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This invention is directed to an elongated coil 
having a plurality of coil turns distributed along 
its longitudinal axis in a manner to reduce the in 
ductive coupling between turns having an axial 
spacing at least equal to the coil diameter. AS 
used throughout this specification and in the ap 
pended claims, the term "coil diameter' is in 
tended to mean the coil dimension as measured in 
a plane normal to its longitudinal axis. While 
the invention is subject to a variety of applica 
tions, it is especially suited for use in a time-delay 
network and will be particularly described in that 
connection. 
One well-known form of time-delay network is 

the so-called “three-terminal' type. It is essen 
tially an unbalanced circuit, including a single 
distributed winding or coil insulated from but 
electrically coupled along its length to a conduc 
tive member, such as a conductive core struc 
ture, to establish distributed series inductance 
and distributed shunt capacitance in the net 
work. An input and an output terminal are pro 
vided at the opposite ends of the coil, while a 
third or common terminal is coupled with the 
core structure and usually takes the form of a 
ground connection. Such a network simulates a 
transmission line and has a time delay propor 
tional to the geometric mean of its total effec 
tice series inductance and its total effective shunt 
capacitance. Where long delays are to be real 
lized with structures of practical and useful physi 
cal dimensions, the coil has a larger number of 
turns per unit length. 

Prior arrangements of the type referred to are 
satisfactory for many installations but are sub 
ject to a particular type of phase distortion which 
may be undesirable in certain applications. In 
'the usual construction the coil turns are ap 
(proximately normal to the coil axis and the mag 
netic field of each turn cuts most of the remain 
ing turns. As a consequence, a large inter-turn 
inductive coupling is established and it may be 
shown that the phase distortion mentioned is 
primarily caused by this coupling. The distortion 
is evidenced by the phase slope decreasing at high 
frequencies. It is especially pronounced when 
translating pulses have a duration less than the 
delay of the network. Prior arrangements have 
been proposed to minimize the inter-turn induc 
tive coupling and improve the phase characteris 
tics of the network. In one known construc 
tion, the coil has a very large ratio of length 
to-diameter but this is undesirable in that it 
greatly increases the physical length necessary to 
obtain a required time delay. 

It is an object of the present invention, there 
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2 
fore, to provide an improved elongated coil which 
Substantially avoids one or more of the above 
mentioned limitations of prior arrangements. 

It is another object of the invention to provide 
a simplified coil structure including a plurality 
of coil turns arranged so that a minimum induc 
tive coupling is established between turns having 
an axial separation at least equal to the coil di 
ameter. 

It is a specific object of the invention to pro 
Wide a time-delay network including an improved 
coil structure arranged to obtain a substantially 
uniform phase slope over a selected operating 
frequency range. 
An elongated coil in accordance with the in 

vention exhibits a predominantly reactive im 
pedance and has a longitudinally extending axis, 
a certain diameter in a plane normal to the axis, 
and an axial length exceeding its diameter. The 
Coil comprises a plurality of turns distributed 
along its axis and angularly displaced with refer 
ence to the aforesaid normal plane by an angle 
of at least thirty degrees so that the inductive 
coupling of each coil turn with any other coil 
turn, axially spaced therefrom by a distance at 
least equal to the coil diameter, is substantially 
less than the coupling between turns having the 
same axial separation but positioned normal to 
the axis. The coil turns have a circular shape 
When Viewed in end elevation from a point nor 
mal to the axis thereof. The expression "pre 
dominantly reactive impedance' as used here and 
in the appended claims is intended to mean that 
the coil proposed by this invention is in the art 
of reactance design in which the reactance de 
vice is constructed to have as little resistance as 
possible. 

For a better understanding of the present in 
vention, together with other and further objects 
thereof, reference is had to the following descrip 
tion taken in connection with the accompanying 
drawing, and its scope will be pointed out in the 
appended claims. 

In the drawing, Fig. 1 is a Schematic represen 
tation of an elongated coil in accordance with 
the invention; Fig. 2 is a curve utilized in explain 
ing the inductance characteristic thereof; Fig. 3 
represents a time-delay network including a coil 
structure of the type illustrated in Fig. 1; Fig. 4 
is an end view of the time-delay network; and 
Fig. 5 comprises graphs utilized in discussing the 
phase characteristics of the time-delay network. 

