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ward scattering, shadowing effects are also considered in

this work.

It is shown that the phase @iY(x) in (4.5) is stationary

when the local angle of incidence (liY = Oi —y approaches

the Brewster angle. However, at this angle, FVV(OO,, @_+O.

Thus the major contributions to the scattered surface

waves H,O do not necessarily come for the neighborhood

of the stationary phase points.

The full-wave approach presented here may also be

used to determine the coupling of electromagnetic fields

into and out of dielectric waveguides

boundaries.
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Comparative Testing of Leaky Coaxial Cables
for Communications and Guided Radar

DANIEL J, GALE, MEI@ER, IEEE, AND JOHN C. BEAL, biEbfBER, IEEE

Abstmet-Leaky coaxial cables are finding irscmasfng nse in cornrosmi-

cations systems fnvolving rein% tnnnel% raitroa@ and fdgfswaysj and iss

new obstacle detectio~ or guided radar, schem~ for ground transportation

and perimeter surveiffsnce. This paper deseribes the theory and operstion

of a new laboratory testing technique for these leaky cables based on a

novel form of cavity resonator. The teehnfque yields bigfsfy consistent and

repeatable resnfts that nsefnffy zwdst in the prediction of the perfornssssee

of fuff-size systesav, from a simple test on a SSSSSUsample of cable in a

hboratory Setttng.

A.

I. INTRODUCTION

Leaky Coaxial Cables

L EAKY COAXIAL cables are generating increasing

interest as a means of providing continuous-access

guided communications (CAGC) in tunnels and mines,
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and in guided ground transportation systems [ 1]– [3]. Many

different types are currently being marketed, or tested

experimentally, and a selection is shown in Fig. 1, with the

designations as used throughout this paper as described in

Table I. Also included is conventional twin feeder, Fig.

1(g), to draw attention to the major characteristics shared

by all the types illustrated. They are all open electromag-

netic waveguides in which the signal energy is guided

along a prescribed linear route, with the fields being

confined both inside the cable and outside it, within its

immediate vicinity, thus enabling signals to be coupled

into immediately adjacent mobile communications units.

With the exception of the twin feeder, all these leaky

cables are coaxial in form and include a partially open
outer conductor.

In all these cases where periodic holes or slots occur,

the spacing is very much less than a wavelength and all

the cables illustrated act as slow-wave open guiding struc-

tures or surface waveguides [4].

B. Guided Radar

A vast amount of work on surface waveguides for

railroad communications has been done in Japan and

elsewhere over many years and some of the earlier work

0018-9480/80/0900-1006$00.75 01980 IEEE
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TABLE I
PHYSICAL DESCRIPTION OF LEAICY COAXLU CASLSS

1007

Cable Nominal Approximate Approximate Outer Conductor Construction]
Family Charact- Outer COn- Refer to Figure 1 diagrams
md Type eristic ductor dia-

Impedance meter-mm
-G.

Dimensions - mm

Al 50 13.8 slot : 2.0 slOte./cm,
length = 6.5 width = 3

A2 50 13.8 slot : 2.0 slOts/cm,
length = 8 width = 3

A3 50 13.8 slot : 2.0 slOts/cm,
length = 12.5 width = 3

B1 50 13.8 slot: 2.0 slots/cm,
length = 4. width = 2

B2 50 13.8 slot: 2.0 slOts/cnl,
length = 6.5 width = 3 Low density

B3 50 13,8 slot ; 2.0 slOts/cm,
foam dielectric

length = 8. width = 3.

B4 50 13.8 slot : 2.0 slOts/cm,
length = 12. width = 3

)

c 50 13.7 0.5 holes/cm,
hole diameter = 8.3

D 50 7.8 optical cover = 66%

kFl 50 7.8 slit width = 9.3, 6 strands,
ax>al separation of strands = 4.2

‘H2 50 13.3 slit width = 12

* Other types of F and H cables have been tested.

FAMILY A AND FAMILY C
FAMILY B

&k

(a) @

FAMILY D FAMILY E

(c) (d)
/

FAMILY F FAMILY H

(e) (f)

FAMILY J

(0

Fig. 1. Leaky coaxiaf cable constructions and family designations.

included an investigation of their application to obstacle

detection [5]. At about the same time Ogilvy in the U.K.

also discussed guided radar on the railways [6]. Neither of

these papers included the use of leaky coaxial cables for

u II

Load,

Fig. 2. Guided radar concept.

obstacle detection schemes as such cables were not thm

available.

