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SUMMARY

T+ s paper cans.ders the :mpedance of long wires towed Ly aircrafr for low-frequency
communicatons, Exper.ments using o small nelicopter towing wires up to 185C feet in
lengtn are described, The effect: of wire slenderness factor ( £ /a) and r-f onmic

res:stance on effic.ency and .nput npedcnce are considered, Particular cttention is devoted
to the synthesis of o -~odel which can pe used to pred:ct the :mpedance of tra.ling wires for
any wire length and aircraft size, It 1s concluded that w.res several miles long towed . v
aircraft need nct be excited at their centers, out can ue converiently and etficiently driven
from *ne aircraft,
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Introduction

IMPEDANCE OF ASYMMETRICALLY-FED

TRAILIN G-WIRE ANTENNAS Yor Re
p'?O

There s current'y consideratle interest concerni,.g ‘he radiatior. ~f LF e ectromagnetic
signals from et aircrat. Of particular imp--rtonce is the impedance of long trailing
wires (TW) towed benin: the aircraft, and tne Jepen-ence =f wire impedance on wire
ength and frequency. | this essay o simple model ‘or the impedance of TW anteni: s is
presented. Predict.ons based on tnis model are then comp.red with scale-mode measure~
ments - btainec from helicopter experiments. Thus validated, the model is used to predict
the impedcnce of very ‘ong TW antenras su h as might be employed in long-haul VLF
comnmunicctions from jet aircraft.

The long trailing wire antenr.a excited
asymmetrically ct the aircraft cun be
cnalyzed by asymmetric dipole theory, .r
Ly its mirror=cousir , sleeve-dipole tnecry.
The sutject nas een considered vy Tail,
King“, and Toylor3, and has received

continued attertion vy workers at Stanfo d
Research lnstitute4-?. :Q.__ o

Int e simplest mcdel for the aircraft TW -
antennc comuinati-n, tre aircraft and wire
impedances are referenced to o flat image-
plane located jus: Lehind the aircraft. An
image plane everywhere nomal to electric-
field lines does not distort these lines and

thus does not upset the TW impedance.

While this stratagem neatly resolves the TW
impedance irto two easily verified measurables,

Cp and Z,,,, one may well douit whether there ,'/7 |

is any equipotential surface behind the plane 7 __\,'/

which is flat enougn to be replaced vy a metal e ey
image plane without disturting the r=f fields. L g 0
Even if there were such an equipotential surface, e oeer

there is no apriori knowledge of its location with Cp : Zw

respect 10 the aircratt. Fig. 1  Equivalent Circuit for
Despite these reservations, the simplified Assymmetrically-Fed TW Antenna
flat-plane model should yleld a fair approximation

for the TW impedance which could be tested by

experiment,
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: Aircraft Capacitance (Cp)

lumped capacitor, Cp.
the field lines are disposed similarly
to the TW configuration. This Is
Srought about by making the
ground-plane nomal to the TW

. (dotted line in fig. 2), as the wire

: unfurls almost straight behind the

' plane (KC-135) in flight.

:n model work, a helicopter wos used

to support a TW vertically. The aircraft

Is thus oriented with respect to the ground-
plane as shown, The static capacitai.ce
proolem nas been treated in detall in
another paper (Appendix A) and the
significant results are given below.

Capacitance to  Capacitance to
Free-Space (pf) Groundplare (pf)

707 1100 1800
Bell 47-G 200 480

Wire Impedance (2 )
w._

The impedance of a |on?-wlre hos been
treated by Schelkunoff{10) for cases
where the slendermess ratio ( [/a) of
the wire runs up to 107,

in the present invenstigation very thin wires

of £/a ~ 107 become of interest. Inasmuch

as the input resistance and reactance of thin
wireg changes rather sfowly with the logarithm
of £/a, It is probably defensible to extrapolate
Schelkunoff's data to higher
Figures 5 and 6 give Input resistance and
reactance of thin wires for various [/a ratios.
Note that lossless conductors are assumed; in
the pragtical case the wire losses will also rise
with [a. This problem Is treated in a later
saction.

RAC 1546 LRI

’ s . .
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S R Ak S R A e

/a ratios (Fig. 4).

l At frequencies of interest,the alecraft is small i wavelengths and can be reprosented by a
The aircraft must be oriented with respect to the plane such that

IR AN

Al

Fig. 2  Aircraft Capacitance, C
p
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Fig. 3  Wire-Impedance Mode!
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At low frequencies the wire radintion resistance drops toward zero, and the reactance
reduces to the quasistatic value given oy

wheie Co is given by (Fig. 7)

2 = LEC (MKS)

be ]
I (f-) -

At higher fiequencies, as the wire passes through quarter-wave ard half-wave
resonance, its impedance descrices a clockwise spiral on ¢ Smith Chart or R=X diagram.
As will Le shown, the maximum resista~ce point, v.here the antenna Is just short of o half
wavelength, { l/‘\"’ 45 ... .. .50) is the :egion of greatest interes* for voltoge
vreakdown reasons. However, wire iosses make the greotest difference in wire
impedance when £/\ ~~.5. In the following, an opproximate analysis of the
impedance of lossy TW antennas is presented.

impedance of Lossy TW Aritenias

The characteristic Impedance Kq,of long, slerder =ntennas has been considered .y
Schelkunoff(10) . In his analysis, the antenna is considered as a transmission line loaded
at the fur end Ly an impedance representing the radiation losses. The characteristic
impedance for cylindrical anter.nas is given in Fig. 4.

it .
i _ Z J
! - R
| - Y o
U '
LA IR A Ar b ArdlF an o A A av auas sn e ol
Fig. 8 Schelkunoff's Transmission Line Equivalent of a Slender Dipole
BAC 1546 t R)
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Schelkunoff's work can se axtended to include lossy antenna conductors using the
scattering-coefficlent method{11). The underlyi-g idea Is that as the atteruation of a
four-teminal neswotk Increases, Its i put-Impeda: ce spiral collapses about Z, the
characteristic impedance. The rietwork efficiency can te obtalned Ly meuwr.ng R, the
radlus of the Z-circle on the Smith Chart (Fig. /). Ir the present proslem we campute
efficlency first and then draw tne appropriate Z-clrcie to derive the impedances.

