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Recently Ed Phillips noticed that wire | ength divided by the free
space wavel ength of the quarter wave resonance of an unl oaded coi
was a smooth function of the h/d ratio and | argely i ndependent of
the turn count.

It is conmonly understood (we hope) by coilers that the resonant
frequency of a coil is not given by the quarter wave resonance of
the straight wire fromwhich the coil was wound. The actua
frequency usually exceeds the straight wire prediction by 50%

or nore in typical TC secondaries.

This inplies that signals (EM waves) at TC frequencies traverse
the coil faster than they would do if strictly confined to the
helical path of the winding. This is not unreasonabl e because
each turn of the coil has sone degree of interaction with al

the other turns via their E and H fields (inductive and capacitive
mut ual coupling).

We can indicate nunerically the extent to which signals 'l eapfrog
the turns of the wi nding by expressing the apparent or effective
speed of propagation along the wire as a ratio with the speed

of light. This is the velocity factor of the wire when wound [ +].

For exanple, if a particular coil has a velocity factor of 1.72,
this in effect nmeans that:

*) The 1/4 wave frequency will be 72% hi gher than that predicted for
its straight wre.

*) A signal entering the coil will appear at the other end as if
it had travelled the wire at 1.72 tines the speed of light.

*) If we imagine the EMsignal to be spiralling along the coil
the pitch of this spiral would be 72% greater than that of the
wi ndi ng.

Ed' s observation recognises that the velocity factor for a coi

is a function largely of the overall geonetry of the coil and does
not depend very much on how many turns are put in. Thi s neans
that it is worth while defining a geonetry factor with which to
relate the velocity factor directly to the h/d ratio of the coil.



The graph
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shows (green crosses) neasured velocity factors for a bunch of
coils of varying sizes and turns. The blue line is a logarithmc
function chosen for a reasonable fit. The function used is

Phi(h/d) = In(h/d) * 0.39 + 1.19

where In() is the natural logarithm The trial function has been
tested against a larger set of nodelled coils, and the results
are plotted in the red dots.

The red dots actually represent 2732 assorted coils ranging fromas
few as 50 turns up to 3000 turns. Resonant frequencies of sone of
these coils go up into the Mz range. W still see a reasonably
good fit to Phl(h/d) even when faced with such a w de range of
hypot heti cal coils.

The residual (the difference between Phl(h/d) and the neasured or
nodel | ed vel ocity factor) is about +/-5% C oser inspection of

t he conpari son dat abase reveal s that about half of this residua
is due to variation of coil base height above the nodell ed ground
pl ane.

The function Ph1l() can be used to directly estimte the quarter
wave Fres fromthe h/d ratio and the wire |length: =

Fres = (0.39 * In(h/d) + 1.19) * 75e6/wire_length (Hertz)



where wire length is the total length of wire in nmetres. It seens
we should expect this prediction to be within about +/-5% of the
actual frequency for nobst coils. This is obviously a very much
nore direct approach to Fres than the conventional route via

cal cul ati ons of inductance and capacitance.

Al of the above refers the the fundanental (1/4 wave) free
resonance of the unloaded coil. Velocity factors for other
frequencies will be different.

The next two overtones, 3/4 wave and 5/4 wave al so foll ow a conpact
snooth curve when their velocity factor is plotted agai nst

h/d ratio. The independence fromturns continues. However, these
overtones don't seemto follow quite the sane sort of logarithmc
function of h/d. (A database of nodelled coils is available in
csv format if anyone wants to try for a fit).

It is clear that the function Phl (and the coils) tend towards
sone velocity factor greater than 2 for large h/d. No neasurenents
are currently available for h/d > 10 so we can only specul ate.

One comon factor with all the coils nodelled and measured in
this conmparison is that they are all fairly close wound.

The smal | est nodel l ed spacing ratio is 0.55, and our nobdels
continue to refer to close wound behaviour as we let h/d tend
to infinity. For this reason we should not be surprised that
the velocity tends to sone nunber rather |larger than, say, the
0.95 we woul d expect froma straight wre.

To reach this straight wire velocity factor, our nodels and
cal cul ati ons would have to allow the pitch to increase to
infinity as well as the h/d ratio. This they do not do.

We nmight anticipate that the conpact distribution of velocity
factors would be lost if we allowed the pitch to increase
substantially. Unfortunately our software nodels are not
qualified for large pitch coils since they rely on sone
approxi nati ons which are only accurate when each turn is

alnost a circle. Helical antenna nodelling software m ght be
tried instead, but those packages tend to bog down when dealing
with | arge nunbers of turns. For that reason it might have to
be a task for the experimenters to tell us what happens at pitch
angles larger than say 5 or 10 degrees.

