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A Dielectric-Free Superconducting
Coaxial Cable

CHRISTOPHER ROSE, MEMBER, IEEE, AND MICHAEL J. GANS

Abstract —We have investigated the theoretical properties of a dielec-
tric-free superconducting coaxial cable with a magnetically levitated inner
conductor. We found that at 100 GHz the intrinsic attenuation along such
a cable is on the order of a 0.1 dB per kilometer. Furthermore, for a given
cable, the loss is proportional to the square of the frequency. Thus, at 10
GHz, one could expect losses on the order of 10 3 dB/km. This low loss,
coupled with a generous signal to noise ratio (=80 dB at 100 GHz
bandwidth), helps provide bit rates of 100 Gbit/s over 600 km. At 10
Gbhit/s the distance increases to over 60000 kilometers: about 1.5 times
the earth’s circumference. Such a high-bandwidth, extremely low loss
electronic transmission medium might be of interest for very long distance
repeaterless communications. In addition, since efficient means of tapping
coaxial media already exist, local area network applications with in excess
of 10* users could be supported. The two properties of superconductors
central to this application are (1) very low intrinsic loss and (2) expulsion
of magnetic flux. Low loss allows high-bandwidth dispersionless transmis-
sion. Magnetic flux expulsion permits magnetic support of the inner
conductor, thereby avoiding the large dielectric losses associated with any
support material.

I. INTRODUCTION

HE CURRENT rage of activity in superconductivity
research and the tantalizing hints of room tempera-
ture superconductors have sent researchers worldwide
scurrying in search of clever uses for superconductive
materials. In our own scurrying we investigated the theo-
retical properties of an ideal superconducting coaxial cable
(see Fig. 1) for the transmission of information over large
distances (many kilometers). We found that at 100 GHz
bandwidth the intrinsic attenuation along such a cable is
on the order of 0.1 dB per kilometer. Furthermore, for a
given cable, the loss is proportional to the square of the
frequency. Thus, at 10 GHz, one could expect losses on the
order of 1073 dB/km. This low loss, coupled with a
generous signal to noise ratio, provides bit rates of 100
Gbit /s over more than 600 km. At 10 Gbit/s the distance
increases to over 60000 kilometers: about 1.5 times the
earth’s circumference. Such a high-bandwidth, extremely
low loss electronic transmission medium might be of inter-
est for very long distance repeaterless communications. In
addition, since efficient means of tapping coaxial media
already exist, local area network applications with in ex-
cess of 10* users could be supported in principle.
As a means of realizing such a system, cousider an
idealized coaxial cable wherein the inner and outer con-
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Fig. 1.  Schematic representation of idealized coaxial cable. Inner con-
deuctor (radius &) centered in outer conductor (radius b) and magnetic
field between inner and outer conductors produced by current flowing
into inner conductor. Lines of magnetic flux are compressed below
inner conductor and expanded above. This produces a field gradient
over the surface of the inner condeuctor and thereby produces a net
force upward.

ductors are separated by free space. Such a structure seems
implausible since the inner conductor must be mechani-
cally supported. Thus, the more usual structure, in which
the space between the inner and outer conductors is filled
with some rigid material, was considered. Unfortunately,
the insertion of even the best solid dielectrics (i.e., quartz
or Teflon) produces losses on the order of 1000 dB/km at
100 GHz. Cleverness such as using only a thin fin of
dielectric for support is ineffective in greatly reducing loss.
Thus, some other means of mechanical support was sought.

Since superconductors expel all magnetic flux from their
interior (Meissner effect) and also offer zero resistance to
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dc current flow, we then investigated the possibility of
magnetically suspending the inner conductor. We found
that the passage of dc current along the inner conductor
would be sufficient to stably hold the inner conductor in
place with magnetic forces: as if by magic (see Fig. 1). The
result is a superconducting coaxial cable with high band-
width and extremely low loss.

We begin with a brief introduction to the relevant super-
conductor properties followed by a review of the lumped-
element model for coaxial transmission lines. With this
background we will calculate the expected losses for ideal
and dielectric-filled superconducting coaxial lines. Mag-
netic levitation of the inner conductor will then be intro-
duced. To help evaluate the efficacy of a superconducting
coaxial cable as a communications channel, we will then
consider the allowable transmission power from which a
signal to noise ratio may be obtained.

II. A BRIEF SUPERCONDUCTIVITY PRIMER

For the new superconductors, any detailed discussion of
theoretical properties is partly anecdotal since very little is
known about these new materials. In addition, the physics
of even the well-known superconductive materials is suffi-
ciently complex that their inclusion here was deemed inap-
propriate. Thus, we make a number of simplifying assump-
tions about the new superconductors and the application
we propose. The reader desiring more depth is referred to
(1]-15]-

For example, we assume that the new superconductor
properties are sufficiently similar to those of previously
known superconductors, so much of the same theory is
applicable. We will also assume that the material is homo-
geneous (unlike present materials [6], [7]) and that it is
never driven into a “mixed” state, wherein nonsupercon-
ducting regions are formed in the material. Consider now a
basic macroscopic model of superconducting materials
which will allow a quantitative examination of supercon-
ductor properties.

A. The London Two-Fluid Model

The basic idea of the London two-fluid model [5] is
straightforward. Two types of charge carriers are presumed
in superconducting materials: normal electrons, which ex-
perience lossy collisions, and superconducting electrons
(Cooper pairs), which do not.