= radiys of impedance curve for loss-less
conductors

= radiut of impedance curve for lossy
conductor

Fig, 7 Graphical Method for Determining Attenuation cy Impedance Measurements

The efficlency of long trailing wires opera’ -d near half-wave resonance was derived

(Appendix B):
336
(=)
336
)t R

whe = A s the operating wavelength in meters and Ry ¢ Is the wire r=f resistarce in
ohms/meter. Ry ¢ is grenter than the d-c resistance, due to skin effect, and must Le
determined by measurement or calculation.

The procedure for deteminring the input impediance of a lassy TW antenna is to:

4 (1) draw the Z-curve of the lossless TW ante::na on a Smith Chart,
i ~nomalized about the Zo obtained trom Fig. 4,

(2) detemine the radius R of the lossy Z-circle from the efficiency, ¢ ,
and fiom the telation

i
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w-ere Ro :s the radius of the lossless Z-curve

(3) draw the lossy Z-curve using a compass, but flaring out at the ‘ow
frequency end to meet ‘ne lossless Z cuive (Fig. 10}

(4) For very lossy wires the characteristic impedance is capacitive; this is
accounted for py off-centering the compass when drawing the lossy
Z-curve_ The lossy characterisiic .mpedonce is approximately
(for neglig:ole conductance losses)

Lt

R jwl
2 - hé
jwC
i
1 R . L
! “\f[©T "ive, T
3 _ 2 R 2
{ - Zo loL Zo
!" .
_ I
=z \/ =
/ .
LAVARE" @

wnere Q s the qual.ty factor of a short straight sumple of the antenna
wire, Measured Q-curves for several typrcal wires are given in Fig, 11

Resulte for several lossy wire monopoles whic were measured (Fig, 12)
at a scale trequency of 150 mc are tcbulcted in Toole [, No claim

for great accuracy is made, tut the method is simple, gives + 20%
accuracy and is intuitively satisfying,
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IMPEDANCE-SMITH CHART PLOT
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IMPEDANCE-SMITH CHART PLOT
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g b oot il

A -«

Eific.ency

Radius at 150 me Metrod | Metnod [}

bt (Fig.10)  (Append:ix B)
0 (perfect conductor) 3.C inch (est) 1.0 10C%
541 ‘ft 2.9 97% 92%

52 1.5 52

&C 1.5 50% 48

78 1.5 43

2¢ 1.1 37% 32

T-ble 1, Comparisor of Two Methods for Computing the Efficiency
of Lossy Monopoles

Helicopter Exper.ments

It 1s customary to use scale models in a:reraft antenna development work, However, a
1/10 or 1/25 model of o KC-135 tow:ng say a 2000-ft wire cannot conver.iently e
operated sutficiently hign above ground to avo:d earth conduction effects. The effect of
the earth is not easily predictable fiom the scanty |:terature available, Recent work(12)
nas shown that ground losses cc  eitrer raise or lower the resistance of low antennas, but
1t is better to avoid ground effects altogether, Difficulties also arise in attempting to scale
t~e wire diameter, as the wire conductivity cannot easily be scaled upwards, and

scaling R, ¢ by propes crioice o* wire diameter leads to .ncorrect scaling of the Z/c rat o,
To avo'd  grourd effects we choose ¢ helicopter - supported wire; to reduce scaling
errors we use a low scale factor. Based on caopacitance measurements (Appendix A), the
el copter scale factor is cons dered to be 5,5 3 C,5 when scal:ng up to the KC~135,

The helicopter was a two-place Bell 47-G (Figs, 13, 14), The antenna winch and
impedunce operator's pos:tion was set up for maximum ease of operation and to keep r=f
leads short . The wire dropped stra gt below the winc:: through a nole in the cabin floor,
minimizing base capacitance,

Wires were cut to exact lengt~ and tied to the winen w.th nylon lanyard, This avoided
the necessity tor insulat.ng the w:nch or drum, an.. minimized base capac:tance,

Total vase capacitance down to point P was less than 10 pf and can be ignored in
analyzing the results of the impedance measurements,

BAC 1544 1 R]
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Fig. 15 OQutline of Helicopter-Winch Setup

Results

Measured impedance of several 5C0-ft wires is shown :n Fig, 16-18, The meosured

(in the lab) loss resistance of these wires, Rhf, is noted on each figure, Measured d.to
for @ 580-ft litz wire is given in Fig, 19, Measured data for several 1C00-¢t w.res
is given in Fig. 20~23, Similor datu for the longest wire measured to date, 185C feet,

is given in Fig, 24,

Empirical Model

The simple analysis presented in the introduction only approximates the actu 1l situat on,
The tiny aircraft is imperfectly coupled to the long antenna, Based on the helicopter
measurements, an empirical model for TW impedances is postulated:

1. A coupling capacitor, Cc
2. An ideal transformer, 1:N

3. The wire impedance, ZW (Schelkunoff and Friis)
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Tne synthesis procedes .s follows:

(1} Tie coupling c:pacitance, Cc’ is estimated trom the tree-sp.ce capac.t nce
and from ground-pl ne measurements .s in Appendix A, C is rougnly te
mecn of the tree-sp:ce capacitorce and the ¢ pocitance over a ground-plane,

(2) Tne transformer ratio s probably o function of aircruft size and wire lengto,
For the KC-135 «n the 4C-15C ke 1egion the r tio is

o~
1A
* —

Tre wire impedence, Zw , is taken from tne appropriate R and X cuives of
Figs, 5 and 6, ond connected across e output of the 1deal transformes cs

'n Fig, 25,

To test the validity of t:e model, we examine the impadance spircl at several ¢ :eck-points:
the quasi-static or 'd-c' capacitance, quarter-wave resorance, and ‘cross-over', toe
zero-reactance point,

Quasi-static impeda: ce: At d-c, Zw reduces to Cw given y (1), Carrying CW thru the
rransformer , the equivalent c.reuit _ecomes

C

zmdn?