Referring now more particularly to Fig. 1, there 
is represented schematically an elongated coil 
constructed in accordance with the present in 
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Vention. This coil has a longitudinally extend 
ing or horizontal axis and a uniform maximum 
diameter, indicated by dimension line D, meas 
ured in a plane normal to its longitudinal axis. 
The coil has an axial length greatly exceeding 
its diameter D and is comprised of a plurality of 
identical turns distributed along its longitudinal 
axis. The turns are angularly displaced with ref 
erence to the aforesaid normal plane by such an 
angle that the inductive coupling of each coil turn 
With any other turn axially spaced therefrom by 
a distance at least equal to the diameter D is 
controlled in a particular manner, presently to 
be described. The angular relation of each coil 
turn with the normal plane is designated in Fig. 
1 by the angie () between direction arrows P1 and 
P2, representing tie normal plane and the plane 
of the coil turns, respectively. The determina 
tion of angle () will be cear from a consideration 
of the inductive coupling between turns of the 
coil. 
As is well understood, current flow in any coil 

turn produces a inagnetic field. Where the mag 
netic field linkS any of the other coil turns, a 
mutual inductive colling is established between 
such turns. In prior coil constructions the angle 
9 has very Sinal values So that the coil turns are 
approximately nolme to the longitudinal axis. 
In such constructions a naxinum flux linkage of 
the several coil turns results, establishing a max 
imum value of inter-turn inductive coupling. 
This is indicated by the ilat portion of the curve 
of Fig. 2 which illustrates, as a function of the 
angle 0, the variation in inductive coupling be 
tween any coil turi and coil turns axially Spaced 
therefron by a distance at least equal to the coil 
diameter D. In accordance with the present in 
vention, the inter-turn inductive coupling of the 
coil is controllied, as required for any given instal 
lation, by appropriately adjusting the angle 8. 
In one embodiment especially useful as a time 
delay network, the inter-turn inductive coupling 
is reduced by using a critical value of angle 6 Such 
that substantiaily no coupling is present between 
coil turns having an axial Spacing at least equal 
to the diameter D. The critical value of angle 8 
is approximately fifty-five degrees and is shown 
in Fig. 1. It establishes a coupling condition 
analogcus to the zero-coupling relationship of 
two discrete and spaced coils fully described in 
the United States Letters Patent 1,577,421 issued 
March 16, 1926, to Louis A. HaZeltine and as 
signed to the Sane assignee as the present inven 
tion. 
With the critical angle of fifty-five degrees, the 

flux distribution resulting from current flow in 
a particular coil turn Ni may be indicated by the 
broken lines F of Fig. i. This flux cuts the coil 
turns in the in mediate vicinity of turn N1 and 
establishes a substantial inductive coupling there 
between. However, coil turns, Such as that des 
ignated N2, Spaced from the turn N1 by a distance 
equal to or greater than the diameter D are not 
linked therewith to any appreciable extent be 
cause the flux lines F which extend as far as 
this turn, for the most part, pass completely 
around or completely within it. The total effec 
tive inductance of the distributed coil will then 
be seen to be equal to the self-inductance of its 
Several turns plus the mutual inductance con 
tributed by the mutual coupling which exists 
only between each coil turn and its immediate 
neighboring turns. 
While the angle 6 for the Fig. 1 embodiment 
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4. 
Cordance with the invention is not limited to this 
Specific angular relationship. In general, the 
angle 6 may have any value such that the induc 
tive coupling of each coil turn with any other 
turn axially spaced therefrom by a distance equal 
to the diameter D is substantially less than the 
coupling which would exist between coil turns 
having the same axial separation but positioned 
normal to the axis. From the curve of Fig. 2 it 
will be apparent that a substantial reduction in 
inductive coupling between such coil turns is ob 
tained with values of 8 at least equal to thirty 
degrees. 