The current carried by both types of electrons in a given
electric field may be derived from Newton’s law F = ma.
The normal electrons experience an effective viscous drag
force of v, opposite to their directions of motion, where
v, is the average velocity of the normal electrons and » is a
viscous drag coefficient (N-s/m). All electrons experience
a force of — gE when placed in an electric field £ ( — ¢
being the charge of an electron) so that the total force
acting on the normal electrons is

(1)
where m is the electron mass. If we assume that the
normal electrons are rapidly accelerated to the point where

Fn=—(vz7,,+qE)=man=mﬁn
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the viscous drag exactly cancels the force exerted by the
electric field, we have

vv,=—qkE.

(2)

The current density is given by J,= —gn,(T)v, where
n,(T) is the normal clectron density as a function of
temperature, 7. Thus,

J.=a’n(T)E/v=0,(T)E

which is the usual Ohm’s law.

The corresponding relation for the superconducting elec-
trons is found similarly. Since the electrons experience no
viscous drag, we obtain

(3)

(1) == T)PE/m=0,(T)E ()

where n, (T') is the density of superconducting electrons
as a function of temperature. Equation (4) may be viewed
as Ohm’s law for superconductors and resembles the rela-
tion between voltage and current through an inductor with

o = 0.2%(T). The temperature dependence of 4, and o, is
given by [1], {5]

0,(T) =0, (T/T,)*

0,(T) =8, [1-(1/T.)"]

where T, is the superconducting transition temperature
(T.=93°K for YBa,Cu,0,_, superconductors [8]-[10]).
The value of g, has been found to be ~10° mho/m for
the YBaCuO superconductors [71, [8], [10].

Armed with (3), (4), and (5), a set of useful relations
may be derived from Maxwell’s equations. For the sake of
brevity, most are simply listed rather than derived. All
expressions given can be found in [1].

The propagation constant, k, in a superconducting ma-
terial is given by,

k? =#(HSL(T)+ jwo, (T)— wze).

)

(6)

The depth to which electromagnetic fields may penetrate
(skin depth) is then defined as A =1/Re[k].

For normal conductors where 8, (T)=0 and o(T)
isbassumed large, the skin depth is y2/wps,(T). For
superconductors 6., is the dominant term in (6). Thus,
using equation (5), we find A to be

A(T) = Ao \1—(T/T)" ()

where A,=1077 m [8], [10]. Since A(T) is small and
approximately independent of frequency, we see that su-
perconductors exclude virtually all magnetic field from
their interior (even at w = 0). This property, known as the
Meissner effect, is one of the tests for true superconductiv-
ity [1]-{3], [5}.

The intrinsic impedance (surface impedance) of the ma-
terial, n, may be found by taking the ratio of the electric
and magnetic fields perpendicular to the direction of wave
propagation [11], [12]. Written in terms of A(T) (for
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superconductors) we have

1
n=1wuo>\(T)\/1+jwux2(T)(on(T)+jwf) '

Typically, p = p, for superconductors in the normal state.

(8)

B. Superconductor Model Limitations

Of course there are various limitations. One such limita-
tion is on the frequency of field variation, f. The energy,
24,,,, required to decouple the superconductive paired
electrons is on the order of 25 to 30 meV for the YBaCuO
superconductors [13]. Thus, photons of frequency f,,,=
24,,,/h (where h is Planck’s constant) would drive the
superconductor completely normal. For frequencies f>
Jfeap/10, the superconductive properties begin to degrade
so that for the YBaCuO superconductors, the maximum
usable frequency is on the order of 1 THz.

Another limitation is on the magnitude of the field to be
expelled. Above the critical field, type Il superconductors
begin to support magnetic flux through their bulk and
eventually revert to their nonsuperconducting state [1]-{3].
Present measurements of the critical field, H,, for the
YBaCuO superconductors give H; = 0.08 T [8], [10]. The
expected theoretical bulk B, can be calculated using the
relation [1]

i)

B, 470(T) Ink 9
which is derived from thermodynamic arguments (®,=
2.069x10~" T m?). The measured value of k is in the
range 40 <« <150 [8], [10], [14] for the YBa,Cu;0,_;
superconductor. Setting A(T') =10"7 m, we obtain

006 T<B,<0082T

which is in agreement with observed behavior.

(10)

III. SUPERCONDUCTING COAXIAL CABLE
A. Lumped Element Model for Coaxial Cable

Consider a coaxial cable with circular cross section. We
assume only radial electric ficlds during transmission (TEM
propagation). If the frequency of operation, f, is con-
strained by

2c 1
< —_—
1.8737(a + b) (11)

where ¢ is the speed of propagation along the cable and a4
and b are the inner and outer conductor radii respectively,
then only one solution to the field equations (mode) will
propagate in the cable [12]. This fundamental mode (TEM
mode) mas the property that in the absence of loss, a brief
but band-limited voltage pulse will propagate along the
cable without distortion. This feature is attractive from the
standpoint of information transmission over long dis-
tances.

Given that f satisfies (11), a lumped-element transmis-
sion line model may be used [11] with C the capacitance
per unit length of the cable, G the shunt conductance per
unit length through the dieleciric, L the inductance per

f
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unit length, V(x) the voltage between the conductors, and
I(x) the current. Z_ is the intrinsic impedance of the
conductor multiplied by a geometric factor.

