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Abstract
In this paper, we present an analytical develept of the Extra Coil as a tdpaded slowwave helical
resonator. Our treatmertasts with a foreshortened coakresonator whose inner conductorasistructed of
an end loaded spiral delay line. We develop formulas for the slow wave velocity factor and characteristic
impedance of the equivalent transmission line which are valid as the outer walls of the resonator recede to
infinity 7 | e a v i n go pTeens lesmiatslr adove ground.

The Voltage Standing Wave Ratio (VSWR) is then analyzed, including losses, and the vejtagedastany
distributed Tesla @il resonator is obtained. The resulting model not only predicts the resonant behavior of the
Extra Coil, but readily permits its representation on a Smith Chart. Several examples of Extra Coil analyses a
presented numerically, and displayed on Smith Charts. Specifically, the November 1, 1899 and January 2, 1¢
Extra Coils of Tesla's Diary arestiussed in detail and are shown to produce voltageuptepn the order of 10

to 15 megavolts.

The model also serves to explain how Tesla tuned the RF portion of the Colorado Springs apparatus and is
shown to be consistent with specific Diary instrucsitwy Tesla.

Introduction
Without presenting any historical background, let us go directly to the Colorado Springst@ppad in
particul ar t,which $0spediaEuatlyrd@min&tes ithé déenter stage of Tesla's amphitheater.

The authordelieve thatthe mostdri t f ul way t o c¢ har aadisgbuiedoircuiton e 6 E X
loaded transmission line, and not in terms of lumped circuit elements. This is particularly enlightening when tt
structure is excited by time harmonic figld.e., in the sinusoidal steady state. The analysis can be extended to
include damped wave excitation, as was used in Tesla's day. We hypothesize that Tesla operated tlile Extra (
against the earth as a slavave resonant transmission line. (Note thatauld be undesirable to use it as an
antenna or as a loading coil for the tower since the radiation loss will decrease the input VSWR and seriously
reduce its ability to stepp the baséed excitation.)

Consider the foreshortened coaxial resonatofasaliar in microwave systems, shown in Figwa |

In order to make the resonator physically smaller, the center conductor is replaced by a spiral delay line (Figt
1-c). A ball is placed on the top for capacitive tuning and to prevent disrujsielearge. The walls then recede

to infinity, leaving Tesla's open coil resonator (Figud®.|IThis conceptual view of the Extra Coil, as shown in
Figure 2, could now be analyzed in great detail if we only knew the velocity factor and effective clstiacteri
impedance of the transmission line equivalent of Figeee 1
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Figure 1. Conceptual development of Tesla's Extra Coil.
(a,b) The capacitive loaded foreshortened coaxial resonator.
(c) The slow wave top loaded resonator.
(d) The final open coilresonator used at Colorado Springs.
(e) Equivalent slow wave transmission line resonator.

Helix Characterization
Many years ago, Kandoian and Sichak analyzed the helix and obtained engineeritasfofrgreat practical
valuel? Let us summarize theiesuts:

! fAwide Frequency Range Tuned Helical Antennas and Circuits", by A.G. Kandoian and W. Sichak, IRE Convention Record, 1953
Part 2- Antennas and Comnnications, pp42-47. Reprinted irElectrical Communicationd/ol. 30, December, 1953, pp94299.

2 Reference Data for Radio EnginegrsP. Westman (editor) "Edition, 1956, pp682686.
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1. The velocity factor for the speed ofvave dsturbancealong the axis of the helixs given by

2.5 172
=‘\/1+20(%j (—)I?J (1)

where ap = free space wavelength
D = helix diameter
s =turn-to-turn spacing
(all in the same uits)

V=

Ol<

for
2
D S_1_
sh, 5
2. The ratio of the peripheral phase velocity of a wave along the helical wire to the speed of light is given
by the expression

A\ H
—m 125 = |1 2
. 1.25 (D) /5 )
where H = the physical height of the hefix
D* 1
D2 d <=
s an . =3

3. The structure's loggsistance, referred to the base, is given by the expnessio

(L
R, =125 n (3)
g dw N f‘vﬂ{z

where ¢, = wire diameter in inches.