Wi

il c N . e i

l v In (4/a) -1 |
—— J

Fig. 26  Equivalent "DC" Circuit of a TW Antenna
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The quas:-static capacitance as a function of wite iength is given 1 Fig, 27 tor the
Beil 47-G - elicopter,

Quaorter-wave wire resonance: the wire mpedarice Zw reduces ‘o RW = 358 (no reactance)

1 , ,
and the total antenna reactance reduces o that given oy X = == _ The point //)‘ = 24

W

c
or .25 i'mart edonFigs, 16, 22 and 23,

The equivalent ¢ rcu t s then

O

—

%.?:5_
N

Fig. 28 Equivalent Circuit cf TW Antenna at —’}/x = .25

“Cross-over" is where trne wire inductive reactance iust cancels the capacitive reactance
of C . With the longer wires used at the lower frequencies, the wire inductive reactance
is insufficient to cancel C_, and tne antenna impedance spiral reriains in the copacitive
quadrant ¢

At wire lengths were <= > ,35, the w.re resistance rises rapidly and cegins to exceed the
reactance (1 e, , the apparent Q drops), In this region the calculated resistance 1s very
sens.tive to the chuoice of an empirical model, Antenna resistance as a function of length
(/N isgiven in Fig, 2%, The difference cetween measured and calculated resistance

gives the transformer ratio, N2, of Fig, 25 Similarly, calculated and measured reactances

are given in Fig, 30, The transformer rat.o, l/l\'.z, represents the difference vetween the
f n.te aircraft and a perfect, .nfin.te counterpoise, This ratio does not cause a real loss
of power, wut does lead to higher antenna Q's than if the same wire were fed from the
ground,

The coupling factor (]/Nz) from Figs, 29 and 30 is about 0,56, Intuitively, one would
expec! lower coupling factors for the longer wires; “owever, 1+ this effect occurs it is
ouscured vy measure en* errors, the uncertainties in extrapolating the K curves of
Schelkunoff and Friis. and wire losses, @

o . e aoemwve | P58
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Wire Losses

Tre eifect of wire losses .5 to collupse t-e antenna impedance sp.ral . Wire losses Glso affect
the choracterist:c impedance, nd 'n o guite complex fishion as most wires likely to be used
{diamete: ,0Z - 17 inch) p.ss from a dc-cu-rent carrying to a skin-effect regime in the
frequenc, band of ‘nterest (100-100C kc)‘3, Resistance and reactance curves for several
iossy antenna w res . r2 g.ven in Figs_ 31 anu 32, Note that increasing losses raise the
antenna resistance ot low frequenc:es but Icwer it at nigher fiequencies,

Dunk.ng Measurements

Grounded-rionopoie meas.. ements were made
using a wire driven fiom o nelicopter, A - X
1000-foot and o 1850-faot w:re was suspended -

over Puget Sound w-¢~ the lowar enc dunied
into saltwater, A sainy gallon can poked w th
~ales was wspanded at te lower end, The can
was ocserved visually from t-e neiicopter to
ind.cote contact with saltwater, T-~e can also
increased the surface orea of t:e wetted end ot
t~e wi.re, reducing the ‘ground’ resistance of
t~e antenna to ¢ negl.gizle volue (Append. x
F). Fig. 34 shows the .mpedance of a 1C00-ft
3/64" prospnor-.ronze wire suspended from o

. elicopter n bot~ dunked and free-spce

{ conditions, Similar dota for o 185C-ft w.re is
snown -n Fig, 35, As mignt ve expected,
grounding a trailing wire in saltwoter lowers
t~e aper:ting frequency "y opproximately one
nalf wit-out lengthening the wire, The
mir;or-image of the wire in the saltwater
prov.des o class:ic exzmple of the doubling o*
the aftect ve lengtn of the wire, Nat:ng that
LF propagation over salt water is much better
than over land, the nel: cooter equipped with

a few po.:nds o' wire provides = remarkably ;
eitective and ot le platform tor LF <L -7 /
com ~unications, '

s

R

Fig. 33 TW Dunking Test Over Puge* Sound

saeme | D6-8873
I FAT: 3’

1 7000




32

i
]

1

i
i

g

|
i

B e T T

=

-l

%ﬂwi -

&)! TE--GO

+
/

~
.

. mew—,

——————

!

! 5
T

A
]
i
1
i

/

B A S———

!

ire Len

0,50

D6-8873

0.45

X CYLIRC 0D TORGCLE

i

I SN B/ Ve N S
g [~ AN
AN

T3

'dad .

£ 2 i

A

=

7
71 /1

= 0N

Wotrndlized W

.

Z

2 0/0%

—_—

0.3

S

0.25

- ol aafs

NIEEENEER

0.2

AT

EREE R

B FREE e

4 '

o " .9

L ond

e can - e
ddh

i T BN @

Y
<A
~\J

.:m.m: i

1n

. ﬂm_~ 4 s
s_u.Em N

JONVISIQEY INdNI ddd 2 S J

i e jTes RN
o

-

SNO $.A10 Ou X S31DAD ¥
(AN TPILT] OO MIASKA @ 130 AN W.&.&x
1 8GE “IAHLIEVYOOT-INIS o2




3

i i e J -

AT] : JV/... [<J e = ik o)
. L 0
N \4 - mw
; / _ - ~ .\l.‘\..l.ltlll . + &
T . 5 [

M _ \ iRt \\x,\\\._\wi B o> | 2

7% . | \\\Av\

L-"

7
A

O.[{.