The values of these parameters in terms of 4 and b and
the material properties are given by

C= 2775/1n( b) (12)

a

b
G= 2vrewtan8/ln(;) (13)

b
L=ﬁ91n(—) (14)
20 a
1 1
B
Z, == (15)
27

The values tand, p,, and e are defined as the loss tangent
of the dielectric, the permeability, and the permittivity,
respectively. These values are tabulated for various materi-
als at different frequencies in [15].

If solutions of the form I(z,¢), V(z,t)= Ae*%/*' are
assumed, then a relation between k and the model param-

eters can be obtained [11]:
(1/a+1/b) )( 7 )
In(b/a) |\ jopo))

(16)

The real part of k determines the loss of signal energy and
the imaginary part of k determines the delay experienced
by different frequency components of the signal (delay
spread). Both loss and delay spread can induce distortion
(i.e., pulse spreading) in a signal traveling along the cable.
Such pulse spreading reduces the number of pulses which
can be sent during a given time period, which effectively
reduces the bandwidth of the cable for a given length.

1+

k?=— o’pe(1— jtand)

B. Unsupported Inner Conductor

If the inner conductor of Fig. 1 is assumed to float in
free space, then the loss tangent tand disappears. The
propagation constant is then given by

. (1/a+1/b)\( =
S e B

The expression for 4 (eq. (8)) may be approximated by
noting that we << 10,(T) and wo, (T)pA*(T) < 1. The as-
sumption leads to an expression for the loss factor, a=
Re[k]:

(1/a+1/b)

a= wz, Boeo ioX'(T )0, (T') 4In(b/a)

) (18)

and phase factor, 8 = Im[k]:

= Wyt

1+}\(T)( (1/a+1/6) )) (19)

2In(b/a)

Since B varies linearly with w to a first approximation, the
structure exhibits no delay spread.
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Fig. 2. Loss versus frequency for an ideal superconductive coaxial
transmission line. Loss is glotted in dB/km as 20 x 10° log ,se*, where
a = 0.5372 X @lu,&opoNy0, R(T) and R(T) = (T/T)*1 -
(T/T)*)~ ">, Changes in w,,,, imply changes in the dimensions of the
cable (see eq.(21)). Ratio of outer conductor to inner conductor is
assumed fixed at the minimum loss ratio of b/a=3.6, ¢, =885X%
10" ?F/m, py =47 x10""H/m,q, =10°mho/m, A, =10""m. Plots
are made for 7/T, =0.5(R(T) = 6.88 x10~?),

To remove the dependence of (18) on physical dimen-
sions @ and b, we assume single-mode operation at fre-
quency w, .. so that by (11),

a+b=2.1356/ 1€ Omax- (20)

We then choose b/a = 3.6 for minimum loss [12], use (20),
and include the temperature dependence given in (5) and
(7). Equation (18) then becomes

. -3/2

T\* T\*
a=0.5372% wzwmaxeou%}\3oon0( 7) 1- (F)

(21)

In Fig. 2 we plot the loss, ¢% in dB/km versus fre-
quency for various maximum frequencies, w,,,.. The tem-
perature, 7T, is assumed to be T, /2 (see caption for further
details). For w,,,, = 27 x 10" rad/s we see that the maxi-
mum loss of = 0.1 dB/km occurs at the maximum fre-
quency of 100 GHz. If we assume that a Gaussian pulse

propagates along the cable, a related figure of merit is the -

distance at which the pulse width doubles. For the parame-
ters of Fig. 2, w,,, =27 X10" and pulse width 107! s
(100 Gbit/s), the pulse may travel =1200 km before
doubling in width.! This maximum useful distance is plot-
ted versus w,,, in Fig. 3.

"The pulse width is defined to be 20, where 67 is the variance of the
Gaussian pulse. For wmax = /0, the power in the signal at the band
edge (wmax) is more than 4 orders of magnitude smaller than the
maximum power (at w = 0). Thus, the signal fits well within the band. A
more extensive treatment of Gaussian pulses in dispersive -media is
provided in Appendix II.
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Fig. 4. Loss versus frequency for copper coaxial cable. Loss is plotted
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For comparison, the much greater loss versus frequency
characteristic for copper coaxial cable is provided in
Fig. 4.

C. Inner Conductor Supported by Dielectric

In this case the shunt conductance G is nonzero at high
frequency. If we assume negligible loss in the conductor we
obtain

(22)

tan8)k

kz,-wm;(1-j
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The loss factor due to the dielectric, oy geqrne, 1 then

tand

X gjelectne — @ 2 \/AU“O€ .

For a good dielectric such as Teflon with a loss tangent
=6x107* (15100 GHz) and a relative dielectric con-
stant of =2 [15], ayepectne = @ X 1.41X10712, For w,, =
27 X100 GHz, @ 4qecne 1S approximately 69000 times
greater than the intrinsic loss of the superconducting cable
at best. For a 10 GHz cable (w,,, =27 X10 GHz), this
ratio increases by a factor of 100. It is readily seen that to
decrease the dielectric loss by simply using less dielectric
would be difficult. For a cable with outer conductor radius
1 mm, reduction of the amount of dielectric by a factor of
69000 results in a supporting dielectric fin 0.023 pm thick.
Even if such a thin slice of material could support the
inner conductor, other effects, such as the tendency of the
wave front propagating down the cable to be directed into
the dielectric due to the lower propagation speed in the
dielectric, will increase the loss and favor dispersion. Thus,
the insertion of any solid dielectric severely degrades the
performance of the superconducting cable.?