In the past five years a guided radar system has been

developed at Queen’s University, in association with the

Computing Devices Company (GUIDAR), based on the

use of leaky coaxial cables [7]–[9]. The immediate purpose

is the provision of perimeter surveillance around secure

installations such as penitentiaries, with possible extension

to use for obstacle detection on railroad systems, airport

runways, and highways, The basic concept of this guid{td
radar system is shown in Fig. 2. Two leaky coaxial cables

are mounted in parallel along the specific route to be

seamed. These cables may be mounted in air, on the

ground, or buried. A simple pulse transmitter is connected

to one cable and a receiver with appropriate signal

processing is connected to the other.
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Fig. 3. Two-cable cavity resonator.

C. Performance Parameters of Leaky Coaxial Cables

The two main parameters affecting the performance of

leaky coaxial cables in CAGC and guided radar systems

are attenuation, which limits the longitudinal range, and

“coupling,” which determines the overall sensitivity. At-

tenuation is relatively easy to measure by simple insertion

loss techniques although the accurate prediction of losses

in an actual working environment is much more difficult.

“Coupling” is the measure of the signal accessibility at a

given radial distance outside the cable and, being very

dependent on the particular installation and environmen-

tal aspects, is very difficult to assess. Some attempts have

been made to predict it based on waveguide concepts [10]

and on transfer impedance concepts [11], [12] but most

workers have relied on some simple measurement such as

that using a conventional field strength meter. It is obvi-

ous that this latter method can not be very reliable as it

must be seriously affected by local ground conditions.

This paper describes the theory and operation of a

novel testing technique for the “coupling” performance of

leaky coaxial cables that has been developed at Queen’s

University for use in a laboratory, based upon a form of

cavity resonator as shown in Fig. 3 and described later.

II. THEORETICAL MODEL OF THE CAVITY

RESONATOR

A. Coupled Transmission Lines

The two-cable cavity resonator as depicted in Fig. 3 can

be analyzed as a system of 3 coupled transmission lines,

the circuit equivalent of which is shown in Fig. 4. Cables 1

and 3 are leaky coaxial cables. The outer conductors of

cables 1 and 3 then form a two-wire transmission line that

becomes the third coupled line.

A single-cable cavity resonator consisting of only two

coupled transmission lines can be constructed by the

removal, in Fig. 3, of cable 3 and the insertion of a ground

plane, for example 90 cm beneath, and parallel to, cable 1.

The two-wire line is now formed by the outer conductor

of cable 1, and its image in the nearby ground. Two

theoretical models, based on coupled mode theory [13]–

[15], are outlined below for the single-cable cavity resona-

tor and for the two-cable cavity resonator, respectively.

The analysis extends over a frequency range from dc to

1 GHz. Cable parameters, including phase velocity, at-

tenuation, and characteristic impedance, are assumed to
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Fig. 4. Two-cable cavity resonator transmission line model.

apply here to the leaky coaxial cables as they do to

conventional coaxial TEM transmission lines, and can

usefully be related to the characteristics of a quasi-TEM

mode of propagation [1], [16], [17].

In a system of coupled transmission lines the voltage on

each line is composed of weighted voltage contributions

from all the lines in the system. If all forward waves are

orthogonal to all reverse waves [14], then the transmission

line equations that describe the normal modes of propaga-

tion are generalized to take the form of [15]

de:(z) _ ~Hr~6+(z)=0

J dz
n

(1)

for modes propagating in the ‘z direction, for example,

and solutions are sought of the form

6~(z)=Er*e7Jy’z (2)

where

c:(z), c;(z) the forward and reverse voltage waves,

respectively, on the r th line;

e:(z) the forward and reverse voltage waves

on the n lines that couple to Cr;

Hr. the mutual coupling coefficient between

C, and c~;

H,, P+ All, the propagation coefficient on
the r th line, which is similar to the free
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space propagation coefficient ~, but per-

turbed by an amount A~ due to the

coupling process;

Y. the propagation coefficient of the sth

normal mode on the coupled system.

For two coupled lines, with summation of the forward

and reverse voltage waves, the total voltage on line 1, for

example, is

+ –jYIZ + E;le+JY# +E~2e–j72z + E:2e+Jy2z (3)cl(z) ==Elle

where E,:, E,; is thes th coupled mode voltage on the r th

line in the forward and reverse directions, respectively.

By appropriate substitutions for cT(z) and ~~ (z) in (l),

the system of coupled modes is expressed as an eigenvalue

problem which in matrix notation becomes

y[E]–[H][E]=O. (4)

From consideration of the conservation of energy [15], a

fundamental relationship is deduced that H,.= H.,, which

corresponds to power in the n and r lines propagating

codirectionally as has been verified experimentally for

leaky coaxial cables [18].