Fig. 3 represents a time-delay network includ 
ing an elongated coil of the present invention. 
The network comprises an elongated core struc 
ture having a supporting core member O of in 
Sulating material and uniform cross section 
throughout its length. A conductive sleeve is 
Supported by the core O and is preferably formed 
of a material having a high conductivity, such as 
copper. The sleeve has a plurality of longitudi 
nally extending slots 2, 2 extending throughout 
the major portion of its length. As shown in the 
end view of Fig. 4, sleeve if is discontinuous, hav 
ing a split or slot 3 extending throughout its 
length to minimize eddy-current losses within the 
core structure. The network also includes an 
elongated coil (4 generally similar to that of 
Fig.1. The coil turns are distributed along con 
ductive member and are insulated from but 
electrically coupled thereto to provide in the net 
Work distributed shunt capacitance. For this 
purpose, an insulating sleeve or tape 5 is inter 
posed between the coil and conductive member , 
although this insulation may be omitted where 
the insulation of the coil (4 has sufficiently high 
dielectric properties. Member , for the case 
under consideration, is nonmagnetic so that the 
magnetic field distribution established by the 
turns of coil 4 is substantially undisturbed or 
undistorted by the presence of the core structure. 
In assembling the network it may be conven 

ient to apply an adhesive coating to the coil con 
ductor So that after the coil is wound over the 
core structure it may be dried in place to retain 
the desired angular relationship of the coil turns. 
Alternatively, guide slots may be provided to 
retain the coil turns in this angular relationship. 
An input terminal 6 is formed at one end of 
Winding 4 and an output terminal 7, for deriv 
ing delayed signals from the network, is provided 
at its opposite end. Conductive member is 
connected to a third or common terminal 8 
which usually is a ground connection, as illus 
trated. It will be seen from the end view of the 
time-delay network represented in Fig. 4 of the 
drawings that the coil turns have a circular shape 
When viewed in end elevation from a point normal 
to the axis thereof. 
The described arrangement will be seen to con 

stitute an unbalanced or three-terminal network. 
It is said to be a three-terminal network since it 
comprises an input terminal f6, an output ter 
minal , and a common terminal f 8. This net 
Work essentially constitutes a simulated trans 
mission line having distributed series inductance 
provided by the coil 4 and distributed shunt 
capacitance consisting of the distributed capaci 
tance of coil 4 with conductive member . The 
total time delay of the network is proportional to 
the geometric means of its total effective series 
inductance and total effective shunt capacitance. 

has the critical value, a coil constructed in ac- 75 The diameter and length of the core structure, 
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the size and type conductor utilized in fabricating 
coil 14, and the number of coil turns are selected 
to afford Such values of series inductance and 
shunt capacitance that the network produces a 
desired total time delay. In this connection, it 
will be appreciated that an increase in the diam 
eter of the core structure and coil results in higher 
values of inductance and capacitance, while in 
creasing the number of turns increases primarily 
the inductance. 
Such a network, including an elongated coil in 

accordance with a preferred form of the present 
invention, has an approximately uniform phase 
slope over a selected operating frequency range 
wide enough to preserve the shape of a pulse sig 
nal having a duration much less than the network 
delay. The phase characteristic will be fully ex 
plained with reference to the curves of Fig. 5. 
These curves designate the envelope delay, which 
is equal to the phase slope or the rate of change 
of phase angle with angular frequency, of time 
delay.networks of the type under consideration. 