(23)

V. SurPORT WITHOUT A DIELECTRIC
A. Magnetic Levitation

To avoid the insertion of a lossy dielectric support, we
wish to levitate the inner conductor of a coaxial cable in a
magnetic field. By passing a dc current through the inner
conductor, circular magnetic flux lines between the inner
and outer conductors are trapped (Fig. 1). Any movement
away from center of the inner conductor will compress
flux lines. Since magnetic flux lines resist compression
(qualitatively), a restoring force is generated which tends
to float the inner conductor. The model of Fig. 1 is treated
analytically in Appendix I. However, let us consider a
simplified problem from which we can obtain some intu-
ition.

Consider a current line of magnitude I located between
(and running parallel to) two superconducting plates sepa-
rated by 2d. The superconducting plates will not permit
any magnetic flux normal to their surfaces. This boundary
condition may be met conceptually using the method of
images [1] to place an infinite set of image currents each
with magnitude 7 as shown in Fig. 5. Notice that the
direction of the image currents alternate as y increases or
decreases. Also notice that current lines traveling in the
same direction are separated by 4d independent of A, the
deviation of the original current line from y = 0. Thus, we

*It should be noted that the properties of a dielectric depend upon
temperature as well. Specifically, the loss tangent usually decreases with
temperature. For Teflon at 4.2 K the dielectric loss tangent was theoreti-
cally approximated as < 2x10~7 [16], a reasonable value for our appli-
catton. However, dielectric loss is presumed to increase with the square of
the temperature so that at liquid nitrogen temperatures (77°) the loss
would be =3.9% 1073, which would make the cable at best 4485 times
more lossy than the superconducting cable (wmax =100 GHz): more
reasonable than 69,000 but stll not acceptable. See [16] for details on the
variation of dielectric constant with temperature.
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Fig. 5. Image current representation of a current line located between
two superconducting plates located at y = +d. Real current line 1s
located at y = A. All other current lines are images.

could consider the arrangement of Fig. 5 as two interwo-
ven “combs” of oppositely directed currents.

An ntuitive feel for the force exerted on the real current
line may be obtained by noting that current lines carrying
oppositely directed currents repel whereas current lines
carrying current in the same direction attract. These repul-
sive and attractive forces have a 1/ dependence for this
axially symmetric geometry. If the tines of the two combs
are equidistant then no net force results. If, however, the
real current is moved away from y =0, then the mutually
repulsive combs are brought closer together and a restor-
ing force is generated. Thus, we might expect that there
will be zero force at zero displacement from center and
that this force will increase toward oo as the current combs
grow closer together (r — 0).

A further observation may be made by considering that
superconductors can withstand only limited magnetic field
intensities before entering the mixed state or reverting to
normal. The field intensity at the surface of the current
line is infinite (r = 0). Thus, we might expect that if we are
to avoid exceeding a given maximum magnetic field (B,,,,)
the amount of current passed through the line must be
decreased as the line is brought closer to the superconduct-
ing plates.

The qualitative effect of this assumption on the force
versus displacement curve would be to drive it toward zero
rather than oo as the line is brought into contact with the
superconducting plate. So in total, we should expect an
initial increase in restoring force as the line is moved away
from center (A =0), peaking at some critical value and
then returning to zero as A — 4.

Our qualitative suspicions are verified by calculation of
the exact relation between force and displacement for a
cylindrical conductor in a cylindrical shell (Appendix I).
Plots of the corresponding force versus displacement char-
acteristics for various inner/outer conductor ratios, vy, are
shown in Figs. 6 and 7. For a coaxial cable with b =0.79
mm, a=0.22 mm (100 GHz maximum frequency, y =
1/3.6), A =0.079 mm, (10 percent displacement from cen-
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Fig. 7. Exact solution for maximum force on inner conductor as a
function of A /b.

ter) and an assumed critical field of B, =0.06 T, the
maximum restoring force is 0.21 N /m. Thus, with a weight?
of =0.01 N/m the inner conductor can be kept well
within a 10 percent displacement from center and requires
0.013 T to be kept at exactly 10 percent.

*The new superconductors are approximately 6.5 times as dense as
water assuming a 3.821X3.900x11.68 A orthorhombic crystal structure
and the chemical formula YBa,Cu;0; [8]. Thus, a YBaCuO rod of radius
0.22 mm would weigh 9.8 X10~* kg/m and generate a force on earth of
about 0.01 N /m. For comparison, silver is 10.5 times as dense as water,
lead 11.35 times [19].
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B. Levitation from Initial Rest

With no dc current flowing, most of the inner conductor
of the cable will rest against the outer conductor. This
raises the question of how the inner conductor can be
levitated into place from initial rest. The magnetic field
imposed upon the inner conductor when current is applied
varies from infinity at the first point of contact between
the inner and outer conductors to under B, on the oppo-
site side of the inner conductor. As a worst case we may
assume that when B, is exceeded, the material reverts to
its normal state and effectively ceases to conduct. We then
ask, how much of the inner conductor is rendered normal
by the intense magnetic field? Or, equivalently, we may
ask at what point in the inner conductor does the field
strength drop below B,,? If this distance is small relative to
the diameter of the inner conductor, then we can argue
that the nonconducting region may be ignored (assumed
absent or ablated) with little total effect on the field. For
analytical purposes, this scenario corresponds to levitating
the inner conductor, assuming some initial displacement
(and thus noninfinite field strengths). We now determine
the separation at which enough force exists for levitation
while the peak magnetic field is maintained below B,;.