L i
. Y

R
- w/
Vi
e
/ 5
it f
x>
ance
)
Normalized Wire [ength
222\

N N \ 383 R
NN IR
YNNIV ES L
// . / =T | | m
MBI NN NN - 1 S U VOO RO R IR S L)
NN Y _ ; o
RSN _ W
OSSN i _
EREERR- =01 19
x.._T.p, .94 : - Hﬁlu\.u : — e (@]
e e e e R B
L e
T T w
P =T LT o
\\\\ Pl aInt iT% B U S i
.ww % Bl Sl el E b8 |5
| puo j1 éﬁrﬁé _sz:q % [ I R B o X

e ;.c o, Y AN
R 4 vsoamdavm ua 29 1824
1£-8SE SINMAIBYSOT 1Was oM




st

s

Covi
WIRE

hLI
ZE

L7-G H
‘®-BRON

iads
ST

T
L P

i
108

1
S

. OF B
[}

~,
[V
A
5:63)

QT

Al

LD

1P

17
{ING A 1000~F

LASURLD I
TO!

I

34

Fig,

A0 BTN T2T AL 2 )
‘QLLBSNHIVEEYN 'GOOMNON TONI TANVEHNOD XOO® X¥UOD "ENDISIAIQ CZE AS OB SMALIMITUN GIE ON

\4Lli|llllllll-lI-l:-llllllIllﬂ.ll..llll..ﬂﬂﬂWn:i:lt«:iwuun-muw e




Ts.

NP WUOD, AASKACHUSEY
S}

BF COUER HOOK  OMPANT
({' ra wtEp w
Sl
s

SIS N

the BY 2uw Dl s

? \,m .4 m w;w;, == e

A
I
a

; i
: g:nr' x5
< y T Dy
: - .
L ] )
004 1 -

RIS }

5 P
| i
hal T ——- [ - -~ .- LA P -
1

NO

————

PTER TONING AX

Mg D5 .%lwﬁ TUEDLCH OF BELL 475 HEL]
, S , 1830-FCOOT [PHUSPHOR=BHONZE W1

-

PP . : - i ' g : I 1
D6-8873
35




Conclus.o.s

A simple model for predicting the impedcnce of TW antenncs -as been postulcted and
verified,

Tne effect of o :mic losses on the .nput impedance of TW antenras cannot be negylected
and can be predictad fairly well using a met.od vorrowed from sccttering-matrix
t~eory, Tne extens on of tais four-terminal technique to two-terminal devices sucn

as aetials, rests on tenuous tneoretical grounds and requ res deeper analytical
treatmznt than our sciiedule or inclinations permit,

Otmic losses «n the antenna wire can eit1e: raice o lower TW input resistance,
depending on te normalized length ¢ /A,

Tne ~elicopter supports wires vertically, wn.c is a natural positio~ for dunking as
well as fer launching groundwaves at low frequencies, T-e la:ge :.elicopters

cemg it today (suc: as Boe.ng Vertol 107) woulid appecr to make :deal launching
platforms for continent-wide |-f com~unications, For some applications, the wire
could be supported f-om o hel-copter, but excited from the g-ound (or sh-pboard),

Although the empirical model suffices as a f.rst approx.mation, it cun stand
improvement ior oetter tracking Letween the analytical datc of Sc-elkunoti and Frus
and the measured data, Also, the model's domnain of vul:dity can e extended to
higher asymmetiy ratios to ‘ocil.tate impedar.ce predictions for longer w.res in trhe
VLF region,

Trail.ng w~.res need not be fed at t-.e 73-ohm center point, They may be fed at tre
aircratt  end w:in reasonable resistances, reactances and operating Q. 1a the

I-- band, operating wiie lengtis must be in the .cngel/)\: 0.4 ---C,50, Tee
optimun operating po: i ‘or minimum impedance (low dr:ving voltage) is at ¢ ~ C 44\,

Tre small nelicopter 1s both inexpensive (* 6C/hour) ard convenient to use for
troling-wire entennio studies End the view 1s teir.fic!
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Page One

Appendix A to
D6-8873

STATIC CAPACITANCE OF THE KC-135 AIRPLANE

A mode! far the impedance of trailing-wire antennas would be useful in the design of LF and VLF
radiators trailed behind the KC~135. One such mode! has been postulntedl in which the impedance
of aircraft and wire are referenced ta on image

plare imagined t> be located just behind the

towing aircraft. An image plane everywhere

normal to electric field lines does not distort these

lines, and thus does na? upset the TW

impedance. While this strotagem nectly

verified measurables, Cp and Zw, one may N .
well doubt whether there is any point behind \‘”"---_—-",\ Zw

the towirg aircraft where an image plane could, cp '

in fact, ¢lipped in withaut disturbing the r-f Fig. | ldealized Model of TW Antenna
fields. Even if there were such an equipatential

plane, ther is no opriori knowledge of its

location with respect to the aircraft.

'

!

1

5
resolves the TW impedance into two easily |

l

1

An Alremate Approach / | o

Instead, we consider the |ow-frequencylor Q/
quasi-static case where ZW = Xw (= &Z;"‘ ) e : \

and, as before, X = -——:l-——— / )l(’x
P ‘U~p X
Fig. 2 Quasi-static Model of TW Antenna

The measured capacitance ot the driving reminals

(Fig. 2) which we call Cs' is then given by

Note that C_and CW need not be defined relative to
a plane, buPcny convenient equipotential surface will do.