Curve A shows the phase slope for a prior net 
work arrangement wherein the coil turns are po 
Sitioned approximately normal to the longitudinal 
axis of the coil. Usually, the self-inductance and 
mutual inductance of Warious Sections of the coil 
are regarded as constant because uniform cur 
rent distribution therealong is ordinarily as 
Sumed. However, in time-delay network applica- : 
tions, there is a continual increase in the lagging 
phase angle along the coil from the input to the 
output terminals. The phase angle from one end 
to the other may be several complete cycles at the 
high frequencies of the network pass band so all 
phases of current may be present simultaneously 
in different axially spaced sections of the coil. 
The effective mutual inductance of the coil is 
materially decreased under these conditions be 
cause sections having currents of opposite phase 
provide negative mutual inductance which par 
tially cancels the positive mutual inductance con 
tributed by coil sections having currents of the 
same phase. At low frequencies the coil sections 
having currents of opposite phase are relatively 
Widely separated, giving Only a small reduction 
in effective mutual inductance. At higher fre 
quencies, sections with currents of opposite phase 
are closer together, producing a large reduction 
in effective mutual inductance. As a consequence, 
the total effective inductance of the coil in the 
delay network is a maximum at the low frequen 
cies and decreases substantially at the higher fre 
quencies. The change in inductance causes a re 
duction in the time delay or phase slope at the 
higher frequencies, as shown by curve A, and in 
troduces one form of phase distortion because 
the high-frequency components of an applied 
signal arrive at the output terminals before the 
lower frequency componentS. 

For distortionless signal translation a uniform 
phase slope over the desired operating frequency 
range is necessary. For the case under considera 
tion where it is contemplated that the network 
is to operate over a frequency range O-FL, curve 
B represents the desired phase slope. In contrast 
With this curve, curve A shows the phase dis 
tortion inherent in a conventional network hav 
ing a large value of inter-turn inductive coupling. 
In order to avoid this form of distortion, the 
network embodying the invention has a coil 
with minimized mutual inductance between 
axially Spaced sections in which currents of op 
posite phase are likely to occur within the oper 
atling frequency range. Some reduction in ef 
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6 
'fective mutual inductance and consequent phase 
distortion, is unavoidable at extremely high fre 
quencies in any coil construction of the type un 
der discussion, as indicated by the curves of Fig. 5. 
However, with this invention it is possible to 
minimize the distortion over a selected operating 
frequency range. 
Where the coil-turn angle 8 has the aforemen 

tioned critical value of approximately fifty-five 
degrees the phase slope may be represented by 
Curve. C, which is approximately uniform over the 
Operating frequency range. This improvement in 
phase slope Over that of curve A obtained with 
prior delay, networks is attributable to the fact 
that, where angle 0 has its critical value, there is 
Substantially no inductive coupling between turns 
of the coil having an axial separation equal to 
or greater than the coil diameter D. The condi 
tion of curve B may be realized by using a slightly 
greater value of angle 6, adjusted in accordance 
With the operating frequency range. 
Where the angle 0 has an excessive value much 

larger than fifty-five degrees, the phase slope may 
Vary in the nanner of curve E. This curve clearly 

5 indicates that the angular relation of the coil 
turns has its most pronounced effect in the lower 
portions of the operating frequency range. It 
also Shows that the phase slope for angles greater 
than fifty-five degrees varies in an opposite sense 
from that of curve A and may thus provide a 
phase, correction, to realize the desired condition, 
indicated by curve B. 
A time-delay network of the type illustrated in 

Fig. 3 having the phase slope characteristics of 
curves B or C may translate an applied pulse 
SEbstantially free of phase distortion even though 
the pulse duration is less than the time delay of 
the network. Such a network may be coupled 
through its terminals to any desired signal-trans 
lating System. It may be used for example to ob 
tain desired time delays of applied transient sig 
nals. Also, through appropriate termination of 
the output terminals echoes or reflections of an 
applied. Signal may be obtained as with conven 
tional reflecting transmission-line arrangements. 
While there have been described what are at 

present considered to be the preferred embodi 
ments of this invention, it will be obvious to those 
skilled in the art that various changes and modi 
fications may be made therein without departing 
from the invention, and it is, therefore, aimed 
in the appended claims to cover all such changes 
alld modifications as fall within the true spirit 
and scope of the invention. 
What is claimed is: 
1. An elongated coil exhibiting a predominantly 

reactive impedance, having a longitudinally ex 
tending axis, a certain maximum diameter in a 
plane normal to the axis, and an axial length ex 
ceeding Said diameter comprising, a plurality of 
coil turns distributed along said axis and angular 
ly displaced with reference to said normal plane 
by an angle of at least thirty degrees so that the 
inductive coupling of each coil turn with any 
other coil turn axially spaced therefrom by a 
distance at least equal to said diameter is sub 
stantially less than the coupling between coil 
turns having the same axial Separation but po 
Sitioned normal to said axis, said coil turns hav 
ing a circular shape when viewed in end eleva 
tion from a point normal to said axis. 