Consider Fig. 8, which is a logarithmic plot of the
maximum force versus displacement for a coaxial cable
with outer conductor radius 3.6 times that of the inner
conductor. The abscissa differs slightly from that of Fig. 7
in that zero displacement corresponds to the inner conduc-
tor in contact with the outer conductor and a displacement
of 1 implies that the inner conductor is centered. Again
assuming that a=0.22 mm and b= 0.79 mm, the inner
conductor weighs approximately 0.01 N/m. If we assume
a critical field of B,,, = 0.06 T, then the corresponding
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normalized forces in Fig. 8 is ~3.5X10~% We thus find
the initial displacements above =10 % will allow the
inner conductor to be lifted toward center. A displacement
of 107°b corresponds in this case to an initial offset of
only 79 A. Thus, using the argument of the preceding
paragraph, levitating the inner conductor into place from
initial rest should not prove to be a problem.

V. SIGNAL/NOISE AND MAXIMUM REPEATERLESS
DiISTANCE

An important figure of merit for any transmission
medium is the distance a signal may travel and still be
correctly detected at the receiver. Aside from pulse spread-
ing, the relevant factors are

1) acceptable error rate: e,

2) receiver noise: ng,

3) intrinsic transmission medium noise: #,,,
4) signal power at receiver: P,

5) signal attenuation with distance: a.

A. Error Rate and Noise Sources

Let us assume that all noise processes are white and
Gaussian over the frequency band of interest. Further-
more, set the acceptable bit error rate (BER) to 10~°. The
signal power to noise power ratio (SNR) necessary to
achieve this BER is approximately 36 (on/off keying) [20].
If we assume a receiver whose impedance is matched to the
impedance of the cable, we obtain a receiver noise power
of

ng=kTAf (24)

where k is the Boltzman constant (1.38 1072 J/K), T is
the temperature, and Af is the signal bandwidth [21].
Since large dc currents are necessary to magnetically
support the inner conductor of the coaxial cable, we may
expect in the worst case a noise contribution from statisti-
cal variation in the dc current, I, (shot noise). This noise
will manifest itself to the receiver by its accompanying
clectric field (voltage) of magnitude V=1 _ Z ;. where

In(b/a)

Zeavte =VL/C = —F—yn/e. (25)
The rms value of I .. is y2ql, Af, where ¢=1.602X
107 'C is the electronic charge. Thus,

In(b/a)

np= (quCAf)TW- (26)

B. Power Capacity of Cable

Electrical arcing and critical field, B, limit the power
which may be carried by the cable. From subsection IV-A
we see that a field of 0.013 T will hold the inner conductor
(b =0.79 mm, a = 0.22 mm) to within 10 percent of center.
This dc field of 0.013 T corresponds to a dc current of 13.5
A (Appendix I).

The E field should not exceed the breakdown field of
air (3.0x10% V/m [11]), which, if we allow a factor of 2
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TABLE 1
COMPARISON OF SUPERCONDUCTOR PROPERTIES

- YBa,CuzO;_, | Niobium(Nb) | Lead(Pb)

T,(°K) 93 9.25 7.2

0, (mho/m) 10° 8x 10° 5% 10°

H,,H,(Tesla) 0.08 0.2 0.08
Ao(meters) 1077 0391077 | 0.37x1077

relative loss 1 4.7 2.5

margin, suggests E,, <1.5X10° V/m. Likewise, let the
critical field, B, have a theoretical value of 0.06 T. With
0.013 T used to support the inner conductor and again
assuming a safety factor of 2, we obtain B, <0.024 T.

Since,
B

Fo
E=Hy — =
€ e

(27)

we have

(E,s<1.5x10°V/m) — (B <0.005 T) (28)

(B3, <0.024T) - (E<7.18X10° V/m).

Thus, the power is electric field limited.

The total signal power carried by the coaxial cable with
peak field E; =1.5X10° V/m is then [12]

1 2 b
Py = (Ega)27in ;—\/e/,uo =1.16kW.  (29)

C. Maximum Repeaterless Distance

The total signal to noise ratio is

PS
SNR =

ng +ny

(30)

Assuming a temperature of 7= 300 K and a signal band-
width of Af =10 Hz, (24) gives np =4.14x1071® W, If
I,,=135 A and b/a=36, then n;=332x10"° W.
Therefore, the available signal to noise ratio is limited by
the dc current shot noise. Evaluation of (30) yields

SNR,,, = 5x107= 77 dB. (31)

Thus, for a BER of 10~ a link margin of 1.39 X106 = 61.4
dB is obtained. This implies that a 100 GHz signal (which
by Fig. 6 has 0.1 dB/km attenuation) may travel = 614
km without amplification or that the cable may be tapped
10 times in principle.

V1. DISCUSSION

A. Comparison to Normal Superconductors

It is worthwhile to note some of the differences between
the new superconductors and the old (aside from transition
temperature). For example, consider the values given for
niobium (Nb), and lead (Pb) [1] in Table I. Of particular
importance are the differences in skin depth, A, and
resistivity, o, since they affect the loss, a, as given by
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(18). For a given coaxial structure operating at a given
frequency and temperature (normalized to 7)), the relative
loss is given on the last line of the table. We see that the
older superconductors with their more shallow skin depths
and higher normal conductivities would have about the
same loss as the newer high-temperature superconductors
although the mechanism by which the low loss is achieved
is different for the lower temperature superconductors.
Specifically, their shallow penetration depths offset their
high conductances, whereas for the high-7, material, its
markedly lower conductance offsets its larger penetration
depth. Also note that a superconductor such as niobium is
more suited to the levitation process since its critical field
is substantially larger.