Another capacitance, C_, represents the free-space capacitance of the aircraft with raspect
to an infinite sphere surrounding the aircraft. At low frequencies, the aircraft can be replaced
by on equivalent sphere, that is a sphere of equai capacitonce, Co, given by

Co = r (esu)
Co

or

i.lr pf wherer isincm (2)
o o
(1) RE-II5, "Impedance of LF Triling-Wire Antennas"
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RE-165
Page Two

' Calculating Co

The free-space capacitance of an irregular body such as *he KC-135 cannot be computed exactiy.
An approximatior. is considered in ref (2) using ellipoicnl functions. A rough estimate can be made
by computing upper and iower bounds. On the high side, if the wings were filled in 'til the
airpline resembled a flying saucer, the capacitance of such a disc would be:

e

= Q -~
me ’-;7— esu // \\\ (3)
= {380 esu /
= 1520 of L )
\ Y j
' \ i
\ /
[} N\, 4 1
| \\N- '
; 2a = 3900 cm

Fig. 3 Disc Equivalent for me

On the low side, we thrcw away the wings and consider the fuseloge as a prolate spheroid,
whose capccitance is:

1= rr- i /":‘)
Cmin /7— ab esu S (4)

= 545 esu I — TJ‘ :’
= 600 of 202390 cm
Fig. 4 Prolate Spher;.id Equivalent
for C .
min

The capacitance, Co, of the KC~135 is then
600 pi < C) < 1520 pf

A raugh cstimate would be t average (though truth is seldom midway between two errors’) and

we write,

c,6 = l060pf + 30%

(2) RE~167, "Capacitance of 1solated Airplane”
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Measurement Tochnique:

The free-space cepacitance,Co,can be measured sy numerous methods ranging from d-¢ charge
methods to (3-meter anc bridge techniques. Ali require connecting o lead fo the aircrult {ur aircralt
model) and in each cose ons must consider the capacitance of the counecting wire, porticularly in
using small models where lead capacitance may not be negligible. The measurement of Co beging to
resemble Cs' (Fiy. 5)

. infinitesphere
. P

Fig. 5 Measurement of Airplane Capacitance Cj and CS.

The capocitance of several KC-135 mouels {1/120 and 1/25)
and of several reference spheres was measured. The 1,120
model wos measured indoors where overhead wiring and pipes
may have introduced errors. The /25 madel and sphere were v
suspended from a 60-ft pole. Various size connecting wires R
was used. The Q-meter was used to measure cepacitance at 5\ v I
frequencies low enough to fulfill the quasi-static assumptions \°, ’
(B0-120KC). The GR-722 precision variable capacitor was

vsed for all A C measuremeznts. To measute C., the capacitance !
of the feedwire was.tuned out with the O-metelr; C. was then )
taken to be the added capacitonce, AC, measured ‘When T @7 S

the switch was closed (See Fig. 6). N C' Gnd
be i i ' S i

7/
7 &0-7f. pole

D6-8873
40




1 RE-165
Page Four

f It may be objected thet ‘ground’ isn't really spherical, ond isn't infinitely for from the plane anyway.
A simple calculation of the capocitance of a spherical concentric capccftor shows that once the :adit.
of the suter capac itor becomes 10 times the inner, the capacitance is essentially C For flat
ground, the proximity effect is even less.

C_ was measured in similar fashion, except that a coox cable was used to feed the model. The
internal capacitance of the coax was resonated with the
: Q-meter. The capacitance of the airplane with respect
P; t. the coax shield, C , was taken to be the change

in copacitance measuted when the switch wus closed. 4’0 P~ :
Operating the model several model diameters away 2 C%N
from ground insures that most of the electric field lines €°,P
termincte on the wire, not on the gicund, The 000 } ’
argument is then that since all field lines from an
airplane cf radius A teiminate on the wire within 5oy
a distance * r, O so, the wire could extend to ’ " .
infinity withdut a significant change in C Quasi~ o o
static results thus may be of help in solvmg the TW H
impedance problem for any specified wire ler sth. i |

S i
F‘ Results ,5’ ’ e o
9

COoOUX
G0-ft.

]

) The measured value of C for 18-inch and 26-inch foil-covered \oc’.- :
i spheres is given Fig. &. 'The calculated values of C_ were 25pf 5\ : i
and 3épf, toward which C and C. should converge for vomshmgly y i
thin wires. For reasons un nown}he measured values were iCta 7 Mete ?L
20% lower than calculated, despite great care taken to insure - TR 7GR
accurate results.  Evidently there are fringing fieids we Lave not Fig. 7 Setup tor Mecsuring C
accounted for. Rather than pursue the subject further, we take
the sphere data to construct a fudge factor of 1.20 to be applied
t. the m..del data. The measured values of C. and C for the
/25 scale model KC-135 are given in Fig. 7.’ *

e L"iﬁ:‘;:{' &

Helicopter Capacitance

Many T'W measurements have been made using a Bell G-47 helicopter, and it is of interest to determine
helicopter C. and € in crder to predict TW impedances for the KC-135. A 1/30 scale metallic model
Bell G-47 (Ar-ny HH), kirdly dorated by Bell Helicopter Co., wos used in a setup similar to

that shown in ans band 7, The TW drops straight down from a point just in front of the copiinf's
(passenger) seat [u.t us i the full-scale hilicopter TW measurements. C. and C are given in Fig. 10.
From this data, the free-spcce capacitance of the full-size helicopter would be’18C of. Mecsurement
accuracy is sorewhat reduced with such small mouels, and the sohere data indicaies that our readings
are all low by 268.. Till better dota is available we take Co = 200 pf.

D6-8873
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. Page Five
? The colculated capacitonce of the helicopter, neglecting the wing, is from (4).
C =’-1—7T ab esu - L
= 167. cm T |i- S R
= 185. pf T
P |601cm '(_v /
Vs

900 cm . . .

Fig. Il Helicopter Dimensions
There are two models of blode available, o metal anu a wooden version. While Aerocepter's
personnel swear that there is no metal in the wooden blade, capacitance measurements (Table 1)
clearly show a variation with blade orientation. In the air, prop moduletion is cicarly noted
when near the impedunce bridge nulls when measuring TW impedance.

Aircraft Capacitance Close to Ground

The capacitance of a 707 and a Bell G-47 helicopter close to ground were measured. The 707

was sitting on the Boeing fiight line and the safety ground was used to connect to 'earth’. The

Bell G~47 was perched on a 3-ft stack of woon pallets over an array of 26 18- wire radials loid
out on the tarmac (Fig. 12). Frequencies below 300 kc were used to avoid transmissicn line effects.
Results are given in Table |.

