [urther reduction in size while
retaining the same efliciency. These and other
practical considerations lead to the use of a small loop
for reception, especially for submarine reception

hile submerged [Wheeler, 1958b].

The radiation resistance of an antenna under the
ionosphere is essentially different from that in free
space. It is seldom formulated, because there is no
practical difference in the usual VLF band (10 to 30
ke/s), such that the ionosphere is more than two
wavelengths from the antenna.

At lower [requencies, nearer to cutoff in the wave-
guide between ionosphere and ground, there is a
need [or restating the radiation resistance. The
ionosphere has more effect on the resistance.
Furthermore, the power radiated in each mode can
be separately identified with a value ol radiation
resistance. This enables an evaluation of the
efficiency of radiation into the mode to be utilized.

The resistance representing radiation into the
TE-01 mode, in either of the types shown in figure 5,
is given by the Iollowin% formula, derived from

es,

familiar waveguide princip
T 20N (UNP N, 21rl>2 27rl')2 Ao Ay
R*4R”<x><h Ao e <xc A
(15)

_1 R (21rl 2(21rl')2 1 .
2 TN, A/ sin2y
The variation with {requency becomes very simple.

There is a minimum value for the condition
?

Ilfe=+2; y=n/4; sin 2¢y=1.

1
i R,

(16)

In the waveguide modes under the ionosphere,
its effective height is involved directly () or in-
directly in terms ol the resulting cutoff wavelength
(A.). This cylindrical wave is an essential distinc-
tion from the spherical wave in [ree space, especially
in the usual cases where one mode predominates
over the others.

The efficiency of radiation into this mode is the
ratio of R over the total rvesistance. The Iatter
includes not only the heat losses in the antenna and
ground and the rest of the tuned circuit, but also
the radiation into any other propagating modes.
High efficiency ol radiation into one mode requires
the exclusion of coupling with any other propagating
modes.

The antennas of figure 5 couple not only with the
TE-01 mode of HP propagation, but also with one
or bhoth of the VP modes (in other directions).
Therelore a high efficiency of radiation in the TE-01
mode is impossible. In practice, however, the heat
losses ave usually sufficient to preclude high efficiency,
so the extra radiation resistance ol other modes is a
minor handicap.

4. Transmission Efficiency

The transmission circuit [romn sender to receiver
should be evaluated with relerence to all significant
factors. Some ol these are elusive but generally
recognized so they need not be elaborated here. A
few that are particularly relevant or unusual will
be described with reference to a computed example.
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Table 2 outlines a set of conditions and various
factors resulting therelrom. It is based on a point-
to-point transmission circuit relying on horizontal
polarization in the TE-01 mode under the iono-
spliere. The natural conditions are given values
that are typical to the extent of present knowledge
based directly or indirectly on experimental evidence.
The operating conditions are selected to bring out

the capabilities of horizontal polarization. The
table is self-explanatory, as a basis for some

comments.

The (requency (4 kefs) is approximately that at
which horizontal polarization appears to offer the
greatest advantage over vertical polarization. It
1s double the cutoft [requency (2 ke/s) based on the
ionosphere height.

The attenuation by radial divergence ol a cylin-
drical wave i1s given by the power ratio,

N 2w
27r

(17)

No attempt is made to refine this ratio in vespect
to the guide wavelength and any directivity that
may be utilized.

The least is known about the height interval of
transition from dielectric to conductor in the iono-
sphere serving as the upper boundary of a waveguide.
This is expressed in terms ol the “napier height”
related to the most recent publication of Wait and
et al. [1963]. The value assumed (2 km) is said
by him to be typical ol daytime ionosphere, in a
discussion directed to horizontal and vertical polar-
ization at [requencies i the VLF band. The
reflection coefficient is computed lrom his lormula,
and is related to the effective skin depth as discussed
herein. This leads to the altenuation caused by
loss in reflection at the ionosphere.

TaBLE 2. Transmission circuit using horizontal polarization
Waveguide mode____._________________ e TE-01
Frequeney_. I cee| f=4 kefs
Wavelength.__ R —e—-| A=75km

Cutoff frequency, I ceee| fe=2 kefs

Cutoll wavelength_ — | Ae=150km

Tonosphere height._ . - o] h=VeAe=75 km
Napier height_____.________ ool M =2 km
Eflective skin deptho._____ ceoo| é=mhi=6.3 km
Effective conductivity._.__ - 6 pu—mho/m

Eficetive dissipation faclor. - p=7.2
Mode coupling factor ka 70
Elevation angle....______ ¥ 6=30°

=/
ph=0.59=—4.6 dD
2h/sin ¢ =300 kin
7=4000 km

Tonosphere reflection coell
Distance per ionosplicre reflectio
Distanee
Atienuation:
Radial divergenee. .. .-
Tonosphere reflection._.____
. Mode coupling (hoth ¢nds)

30 db
604-8 (day/night)
3

938 dby

The diurnal variation of attenuation is even more
uncertain. The value given is estimated on the
basis ol some experimental evidence for vertical
polarization [Maxwell et al., 1963] and modified for
the expected tmprovenient in stability for horizontul
polarization.