5. Schelkunoff's transmission line effective characteristic impedance is

60 4H
Z°=§/—f[:1n(6j—lil (4)

With these formulas, one can predict the behavior of a helical structure, with or without top loading, with
surprising accuracy. In fact, one can even examine the voltage distribution along the tojhdiaidaibt
surprisingly, for a lowloss structurehe voltage at the top can rise to a considerable value, even for a relatively
small excitation.

Tesla's Extra Coil Treated as a TopLoaded Helical TransmissionLine
When one looks at the pictures of the Colorado Springs extra coil, at first sighgarspgs though Tesla might
have been using the extra coil as a base loading reactance for the tower. However, both from the 1899 Diary
from the Long Island notes, it is clear that the vertical mast was isolated from the extra cojdtettis, its
ref er r aclevated mssu léat ed b o dhhe anliy stracaune attadhdd éo1the extya. coil was the
spherical ball at its top or various other rings or rods attached to the last turn of the coil.
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We hypothesize that the extra colil struetwas worked against ground as a resonant transmission line for the
purpose of producing a voltage rise. The end loading capacitance is usiag thé structure into quarterave
resonance with a voltage minimumtah e base and V4awayaatae top afthe BxtranCoib

With either an open circuit or a capacitance at the top, the VSWR would only be limited by resistive losses ar
the V at the top could rise to a very high value.

Let us review the voltage steyp behavior of a slowvave transmission line in the sinusoidal steady state. The
analysis can be generalized to damped wave excitation in the usual manner if desired.

(2} [+ % —~

[

o4 Jo—
'Z‘“ Ze :: _;Xt
-2 -2, (o) .

Figure 2. (a) End loaded helical resonator; (b) Transmission line equivalent

Voltage StepUp on a Vertical Helical Resonator above a Conduahg Ground Plane

Consider again, the top loaded helical delay line and its transmissgoeduivalent in Figure 2. Theald
impedance is simply

1
Z.= —jX

c=—1m (5)
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where G is effectively taken as the sum of the top ring capacitance éolxtia Coil) plus the sphere to
ground capacitance.

The solution of the transmission line equations leads to the voltage distribution along the line (or Extra Coil) &
V(z)=V.e % Ve°? (6)

w h e risethe stomplex propagation constant

o =ijpbU + (7)
with phase constant

b =421 & (8)
where

9y = Vrdp 9)
The attenuation constatd,, i s gi ven b edd ceflectionchetiicieasogivgnbye x | o

A ZL—ZO
r2=2L+—ZO=| r,| Lo, (10)

The electrical length of the line in degrees is given by

_360H

0=pH VoL (11)

The complex reflection coefficient referred to the input end (or base) of the transmissiogjives iby

AV_e™
S = =2
Fl_w—lr‘zle L[d-26 (12)

The VSWR folbws from the definition

A Vo | VLI+IVo] 14T
Vauin -t V= V|, 1=|T]

(Vmaxand Vinin are spatially separated by omearter wavelength.) On a logsktransmission ling §i s anfl {

S is equal to the maximum value which the impedance takes on along the line, normalized with respect to the
characteristic impedance. On ady line thergjectories ofie® are not cirobs but spiral inward on a Smith

chartf r o Jnas @ne approaches the input entheftransmission line from thedd end Consequently the

VSWRs at the lad end (2) and input end (1) differ as

(13)

8, = tanh[al +tanh™ si J (14)

~
rs
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For high standing wavetios (i.e. S > 6:1) this expression may be approximated as
1S =1US,+U (15)

with less than one percent error. Since the Extra Coil has a capamativeslY infinity and thus

1
S, ~—
1% o (16)
| f t he | i g4lony theneha@oulfl heledual ® S, where haxwould occur at the top and.W

at the base. From equations (6) and (11) we may write the voltage at the base of the Extra Coil as
_ af O -l j(®d-8
Vbase_V+[e € +|F2l€ € )] (17)
Further, the voltage at the top of the Extra Coil may be expressed as

Consequently

ok Vbase [1 + r2]

Top — =
® e +T,e™

(19)

More specifically, for computational purposes,

| Vosse | V[1+| T | cos ]2 + [| T, | sin ¢]
VIe® cos(® — 0)) + [e® sinB + e~ | T, | sin(® — 0)]°

|V

(20)

Top |

wherel is defined in Equation (10) and in Equation (11). It should be obvious that the Extra Coil should be
designed such that tlkenominatoof Equation(20) is minimized The only parameter left, to cailate the
voltagestepup i s the att.enuation constant U