2. An elongated coil exhibiting a predominantly 
reactive impedance, having a longitudinally ex 
tending axis, a certain maximum diameter in a 
plane normal to the axis, and an axial length 



9,322,73i 
7 

exceeding said diameter comprising, a plurality of 
coil turns distributed along said axis and angul 
larly displaced with reference to said normal 
plane by an angle of approximately fifty-five de 
grees So that the inductive coupling of each coil 
turn with any other coil turn axially spaced 
therefrom by a distance at least equal to Said 
diameter is substantially Zero, said coil turns hav 
ing a circular shape when viewed in end eleva 
tion from a point normal to Said axis. 

3. An elongated coil exhibiting a predominantly 
reactive impedance, having a longitudinally ex 
tending axis, a uniform diameter along its length 
measured in a plane normal to the axis, and an 
axial length exceeding Said diameter comprising, 
a plurality of similar coil turns uniformly dis 
tributed along said axis and angularly displaced 
with reference to said normal plane by an angle 
of at least thirty degrees so that the inductive 
coupling of each coil turn with any other coil : 
turn axially spaced therefrom by a distance at 
least equal to said diameter is substantially leSS 
than the coupling between coil turns having the 
same axial separation but positioned normal to 
said axis, said coil turns having a circular shape 
when viewed in end elevation from a point nor 
mal to said axis. 

4. In a time-delay network including an elon 
gated conductive member having a longitudinally 
extending axis, an elongated coil, which in Space 
exhibits a predominantly reactive impedance, co 
axially aligned with said conductive member, hav 
ing a certain maximum diameter in a plane nor 
mal to said axis, and an axial length exceeding 
said diameter comprising, a plurality of coil turns 
distributed along said conductive member and in 
sulated from but electrically coupled thereto to 
provide in said network distributed shunt capaci 
tance, said coil turns being angularly displaced 
with reference to said normal plane by an angle : 
of at least thirty degrees so that the inductive 
coupling of each coil turn with any other coil 
turn axially spaced therefrom by a distance at 
least equal to said diameter is Such that said 
network has approximately uniform phase slope 
over a selected operating frequency range. 

5. In a time-delay network including an elon 
gated conductive member having a longitudinally 
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8 
extending axis, an elongated coil, which in space 
exhibits a predominantly reactive impedance, co 
axially aligned with said conductive member, hav 
ing a certain maximum diameter in a plane nor 
mal to said axis, and an axial length exceeding 
said diameter comprising, a plurality of coil turns 
distributed along said conductive member and 
insulated from but electrically coupled thereto 
to provide in said network a distributed shunt 
capacitance and to establish Within the said coil 
a magnetic field distribution substantially un 
disturbed by the presence of Said conductive 
member, said coil turns being angularly displaced 
with reference to said normal plane by an angle 
of approximately fifty-five degrees So that each 
coil turn has substantially zero inductive coupling 
with any other coil turn axially spaced there 
from by a distance at least equal to said diameter 
and Said network has substantially uniform phase 
slope over a selected operating frequency range. 

6. In a time-delay network including an elon 
gated conductive core structure having a lon 
gitudinally extending axis, an elongated coil, 
which in space exhibits a predominantly reactive 
impedance, wound over said core structure, hav 
ing a certain maximum diameter in a plane nor 
mal to said axis, and an axial length exceeding 
said diameter comprising, a plurality of coil turns 
distributed along said conductive member and 
insulated from but electrically coupled thereto 
to provide in said network a distributed shunt 
capacitance, said coil turns being angularly dis 
placed with reference to said normal plane by an 
angle of at least thirty degrees so that the induc 
tive coupling of each coil turn with any other 
coil turn axially Spaced therefrom by a distance 
at least equal to Said diameter in such that Said 
network has approximately uniform phase slope 
over a Selected operating frequency range. 

HAROLD A. WHEELER. 
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