The loss in mode coupling at both ends of the
circuit 1s evaluated lor the TE-01 mode relative to
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the T'M-00.
example.

The three kinds of attenuation included in ta...
outline emphasize the peculiarities of this mode.
It 1s notable that the major lactor is the attenuation
caused by incomplete reflection [rom the ionospliere,
even thotugh this is much less lor horizontal polariza-
tion. These components ol attenuation add up to
about 100 db for a distance ol 4,000 km. This is
typical of the greatest distance over which the THE-
01 mode may be useiul.

An implicit [actor in reaching this conclusion is the
noise level from lightning. This is an unknown for
horizontal polarization, but the receiving antenna
responds also to waves of vertical polarization arriv-
ing [rom other directions. The rate of attenmation
in both polarizations discriminates against noilse
sources at great distances,so thienoiselevel [ar [rom the
equator is much lower than usually experienced in
thie active VI.IF range of 10 to 30 ke/s.

Tt becomes a minor [(actor in this
A}

5. Conclusion

It appears that there 1s a part of the Irequency
specttum that may be best utilized in the TE-01
waveguide mode under the ionosphere, characterized
by horizontal polarization. Some ol the advantages
and other peculiarities of this mode miay be sum-
marized as follows.

(1) In a frequency range near 4 ke/s, this mode
promises the lowest rate of attenunation ol all modes
under the ionosphere, as in the familiar TE-01 me ~
i circular waveguide. In comparison with
closest competitors, the TM-00 and TM—-01 modes
characterized by vertical polarization, 1t is expected
to offer about hall the rate of attenuation. Its
cutoff frequency is near 2 kefs, and its advantage
appears at somewhat higher Irequencies.

(2) The mechanisin of reflection at the ionosphere
is simpler lor horizontal polarization, involving
mainly the magnetic field rather than both electric
and magnetic fields. Tt is expected that there will
be less variation ol attenuation with changing con-
ditions (diurnal cycles, disturbances, ete.). This
advantage is particularly noticeable in the theory
and operation of the “solt” boundary prevalent
below the ionosphere, as distinguished [rom the
“hard” boundary previously assumed as a simple
nodel.

(3) There are some antenna configurations suited
for coupling with the TE-01 mode. The coupling is
somewhat less than that available for vertical polar-
1zation, but this small handicap is negligible in
comparison with the gain by the lower rate of
attenuation.

(4) In a point-to-point transmission circuit, there
are simple types of antennas that select HP modes
to the exclusion ol VP modes. Since the TE-01
mode has much the lowest attenuation of all HP
modes, this feature can be used to assure single-mode
propagation. This is the most stable condition in a
waveguide because there is no possibility ol lading
caused by interference between two modes. C



or both ol the antennas should be a horizontal wire

“ove the ground or a vertical loop, in a plane
_apendicular to the direction of the transmission
path. The lormer 1s particularly suited lor the
sending end, the latter for the receiving end.

(5) The loss on reflection from the ground is the
least for horizontal polarization, being much less
than the loss on reflection from the ionosphere.
Therefore there is no appreciable handicap in trans-
mission over ground of low conductivity, such as
mouittains or ice cap.

(6) The noise level for HP has not been thoroughly
measured and reported. TIn the subject frequency
range, the moderately high attenuation reduces the
contribution from noise sources at a long distance.
This 1s particularly true of VP noise, to which any
receiving antenna 1s likely to be responsive in some
directions.

(7) 1t happens that there is no simple antenna, for
location just above the ground, which will select HP
to the exclusion of VP in all directions. Thercfore
we cannot sccure omnidirective coverage in both
transmission and reception with the full advantage of
HP. This is not an appreciable handicap at any
frequency for which the HP mode has much the
lowest rate ol attenuation. This factor does pre-
clude the use of HP for accurate direction finding,
becausc a loop antenna would be confused by a mix-
ture of HP and VP. Perhaps this last property
could be used intentionally to confuse the direction
finding attempts of an enemy.

(8) The use of frequencies near 4 ke/s, in contrast

the lowest frequencics now in use (14-20 kefs),
would reduce the attenuation rate in sea water to
about oue-half. This is an obvious advantage in
communication to a submerged submarine, but must
be weighed in the context of the other significant
factors.

A computed example indicates that the subject
mode should be useful for communication over a
- distance of the order of 4,000 km.

It is submitted that this mode offers the most
effective utilization of a certain part of the frequency
spectrum, in transmission under the ilonosphere.
Therefore further theoretical and experimental
studics arc recommended.

The present understanding of mode propagation
under the ionosphere is attributed to J. R. Wait, and
has been relied on as the background for this presen-
tation. It 1s an application of the waveguide princi-
ples that are familiar in the field of microwaves, as
most intensively developed at the M.I.'T. Radiation
Laboratory durmg World War II.

To the National Bureau of Standards, and partic-
ularly to the Stafl at Boulder, Colo., we are all
most deeply indebted for then studies of radio noise.
Here we have relied on the more specialized tests of
the noise spectrum, reported by A. D. Watt, E. L.

axwell, A. G. Jean, and their associates.
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