B. Mechanoelectric Considerations

The interactive effects of mechanical vibration and elec-
trical signal variation (i.e., temporal signal variation) may
cause instabilities in the mechanical support. Vibration

will certainly cause spurious electrical signal propagation

as well as possible mechanical instability.

The issue of mechanoelectric coupling is probably not
troublesome, however. By examining Fig. 7 we see that the
restoring force acting on the mass of the inner conductor
may be modeled by a Hookean spring attached to a mass.
For b=0.79 mm, a=0.22 mm, and 10 percent displace-
ment, we find the necessary current to be 13.5 A. The
spring constant value* is then k =126.6 (N/m)/m. The
mass of the inner conductor is m=9.88x10"* kg/m.
Therefore, the mechanical resonant frequency of the sys-
tem is f . =vk/m /27 =60 Hz. Thus, if signal compo-
nents below, say, 100 Hz are prohibited (filtered), then the
problem of introducing instability into the mechanical
support by electrical signal variation should be eliminated
and likewise any spurious signal due to mechanical reso-
nances near 60 Hz would be ignored.

However, environmental vibrations near the resonant
frequency could prove troublesome since they might intro-
duce mechanical instability or possibly impedance varia-
tions along the cable, which could foster dispersion. Since
environmental vibrations in the tens of Hz range are likely,
some means of either isolating the cable and /or damping
the resonant response may be necessary.

A strictly mechanical consideration is the stiffness of the
inner conductor. If the inner conductor is stiff, then any
bending of the cable will force the inner conductor against
the sheath wall at some point farther along the cable (since
the magnetic levitation force would be unable to overcome
the inner conductor stiffness). Thus, the inner conductor
should be flexible.

C. A Brief Comparison to Optical Fiber Communication

The results of our analysis beg a comparison to light-
wave communications. Thus, Fig. 9 shows plots of theoret-
ical bit rate versus distance for an optical fiber and the

“k is taken from the slope of the force versus displacement curve at
zero displacement.
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Fig. 9. Bit rate versus distance for varicus optical fibers and supercon-
ducting coaxial cable with bandwidth w,,, =27 X 10! (100 GHz).

superconducting coaxial cable. Theoretically, supercon-
ducting coaxial cable compares favorably with currently
available optical fiber [22] for point-to-point transmission
at 100 GHz. At 10 GHz, however, where optical fiber is
loss limited, coaxial cable loss is still proportional to f2.
Thus, superconducting coaxial cable has the potential to
carry multi-GHz bandwidths over tens of thousands of
kilometers. Coaxial cable also has the advantage of being
able to support a large number of taps (10%) owing to its
large signal to noise ratio.> Currently, the number of taps
in a fiber optical system is limited to hundreds [23], [24].
This feature might be useful for distribution in a local area
network. In addition, rapidly tunable (frequency agile)
receivers and transmitters are currently available in the 100
GHz frequency range for electronics whereas no such
devices yet exist for optical communications. Nonetheless,
whether these seeming advantages can simplify the design
of certain types of communication systems is not presently
known.

Furthermore, consider that any communications appli-
cation such as a local area network would probably require
room-temperature (or higher) superconductors and, in ad-
dition, that a host of other difficult material processing
problems be solved. Nonetheless, it is interesting to con-
sider the possibilities, especially in the light of the intense
superconducting materials research effort.

VIIL

We have shown that a coaxial cable constructed from
the new high-7, superconductors could in principle carry
high information rates over large distances (100 Gbit/s
over 600 km, 10 Gbit/s over 60,000 km). A generous link

CONCLUSIONS

%= 60 dB margin at 100 GHz bandwidth assuming a 10™° bit error
rate.
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margin of 60 dB (100 GHz at 107 bit error rate) would
allow up to 10° taps in principle. The primary feature of
the cable design is the support of the inner conductor by
magnetic forces. This inovation allows the exclusion of
dielectric material for the mechanical support and thereby
greatly reduces loss. Such a cable might find utility in
long-distance repeaterless communications or in a dis-
tributed local area network where low loss, high band-
width, and the ability to provide a large number of taps
are important.

APPENDIX |
A CYLINDRICAL CONDUCTOR SUPPORTED IN A
CYLINDRICAL SHELL
(PROPERTIES OF ASYMMETRIC BIAXIAL LINES)

In this appendix we compute the forces on the center
conductor of coaxial lines with a displaced center conduc-
tor (biaxial lines). In addition we also determine expres-
sions for the propagation characteristics of such a line. Fig.
1 shows the cross section of an asymmetrical coaxial line.
The outside diameter of the center conductor is 2a and the
inside diameter of the outer conductor is 2b. The axis of
the center conductor is displaced a distance ¢ from the
axis of the outer conductor.

We assume perfect conductors with a transverse electro-
magnetic wave (TEM) of radian frequency w (which may
be zero, dc) propagating down the line. Then, from [25],
the electric and magnetic fields are given by

P pla  [2(x?- 4% - y?)+ $2xy]
o [ A+ ][+ 42+ 7]
L@k v /m (Al)
and
_ —I4 A2 _ 1 2_A2_ 2 Jwt—kz)
H= [£22 yﬁx 4 )]2e A/m.
T [(x—A) +y2][(x+A) +y2]
(A2)

The total current in the center conductor is TA; n =ity /¢,
Q is the free-space impedance; and k = wypge, rad/m is
the free-space propagation constant. The constant, A4, is
defined by

b*—c?—a?