Transmission lines are commonly presented through the vehicle of distributed circuit theory. The series
inductance per unit length is taken as L henriesieter; the series loss resistance as R ohms per meter; the
shunt distributed capacitance as C farads per meter; and the shunt leakage conductance as G siemans per r

The propagatio attenuation constant then foNs as

[ R GZ,
o= ZZ°+ > Nepers/meter 21

For Tesla's Extra Coil, wesaume that (in the absence of discharges) the shustbgolind conductance G is
negligible. Consequently
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R

o= 22

27, (22)
where R is the distributed copper loss. The parameeee ded f or Elguati on (20)

o = =—22 (23)

32, B2,

where Ryss IS the total loss resistance given by Ecqura{i3) above. Thus
1/5
7.8125 (35)

ol

A 24)

—u -

Figure 3. Representation ofa top loaded Extra Coil on a Smith Chart.
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Lastly, the input impedance, or impedance seen at the base when the tdgtobidenvorked against ground,
is given by

__ Zy+Z,tanhyl 2 14T, e
nT°Z,+Z tanhyl  °| -T2

where, for the lowoss case, 45 given by Equation (11).

(25)

The top baded extra coil is clearly described by the &rahart shown in Figure 3. Theald impedance is
simply the capacitive reactance: Z0 - jX.. The magnitude and phase of thadosoltage reflectiowoefficient
are di s pllaaSired dialks,dirfinity. If | and X have been chosen for a series resonance at the
input end, then the impedance trajectory spirals |nd@d and Z, = Roase+ jO.

Knowing the size of the top loadimgpacitance, ¥ and %, the Smith Chart immediately telus how long to
make (i.e., H) to attain series resonance. Alternatively, given the lehtta coil, the Smith Chart telus how
large a capatance is required to bring thgssem into seriesesonance at the desired frequency. Furthermore,
we can see the voltage rise from;\at the driving point to a relative maximum at thad. Note that, because
of the laad capacitance, the line is not actuaji4. Consequently, one never gets to thekts V. One can
getcloser by reducin@op (increasing X). However as the sphere gets smaller so treeslisruptive potential.
Clearly a tradeoff should be made for the size of tmachine and desired top elexte voltage.

Let us return td&equation (25) the input impedance at the base of the extra coil when top loaded and worked
against groud . For capaci,wilbhegivehnloyp | oadi ng,

U,=| @] =0 1 (26)
w h e r wll b&@ some negative angle.

In general, the input impedea will be

1 +l T ‘e-zodej(cb—zﬁl)
= 2
Zbase Zo 1 _I F le_;»_odej(q>_2[51) (‘-7)
When the structure is tuned to quarter wave (series) resonance
a-2b=- (28)

and Z, will be purely resistive (a#n). This is easily seen on a Smith Chart. Consequently, at resonance, the
base impedance is given by #agression

1 - =2ad
Lyese =Z, = (29)
A power series expansion for the exponential gives the following rule of thumb
Roae= | Zh (30)
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which isl«tlalid for U

The above expressions fog.Zgive the equivalent kd impedance of the extra coil worked against gicamly
at the resonant frequency.

It should now be clear to the readerthaed s | a' s 0 E x tloaded ti@smissiod line resoratort As

Y O, theé¢ ectrical | e g4glh the losdhss aade dhe ase impedaree to ground gaesdda
short) and the top impedance becomes an open cioadit Jordan and Balmain have presented an especially
clear plysical description of the resance phenomenon on shorted quarter wave lines:

The mechanism of resonance is particularly easy t@lie in this case. If it is assumed that a
small voltage is induced into the line near the shorted end, there will be a voltage wave sent
down (up!) the line and reflected without change of phase at the open (unloaded) end. This
reflected wave travels bl and is rllected again at the shortedlompedance) end with

reversal of phase. Because it required one half cycle to travel up and back the line, this twice
reflected wave now will be in phase with the original induced voltage and so adds diréctly to
Evidently those additions continue to increase the voltaggcurrent) in the line until theR

loss is equal to the power being put into the line. A voltagewgtegd several hundred times is
possible depating upon the Q of the lin.