Fig. 12 Full-Scale Aircraft Capacitance Measurement Setup

Aircroft Capacitance {pf)

707 400C

Bell G-47 wing fore-aft 480 .
Wing athwort 500

Table | Aircraft Capacitance Close to Ground

A 1/120 KC-135 mode! was measured over a smaii 4' x 4' ground plane {Fig. 13). The
capacitance was 1800 pf {corrected to fullscale).

D6-8873
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ghdplane

Twin Tce‘

Figure I3
1/120 Scale KC-135 in Tail-Stand over Image Plane

Conclusions

The static free-space capacitance, C , of the KC-135 is 1100 pf ¢+ 10%); that of the Bell
G-47, is 200 pf {+ 20%). A factor of 5 1/2:1 may therefore be Used 1o scale up helicopter
TW data to predict KC~i35 TW impedonce .

2. For thin wires long compared with aircraft dimensions, but shert in wavelengths (—-g—- < .1},
the copacitance;is nearly constant and is about egual t> the free~space capacitance. (Lead-in
capacitance must obviously be treated separately)

3. A method of accurate measurement of C_ should be cevised whereby leads could either be
eliminoted, or lead capacitance ~ompensated fo .

4. Conclusions regarding the use of C_and Cs in building a. adequate theory of the impedance
of highly-asymmetric dipoles must Be deferred 1o o later oaper.

cob
C. D. Lunden
Electronics Group
Research Unit
Electrodynamics Staff
CDL:cm
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Appendix B to
D6-8873

ON THE L-F RADIATION EFFICIENCY GF

TRAILING-WIRE ANTENNAS

It is of interest to determine the losses in long trailing wire ontennas used os i-f radiators

on the KC-135 airpione.

At low frequencies (150kc) the skin depth of copper is

Sl

0.16 |0-3 meter

6.6 mil

()

As § is much lesss than the radius of commonly used trailing-wire antennas, the *h-f* formulas

for skin effect! may be used. Thke h-f resistance of a roundwire is

Rs

Rhf = —— ohm/meter
2'”"/'

where

Ry = -E;A—- ohm/square
whence

. [t -

R;.,f 2w, ~ ohm/meter

For copper

R, = 2.6 107 JT

and (2) becomes, at {50 kc

-5
Rhe = —l—é;L— ohm/meter
L4

(2)

(3)

(4)

(5)

The rodiation retistance of a resonant dipole carrying uniform current is

Ra = 168 ohm
and its length is
L = 2/2 meter

I. Ramo and Whinnery, Section 6.09
2. Kraus, Problem 5-4

D6-8873
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The radiotion resistqpce per unit length, R, is

336

Rm = ——I—— ohm/meter (6)

We define the ontenna efﬁciency3 to be

[=-Ffm (7)
Rm + Rh;
For copper wire the efficiency is
336
—~ (8)
336/’A + 1.6 10

Yo

For @ 0.12-inch diameter copper wire at 150 ke, (8) becomes

33%
5 2600
3%, 1.6 105
2000 T.3 10-3
= 94% ( = -0.3 db)

For a steel wire:
Assume:

do = 0.12inch (¥, = 1.5mm)

A= 40 1,  (initial pesmeability)

o = 0.6 |07 mho/m ( = "; o copper)

from (4)
Rpg = 0.21 ~o/meter

and
0.168
0.168 + 0.2i0

I =

=44% (= -3.6db)

3. Antenna efficiency is to distinguished from pattermn efficiency, coupler efficiency
or antenna system efficiency.

A-8873
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' For aluminum wire:

Assume:

do = 0.12 inch

o = 3.7 IO7 mho/meter (~ .6 o copper)

from (4)
Rhy = 0.C!3 ohm/meter
and
=68
168 + .013

= 9% ( = -0.3db)

The high frequency resistance of wires used as trailing antennas depends on construction and
geometric factors as well as material. The actual Rj,, of various wires to be used in LF cnd VLF
trailing wires can be determined by measurement. A simple test jig for this purpose is now
under construction.

e Db
C. D. Lunden
CDL:c
cc: Bg;hler
Carman
Fairfield
{sbell
Short
1
Y
o
D6-8873




i Appendix C

OPERATING NOTES

Inasmuch os operating very long ontenna wires from helicopters is a relat:vely new
development, notes on fl:ght experiences may ce of interest,

V!hif_li

The Bell 47 G-3 :s ¢ small, single rotor three-man helicopter with the follow:ng
characteristics:

Gross oper, weignt 2850 1b,

Min, weigi:t empty 1850 Ib,

Pay lo.d 1000 Ib,

Hover hours 1000 16, 2hrs 1000’ cbove sec-level
Ceiling 15000°

Gas consumption 18 gal/hr

Power 24(: Hp

Electric Power 24y d¢ 40 amps  (continuous)

Ove: all length 342"

Rotor diameter 445"

Operat'ng Areas

The F/AA 15 understandaisly concerned awout ~azards associated with long dangling wires,
Becuuse of lengtny delays assoctated witn the trival custom of "refering everything to
Wasrington", 1t was found more exped.ent to get per-iss:on to use airspace controlied
.y military authorities, which is not under the FAA jurisdiction, A s.te near Yelm is
ava lable on 1-2 day notice from US Army autiorities at Ft, Lew:s,

Operating over water or sparsely settled areas reduces the likelihood of dropping tre wire
onto a powerline, or the end-weig't t rough the 10of of someone's nouse’,

i
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Appendix C S se

2-7000




! sstaliation

Tre winch, prime power and equipment instailation wos mode to be easily installed or
rémoved ir. less tnan one hour. A ulock diagrom is snown i Fig, |

Cabin

__.-m - e 1 \‘ i
---------- o 1Y
ﬁj— "\\\ + | RI-FI Meter
( 400 (mcx) e N = "Lq/ A I IT) ]
Ship's power c45 b~ .. .
_J Moto:  Winch rT“-' AL l
Rev, Switen — —|Bridge
oo (1c) . ]
. Trad 1
flire Sig Gen | ,
o) |
e . o o g
St R
; 1 [DC-AC ]
Inverte J !
AET)
i : f__?Vo-l"isvci %-teF/‘] l
| |
| M) ]
" Skid Pallet