A=\xi—a?, »

The origin of the coordinate system {x, y} is displaced a
distance x, from the axis of the center conductor. When
the center conductor is a superconductor, it will require
the magnetic flux at its surface to be maintained at less
than a critical amount. The maximum magnetic flux occurs
at the center conductor where it is closest to the outer
conductor and is given by

(A3)

X1=

pol [X%

Boe = toHopm = ——
max o max r7a

1 A4
Y —a (A4)

where p is the free-space permeability, 47 X10~7 H/m.
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Equation (A4) can then be used to determine the maxi-
mum allowable total current, 1.

Due to the asymmetry, the current in the center conduc-
tor in combination with the magnetic field will experience
a net force in the x direction, attempting to move the
center conductor back to the center of the outer cylinder.
This force can be computed by integrating J; X B; around
the center conductor, where we introduce the dimension-
less variables

a
: ratio of inner conductor radius to outer

Y=o
conductor radius (A5a)
c
A= 5 : relative displacement of inner conductor
from center of outer conductor (A5b)
so that

S Bl AwbAy? Y1-(A+ y)z

F=3x 32" (A6)
o [1-(y-a)]"

The characteristic impedance of the transmission line is
the ratio of total voltage, V, to total current, I. The voltage
is the line integral of the electric field from inner to outer
conductor (since V X E ), =0 the integral is independent
of the path in the transverse plane). The resulting charac-
teristic impendance is

[Ja -2y =y —Ja+a)"~+?]
n | i@y 1 (- o)
a-ay-v +ja+ay—y
=@ +9) = 1=y -a)

To compute the attenuation due to imperfectly conducting
walls with a surface resistivity, R, we integrate the con-
ductor losses over the conductor perimeters, assuming the
current densities associated with a lossless coaxial line [25].
The attenuation coefficient is the ratio of these conductor
losses, W;, to twice the transmitted power, W

WL
2w,

. (A7)

a =W,

_R A-y)[1+v) - 4]
Ayl [1- (v -8y

Np/m. (A8)

APPENDIX I
DISPERSION PROPERTIES OF TRANSMISSION LINES

In order to compare the bandwidth capacity of various
transmission lines it is useful to compute the length of line
that will spread a Gaussian pulse of a given duration to
double its width. We assume a band-pass Gaussian input
pulse

f(1) = (coswyt)exp(—t2/272). (A9)
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The full —4.34 dB ( =1/¢) width of pulse power envelope,
exp(— t%/7%), is 2 s. The RMS duration [27] of the pulse
power, f2(t), is

)

0)3’72)

4wir?exp (
1+ exp (

(A10)

where moments of f2(z) are

my, zfjo fi(t)dt = —‘/2£'r[1+exp

(=fr?)]

m1,=/°° (1) dt =

— oo

mz,Efoo 2f (2)dt = 2Jexp (= wr?)]

For narrow-band s1gnals wor>1, 1, =y2 7, which is the
RMS duration of the pulse power envelope. The spectrum
of the input pulse is give by its Fourier transform:

F(o) = [:of(t)e‘f“”dt

o] o]

—(w+ wO)Z%]} (A11)

— 1+ (123

+exp

with its inverse

£(0) ——/ F(w)ef“”dt

We divide F(w) into its positive and negative frequency
parts, Fi(w) and F,(w), respectively:

F(w) = F(e)+ B(e)

(A12)

1'2
F,(w)= —Texp[ (w+w0)27J. (A13)
The bandwidth of power spectrum around w, where the
power, [ F;(w)]?, is greater than its peak value divided by e
is, using (A10),
1 V2
~ —Hz.
w

r

BW, =

aT

(A14)

When the signal is passed through a transmission line
with transmission coefficient H(w), the Fourier transform,
G(w), of the output pulse is the product, F(w)H(w). For
narrow bandwidth, wyr>>1, we can divide the product
into positive and negative frequency parts:

G(w)=G1(w)+Gz(w) Gl(‘*’)’"'Hl(“’)F1(‘*’)
Gy(w) = Hy(w) F(w) (A15)

where H,(w) represents the transmission coefficient near
w=w, and H,(w) that near w=—wp. Since we are
considering real signals,

G(—w)=G*(w) or G(—w)=Gf(w). (Al6)
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The Fourier transform of the output pulse power, g%(t), is
[27, p. 27]

G.(e)=5- [ 6[r+

The moments of the output pulse power can be found
from the behavior of G, (w) near w =0 [27, p. 16]:

)G*(y— —) dy. (A17)

‘ dG,(0) d°G,(0)
m0=Gs(0) m1=.] dw m2= - dw2
(A18)

Since we only require G,(w) near « =0, for a narrow-band
pulse, using (A16),

1 00 w W
G()=3={ [ 6i[v+5 )61y e
[} w w
+ _sz(y+5)G;(y—5)dw}

or

G,(w)= %{fj;Gl[y-i_ ;]Gl* [y— g]dw}. (A19)

Let us define the transmission line transfer coefficient
H,(w) near w, as a third-order expansion of its exponent:

Hy(0) = exp[ao + by + (g + jO ) (@ — wp)
(o + j8,)(0 = wp)+ 8y (60— @)’]. (A20)

Note that a;, is set equal to zero to avoid exponential gain
for either w > w, or w << w,. Then we have

w 7 _
Gl(y+j2~) =1 7 TexP oy + jb,

w
""(“1"']'91)(}’““’0"’5)

7.2

w\2
+ a2+j02—?)(y—-w0+-5—)

+ j03(y —wy+ ;)S] (A21)

and with x = y — w,,

G y+ 56ty

7
= Efrzexp l2a0 +2ayx + jlw

2\ ( w?