As waspointed out earlier, if the line ended abruptly, disruptive discharge would occur from the wire sized
terminal. Consequently, Tesla needed to place a charge reservoir or ball sufficiently large to not discharge at
attaired voltage level. The ball itdeddded capacitive loading to the line andved the lad impedance from

the right hand side of the Smi@hart clockwise by the angle The length of line required for quarter wave
resonance wa sl Atldr,€€hu aedd-ana dbsetve 2 b

With a smd C+ in place, the line itseimust store a little m@ magnetic energy if the whole

system is to have equal amounts of bigies of energy (resonance).ustte line length must
be a littleless than an odd multiple of a quarter wavelefigth.

Theengineering tradeffs between the maximum desired voltage, the size of the top loading and the electrical
length of the line must be seriously considered.

Examples of Extra Coil Design
In order to illustrate the above theoretical considerations, letamire several Extra Coils actually
constructed. First, let us consider the extra coil described by ifiegbka November 1, 1899 entiry his Diary.

Physical Parameters:
D = coil diameter = 8.25 ft.
S = turnto-turn spacing = 1 inch
N = number of turns 206 (modified to 105 on Nov. 7)
H = axial length of coil = NS = 106 inches (constant)
dw = wire diameter = .162 inches (#&upe)
Lx =0.02 Henries (Nov. 7, 1899)
Coan = 40 pf. (3Binch diameter sphere)
Cing= 7 . Bi8légi(4h/d) = 52pf.

® Electromagnetic Waves and Radiating Systemy<sE.C. Jordaand K.G. Balmain, Preite Hall, 2nd Edition, 1968, p226227.
* Electromagnetic Energy Transmission and RadiatigrR.B. Adler, L.J. Chu and R.Mako, John Wiley & Sons, 1960, P66.
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h =106 +4.5 + 1 (Aug. 26, 1899; Oct. 3, 1899)
fo =94 KHz.
Vbase: 250 KV

These lead to the calculated parameters:

V; = .00428
Zo = 6380

Z = -J|88K q
{i, = 1(B8°
d=71°

{iy = 0.951d°
S, =40

On a Smith Chart, Figure 4, we en&ithe normalized kdreactance:

5 = —j Xc
2 Zo
and adv armHea422°doward tRe@nerator, spiraling inward 7 “to the point;

=—j2.95

Z,=.025 Zp=159.5 40 Ohms

For the given component of,). at b, Equation (20predicts a top voltage of 9.5agavolts. (If the wire size
were reduced to .102 inches (#10 gauge) and the base violtaggsed to 450 kilovolts, thengy= 11

megavolts) By the way, the disruptive potential for the 38 cm. radius sphere is, according to Tesla's formula,
only 2.85 megavolts (Sept. 12, 1899). As a side comment, we note that the ratigsgtb\Zin leads to a heli
current of over 1100 amps RMSonsistent with Tela's public disclosureg:’

On January 2, 1900, Tesla made several modifications:
N = 98 turns o#6 gauge wire
H =98 inches
fo=88.3 KHz
Vbase:450KV.

These lead to

Vi =.00434
Roase= 104 q
Zo= 5197 q

®> fPresentation of the Ediso Me d al t o , MinuteDof the Mayel8, 1191 D meeting. Reprintediesla Saidedited by John
Ratzldf, Tesla Book Company, 1984, p88. Also reprinted, in part, ifiribute to Nikola TeslaPublished by Nikola Tesla Museum,
Beograd, Yugoslavia 961, p A-107.

6 fiMy Inventions- Part IV - The Discovery of the Tesla Coil and Transformer”, by Nikola Té&dkctrical ExperimenteMay 1919,
pp. 16, 17, 64, 89. Reprinted My Inventions by Nikola Tesla, Published by Skolsha Kyaj Zagreb, Yugoslavia, 1981,56; and
My Inventions by NikolaTesla, edited by B. Johnstonytgished by HarBrothers, Williston, Vermont, .o74.

" fiThe Transmission of Electrical Energy Without Wires as Means for FurtheringéPgdéikola TeslaElectrical World and
Engineer January 7, 198) pp 21-24. Reprinted iTesla Saidedited by J.T. Ratzifa Tesla Book Company, 1984, pp.-88. See p
84.
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Ct = 194 picofarads
Vtop/Vbase: 43.2

Figure 4. Smith Chart representation ofTesla's November 1, 1899 Extra Coil.

For example, if Wase= 400 KV., then Vs, = 17.3 megavolts. Other examples could be cited, and the reader may
want to apply the above theory to a coil of his own design.
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