[ +]

The velocity factor of the wire when strai ght would be about
0. 95, depending on thickness. The velocity factor of the

wi nding is given by

4 * wire length * Fres / ¢

where ¢ is 300e6 nmetres/sec, wire_length in metres, Fres in Hz.

Paul Ni chol son
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First, some news of nore progress..

We know from neasurenments that signals traverse a sol enoi d w nding
rather faster than they would do if the wire were straight.

Ed Phillips has shown that the apparent speed-up factor relates to
the h/d ratio in the manner plotted in

htt p: //ww. abel i an. denon. co. uk/t nmp/ phl. gif

Mal col m Watts has supplied neasurenments for a coil h/d=17.5, which is
by far the largest h/d coil we've ever looked at. This accounts for
the I onely green cross way over on the right. The red dot just
beneath it is fromthe tssp nodel of Malcolms coil. dearly, both
nodel and neasurements continue to follow the |log(h/d)*0.39 + 1.19
function. Ml col m nmeasured 1.0697MHz, the fornula predicts 1039. 6Mz*,
so only -2.8%error fromthe fornula, even at this extrene.

Now a little nore expository waffle. Some of this repeats things
al ready said, but maybe in a different way...

In a straight wire, the Hfield Iines are circular around the wre,
and the E field lines are radial. The resulting Poynting vector
(whi ch points out the direction in which the conducted energy is
actually flowing) is parallel to the wire at every point in the
space around the conductor. This nmeans that the signal energy is
gui ded by the conductor and is confined to nove in exactly the sane
direction as the associated current flow. [+]

After the coil is wound, a piece of the wire experiences the E and B
fields fromsome of the rest of the coil in addition to its own
field. As a result, the Poynting vectors need no |onger be paralle
to the wire - which nmeans that signals will propagate al ong the coi
at a speed likely to be different to that of the straight wire.

We usual ly express this field coupling between renmpte parts of the
coil in terms of nutual inductance and nutual capacitance so that
we can apply circuit theory calculations to the coil instead of
having to deal directly with the fields using Maxwell's equations.
This works well and allows us to confirmby cal culation Ed's
relationship for the the change in velocity as the coil geonetry
vari es.

Wt hout any prior know edge, we m ght have guessed that the greatest



i nfl uence on signal velocity m ght have occured at small h/d, in
whi ch mutual coupling of both kinds is at its strongest.

But, interestingly, we see fromthe graph above that the overal
trend is that the greatest speed-up occurs with larger h/d.

For snmall h/d, it is apparent that the conbined effects of nutua
react ance, despite being stronger, are cancelling each other out to
a large extent, resulting in less deviation of the signal flow from
the path of the wire.

At sonewhere around h/d = 0.6 the effects seemto bal ance to give
unity velocity factor. This value is not too far fromthe h/d = 0.45
known to maxi nmi se the inductance of a given length of wire.

The velocity '"along the wire' is given by 1/sqrt(L*C) where L and
C are the reactances per unit length of wire. Wen the wire is
wound, the magnetic field around any piece of it is increased by
the field fromnearby turns carrying current in the same direction
Therefore L is increased quite a lot as a result of wi nding (no
surprise there) and the velocity is reduced accordingly.

Worki ng against this is the electric field effect fromthe nearby
turns - their nutual capacitance. 1In the straight wire, the E field
lines exit the wire radially and head off to infinity, so determ ning
the wire's self capacitance. But in the winding, the proximty of

ot her conductors at nearly the sane voltage produces a shiel ding
effect - hindering the outflow of E-field lines. The net result is
| ess charge is needed for a piece of the wire to reach a given
voltage, ie there is |less total capacitance on each bit of the wire
and the velocity thus increases.

Ed' s tabul ated function shows how these two effects conpete with
each other as h/d varies. At large h/d, increase of L wins and
the velocity is high. At low h/d, the reduction of C seenms to
overconme the increase in L and the velocity is |ow

For the 3/4 wave and 5/4 wave overtones, the graphs are

http://ww. abel i an. denon. co. uk/ t np/ ph3. gi f
http://ww. abel i an. denon. co. uk/ t np/ ph5. gi f

in which the functions roughly fitted to the nodelled data are

Ph3(x)
Ph5( x)

In(x + 2.7) * 0.6 + 0.21
In(x +5) * 0.65 - 0.28

[+] In a real wire, there is usually sone resistance and so there
is a longitudinal voltage gradient, ie an E-field conponent paralle
to the wire. The effect of this is to make the Poynting vectors
bend i nwards slightly towards the wire. This inflow ng energy
conponent represents the power entering the wire itself to be

di ssipated in the 1"2R | oss.

Paul Ni chol son

>> * | amsure Paul meant 1.0396Miz - Terry <<