+2 Ly (x2+—4— +2jb,xw
3

+ j03(3x2w+-z . (A22)
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Substituting (A22) into (A19) and integrating [26},
yrr?
277 =20, —3jTw

-exp {20{0 + jle +

G(w)=

o 7'2
NI P
7]

o’ o + j0w)
+j037+ (1 Jz)

. (A23
=20, —3jfw (423)

Using (A18) we obtain the moments and the RMS dura-
tion of g?(t):

262

2
T —2a,

240,6,0, + 962
2(1’2 - 2(12)2

7,2
l,,g=2 '5"—0124"
12

180765
(band pass). (A24)

$4—_—
(72“2(12)2

This formula is of interest because it shows the combined
effect of attenuation and phase coefficients on pulse
broadening. Thus, if the transmission line causes f,, =
2y2 7, it has doubled the width of the input pulse. The
derivation of the above results for a baseband pulse,
exp(—t%/27?%), gives the same results except a transmis-
sion line has a real bandband impulse response, whence
0,=a,=6,=0, and
1/2

2 9 032
(baseband). (A25)

T
— —a,+

2
2 27 ~2a;)
Let us now apply these formulas to some typical transmis-
sion lines. In the first example we assume phase dispersion

is negligible and that the attenuation grows as the square
of the frequency and linearly with length, L :

H(w)=e " ta/2, (A26)

For the baseband case ay=8,=a,=0,=8,=6,=0 and
a,=—«kL,/2. From (A25) the RMS duration is doubled
when (in agreement with [28]),
kL, 72 372
2 07 O e

If our input pulse had a bandwidth of BW, ,=10""Hz,
-1

fe=2

(baseband). (A27)

then from (Al14) 7=
T
attenuation (which exemplifies the superconducting coax-
ial line of subsection III-B),
2(.111)

1] -2
K= 5636 [(277')10 ]

=(6.5)10"* (Np —s?)/(km—rad?) (A28)

then L,=465 km for a baseband pulse. For the same
transmission line assume a band-pass pulse with the same
bandwidth centered at w,/27 =10!! Hz. If we substitute

(A29)

. If the transmission line had

0= (w- w0)2+2w0(w —wy)+ Wi

into (A26) we see that ay=60,=0,=0,=0,=0, a,=
—«kL,/2, and o, = — kwyL,. From (A24) we see that the
RMS duration is doubled when

2
r

kL T
A L=
K

——=3= or
2 2
which equals the result (eq. (A27)) for the baseband pulse
with this kind of transmission line.
In the next example we consider a rectangular supercon-
ducting waveguide as considered in [29, egs. (36) and (38)):

(band-pass)

L T+
a=0.165[100 GHJ T dB/km (A30)
and
B=—(21)106|:'1TOJ12}—HZ']V(f/fL)2—1 rad/km

(A31)

where f, is the cutoff frequency of the dominant mode in
the rectangular waveguide. Following [29], we consider the
dispersion at the top end of the recommended waveguide
band, f; =1.86f, with f, =80 GHz. Expanding (A30) and
(A31) around f; we have, for a waveguide of length L,

(w=27f),

alg=ay+a(w—0)+a,(w— wl)z

(A32)

and

BLy=0,+0,(0—w)+ 0 (w0—w )+ 80— w,)’
(A33)

and using (A24) we find that if L,=1 km the pulse
duration will be doubled for a pulse with bandwidth
BW, ., =243 MHz, which is about half that estimated by
eye closure in [29]. The 243 MHz bandwidth limitation is
due entirely to 8,. For example, if phase dispersion is
neglected (8, = 8, = 0), the waveguide length could be 715
km and still allow the full 60 GHz usable waveguide
bandwidth.

As a final example we consider the use of a periodic
waveguide to cause @, to vanish at the operating point.
Reference [30] describes a rectangular waveguide periodi-
cally loaded with capacitive diaphragms. For a waveguide
of width 2.3 mm and height 0.5 mm with 0.36-mm-high
diaphragms spaced 1 mm along the guide, the propagation
constant for lossless walls is given by

1.905—2xfl /c
0.535 }

where /= period of waveguide =1 mm. The phase shift
over a length L _is expanded around frequency f, (L., s
L, measured in millimeters):

BI = arccos { (A34)

L. 2
= —317‘=00+01277(f—f1)+02[27r(f—f1)]

+ 03[277(f'f1)]3- (A35)
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The requirement that 8, =0 at f, gives f; =91 GHz. Thus
in a lossless guide at this operating frequency, (A24) im-
plies a pulse-duration-doubling bandwidth of (for L, =
106mm)

BW, = =773 MHz. (A36)

-
W(‘/303)1/3

Thus, although eliminating the quadratic phase term 6,
with the periodic loading increased the bandwidth to 773
MHz from the 243 MHz of the straight waveguide, it is
still small relative to that of the levitated coaxial line. Also,
as indicated in [31], which derives the lossless version of
(A24), significant pulse distortion occurs when the disper-
sion is due only to 6,. :
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