Fig. 1 TW Installation in Bell Helicopter

Operating Procedures and Proolems

After installat on, tre a.rcraft is flown to the operating site, the wire extended until 1t
runs coopletel, oft the winc™ and s suspended only cy a nylor lanyard, This onviates

tne need for a floating wincn, ana reduces base capacitance to a minimum, Tug
impedance-trequency run 1s made, the wire retrieved and the next wira or test begun, For
planning purposes, allow one flignt hour per R=-X diagram,

Hovering presents a pror:lem in aeronautics and psycnology, Helicopter lateral control

and stab: i+, are bot poor wren hovering in stl! air, Ina 2C-knot wind, control and
stability improve -arkedly, and yet a suitably weignted wire still dangles nearly vertically
from the nelicopter, For hovering in st:ll air (less than 5 knots) a supercharged aircraft
may he necessary, For t~e Bell-47 aircraft, this runs the cost up from around .6C per

fl.ght »cur to over .100 pes flignt hour, But t.e pilot, a sk.lled and well-paid artist, feels
‘e must be yoing somewhere to earn is salt, Hoveiing, gull-like, more tnan 5 minutes

Rat ““44 | RY B - ' D6’88173
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over a pain® is quite out of 12 quest-on so ‘ar s e pilot is concerned, As it tuined
out, he measurements were made wh:le patrolling Leke So~mamist as .- ont an ASW exercise,

in-fiight Hozerds NOY REPRODUCIBLE

T retrievel, the w.re ond end-weigrt tend to yo mfo:sphencol pendulun mode of
occillation ct w:re lengts less than 40 feet, As the wire gets saorter, its osciilat'ons
become more exireme (cngulor momenium being conserved), From obseivations made at
p zzu poiiors we culf th s the 'spagretti-eifect' . At wire lengths under 1T feet the wire
ond endvweigit mny swirg up asd her tae hel.copter or wiap aiound the skids, Tnese
osciilations can be damped vy reaching ot of the colnn door with o gt 6-Ft crock
Lightning, wn.e rare 1n tne Seattle ores except tn midsummer , night conce:vably e
'attractec’ by long dangling wires, The recent work of Vornegut {Art-ur D, Little Co,)
in Mew Mexico as tended 1o dispe! this nchor, Sudden injection of g .ung wire

(os .y rocket} inta an incipient higniing field may precipitate o stroke, but wires carried
vy aircraft into the sume inciprent fieid move muc too slowly and are shielded, .n
effect, sy 1he:r cwn space chaige,

Charging is well~known to accur on nelicopters .n i!ignf} and was observed o almost
every flignt in this series of tasts, The wire pioboonly ennances the effect by increasing
canacitance and ~ence the chirge siored on the system, Never quite getting accustomed
is the ‘zap' when handling 1he wire, we scon found that ¢ 10~ mego~m rasistor across the
wire tc ground (aircraft structure) tled off the cnarge without introducing errors in the
r~f bridge reading, There :s good svidence that chorging o ned out t-e :f transformer on
the GR 716-AL impedance ridge during ane of e early fligals,

Prop Moduiation

noisy,
bump ty ) broge,
Excelsior-type pucking must be used pertially toisolate tre nidge “ronshock nd vib: ton,
An eiectrically ‘tumpy effect, prox modulation, is eviaent when nearing ¢ nuil on the
R-X bridge. Capacitance vari=tions w-en the wing .5 fore=ctt and 1 trwartsh p
(Appendix A, Table [} are suff:cient to modul-te the bridge null, Experience and o few
culeulations show that errors due to prop modulation will rot exceed 5 ~ 6%in R or X,

on

- M 3 to
T~e cabin of « Bell 47=G isa y plece S ol gt

Interference

The 'ong verticcl wire 1s an ideal pickup for broadecst «~d iow=frequency radio . ange
signals, In the Lake Sammamish area, field intens:ties were in the 10-20 millivolt/nater
range In ti.e broadecast tand, Care must Le exercised not to repect the obvious, but
common, error of nulling on broadcast s-grals rather than s:gnal gererator signals, Outside

]Tona, "Study and Investigation of Metnods of Dissipation of Static Eleztricity on
Helicopters", U,S, Dept, Comnerce No, PB 155 125, Sept. &

- D6-88/3
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ugnols are so stiong as to cause whistles ond sque ks and other super-1eteradyne spurious
responses . The iest solution is to operote as for =5 possible from BC stations, Hignly
selectve detectors (not VTVMs) a-e essential to reiect strong st tions,

Alt rude Effect

Ground introduces « mir-or eifect which perturbs the TW impedance, T-us eifect wos
exploited in the dunk:ng tests over s |tw ter (see cbove), The effect cf ground on antenna
impedance was measuced by sett.ng a br.dge to null at tae ‘crossover’ resorance of o
500-ft wire and tner. iloating downwurds from a nig» aititude, Resuits ure given in Fig, |
The conduct vity of Lake Sam+amish and surrounding area is . round 14 millionms per
meter, leading to cn :mperfect image in the ground, Cver saltwater, o somewnat

greater ground effect would be obseived, The resuits of F.g, | guarantee, nowever, t.at
the mecsured dota ~ the main body of t:is report is substant.clly free from ground effects,
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Appendix D

iMPEDANCE OF TRAILING WIRE ANTENNA TOWED BY THE KC-135

The nelicopter dut1 can be scaled upward to predict KC=135 TW antenna impedance,
The helicopter-to-KC~135 scale factor is 5,5 1 20% (Appendix A), Tie model s thern

1

C ~ 155 pf [ R X )

c . :

L 1 Monopcie ;
i1 5 > KO ~ i

% (Scnelk, & Friis) ‘

~ |
1 N2 — e

Lo 23

Fig, D-1  KC-135 1% Impedar.ce Model (‘rom helicopter d. ta)

The coupling factor, l/Nz, will be about the same as in the nelicopter case for
corresponding w:re lengths; 1e, for a 10,000 foot wire the coupling factor is 0,55, For
other lengths t e transformer ratio, 1/N2, is probably less, but no additional data is
available, The - vsuctad impdanceat 46 ke on a KC-135 towing a two-mile long wire is
given in Fig .D~2,The impedance spiral for wires with other efficiencies con be interpolated
in Fig,D~2,The effect of tase capacit nce is not included in Fig.D-2 this must be added

in snuni to get the antenna impedance at e dr.ving terminals in tne aircraft cabin
(Appendix E),
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In practice, the antenn: cannot conveniently be fed at the idealized terinals of Fig., 8

Appendix E

BASE CAPACITANCE

The transmitrer/t.ne- ‘st be connected to the onrenna vic o lead=in, This lead=in
introduces vase capacitance which raises the Q of e anten..a, and may aleo we the weak
point from th.e standpoint o' voltage treakdown,

A serantic di ficulty arises in distinguishing between "antenna” and "lead-in", From one
point 0. view, the “an'enna” may pe everything outside the pressure<hull ot the sircraft,
From the point o' view o: our model tor the asymmetric dipole, the "antennc" carries
cuirent away fro » the aircraft, ie,, there is no current in the aircraft hucking or porallel
*0 *he antenna current (Fig, 1E). The lead=in :as mirror c-.rrents in the metal walls of the
‘renkline or aircraft skin, the antennc does not, The dividing point, P, is the point

~eyorid wh.ch the currents flow
radally ‘rom the asscraft, In-
board of point P, the lead=-in
capaci‘ance s a function o:
lead-in length and proximity
to around, and depends on the
detailed geometry of the lead-
in, In the helicopter tests,
«ase capacitance out to the
po:nt P was carefully minimized
to ze less than 10 pf . Wrale
this i3 a design proulem _eyond
ti.e scope of the present report,
a few remarks are in order w:th

particular reference to the
KC-135 airplane.,

’ / !
— T |
e Winch S -
C_____ —_ \{I‘w:r)kﬂ” - ’{/
= _oesn. P
Leadin An 'er;'n‘c‘

Fig., 1E

(1) Base capacitance is, in general, "bad" and should be minimized as it
raises the Q and lowers tre bandwidth o. the antenna,

(2) The capacitance o lead-in outside the plane can be minimized by using
small conductors well away ro:1 ground, S::all conductors reduce the
antenna breakdown voitage and are thus not desirable. 3ut increased
spacing to ground s desirable on poth counts,

(3) Lead-in capacitance can be estimuted as follows, .or the KC-135,

(a) Winch Capacitance: Not amenable ‘o direct calculation .wt depends
on the dielectric used to insulate the winc! , and the numuser of turns
left on the winch, Se: eral hundred feet left cn a winck would give
a capacitance o 200-5C0 pf, For fixed frequency operation tre
fixed-lengtt: plus nylon lanyard scheme used on t:e helicopter has much

to commend 1!
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(~) Trunk Capac.tance: For o round trunk w:th cooxial wire the caopacitance
per eter i3,

2we s,

For 0 0,1-inch diometer wire in ¢ 3-inch tuue,

Cf = 5 pf/-'

{c) Wire 10 :uselage capacitance:
The capacitance of a trun
wire above a :lat or nearly
flat ground is,

. h
which -ar - > 1 Lecomes

C. = -——2‘-"-——- pi/meter

2h
|og]0

a

For a 0, 1-inck diaeter wire 24 inches from the fuselage, the
capacitance is,

C, ~ 3pf/i

) v D6-8873
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In a “typicai™ KC-135 installation the total b se capacitonce would
e roughly

Cbcsea Cwmch C'runk Clead-in

=XCpi  SE- x 108 - 3pi/f x50

4‘0,
4’&,?
0000
/,
0((,
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Append:.x F

GROUND RESISTAN CE OF A DUNKED WIRE

For certain mobile experiments or for LF com unications, u long wire mcy be towed with
tre lower end immersed in water, It 1s of ir.2eres? to determine the nase res:stonce and
ground losses associated w:th this sort of ¢:ounding arrcngement,

A gallon con has been used successfully,
os a 'ground connection' for dunking w res,
A shiny can is poked w.t" holes and wired
to the lower end of the tra: | ng-wire

i
D T = S S N
L[]

antenna, The can is easily visicle several

thousand feet below tne helicopter w:th /%

tre nared eye, out disappears when (L .
sunmerged, The contact or spreading equivalent
res.stance n wa‘zr can de computed vy sphere

use of a capacitance--res:stance analogy . r=10 e¢m

The copacitance of a gallon can in free spoce is that of an equivalent sphere of
equivalent radius 1~ 10 cm given by

C=4ner (MKS) 2

By analogy, (fhe current |.nes map onto the electric field Imes) the spreading
conductance, Gs’ of the same sphere in a medium of conductivity, ¢ , is

Gsz 4@ r (MKS) (2)

In a conducting nalf-space, with the can near the interface, the conductance is halved,
whence

]
Rs = m-;_- ohms (3)

In fresh-water lakes, typical conduct.vities are in the range 1-10 millimho/meter,

Tck ng for the conductiv.ty

G=5 ]0_3 mho/meter
10C0
R =
s

n

onms

BaEve | D&
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the spreading resistcrnce will ba about the same ot !f, where the skin depth in water is
much greater than the dimensions of the can, The efficiency of the dunked wira can be
computed approximately from the spreading resistance R‘, and the radiation resistance, thus

= TR (4)

For a quarter-wave dunked monopole

R = 35chms

(o}

and the eff c:ency becomes

e = 10%
For saltwater, &' = 5 mho/meter, and the spreading resistance is

R = —-!—- ohms
s n

The efficiency is then

%

~
il
)

In the saltwater case, wire ohmic losses will ordinarily be controlling,

soeve | D887 N
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