B. The Single-Cable Caoi@ Resonator

The model of the single-cable cavity resonator includes

two accessible ports, A and D in Fig. 4. At the reference

plane z= 0-, just to the left of z= O, the time average

power passing to the source from the junction at z= O,

between the ordinary coaxial cable and the leaky coaxial

cable, relative to the normalized power input, I fi 12, is

expressed as

S~~ =2010gl VI /V: \dB (5)

and, similarly, that passing to the final load is given by

s DA = 2010gl V; / V: ldB (6)

where VA– and V; are as indicated in Fig. 4. The solution

of this eigenvalue problem yields expressions for S~~ and

s DA “

The coupled mode propagation coefficients for the

single-cable model are calculated from the eigenvalue

equation derived from (4) by setting the determinant of

the coefficient matrix, [y – H], equal to zero, which has

solutions given by

Y1,2=(H11+~22)/zt ] ()(H,l –H22)2/4+H:z 7

with corresponding values for the modes traveling in the

– z direction.

Eight ei,genvalue relations are deduced by use of (4).

For a nontrivial solution only 4 of the relations are useful,

for example,

E;= WE; E;= WEfi (8a,b)

E;=– E;/W E;= -E~/W (9a,b)

where

w=(H22– H11)/2H+ (Hll– Hz2)2/4H:z+ 1] . (10)

To constrain the coupled system fully the four other

required relations are determined by the physical boundary

conditions defined at each end of each coupled line.

V: is the source datum, and, typically, Z~,, = Zc, = 50

il. Z~, is calculated on the basis of an open two-wire line

in free space. ‘The choice of the wire diameter is that of

the outer diameter of the leaky coaxial cable, and the

separation of the wires is twice the distance to the groun(d

plane. Z~,, = Z~2, is the estimated equivalent impedance of

each metallic end-plate shown in Fig. 3 and represents the

conduction loss in the metal and, of greater importance,

the effect of the field spill-over loss due to the finite size

of the plate. Based on previous work elsewhere at super-

high frequency (SHF) [19] on unloaded cavity Q factors,

an initial value of Z~ =0.02 $1 was estimated. It was

subsequently found th~~ increasing this by a factor of 5

was not significant.

It remains to provide practical values for the propaga-

tion coefficients HI ~, Hzz and the mutual coupling coeffi-

cient H,z. To include loss, HI, and H22 are of the general

form H= /3–ja where@ and a are the phase and attenua-

tion coefficients of the mode of propagation. HI 1 and Hxz

are perturbed slightly from their isolated free space values

due to the coupling process. @cl and ac, can be set

initially from a knowledge of the free space phase velocity

and attenuation of the leaky coaxial cable. The model is

sensitive to the &l value but relatively insensitive to a<~l

for practical attenuation values.

H2Z is estima~ted from the test of the cable in the cavity.

aN2 is calculated on the basis of an open two-wire line in

free space and is found to be less than 0.3 dB/ 100 m; a

value of about 1 dB/ 100 m was found to be reasonabllt,

to allow for practical imperfections. ~Nz is calculated by

measurement of the frequencies (J) at which the cavity

resonates

(11)

where i is the order of resonance.

The remaining parameter to be estimated is H12, tie

coupling coefficient between the coaxial line and the

two-wire line, dimensioned as a phase coefficient. The

magnitude of the power transfer is directly linked to H12

and is apparently characteristic of the particular construc-

tion of the leakly coaxial cable. It must be estimated by

an iterative process by review of the experimental power

transfer magnitude in comparison with that calculated

theoretically. With H12 normalized to 1 MHz and as-

sumed to vary directly with the frequency, the range of

values that is typical of H12 is 10–5 m– 1 MHz– 1 to 10-”3

m-l MHz-l,
In principle there are 8 E,% voltage components in the

single-cable cavity resonator eigenvalue problem. The

arithmetic prolblem is reduced to the inversion of a 4x 4

matrix by the elimination of the 4 E,% components of the

two-wire line by use of the eigenvalue relations. The
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problem is summarized thus:

z z z z
1++ 1–+ 1++ 1–+

c1 C1 c1

p13e
-jylL — e +j7~L p,3e-j;~L — e +jwL

w
–1

– P21W

p21

F F

– p23 ~-Jy,L
~+jwL

p23we-j?’lL _ we+.hL —

w w
. .

where

z=,,– z=,
’13= ZL,3+Zc,

ZL23– ZN2
P21 = P23 = ZL,, + ZN, “

(13)

(14)

The relative power S“~ (with Z~2, = Z~M) at port A is

then calculated as follows:

fi’~~ =2010gl(E: +E; +E~+E;)/fi+ – lldB. (15)

For insight the problem can be simplified by the following

assumptions. Suppose that ports A and D are matched,

that the two-wire line is terminated in perfect short-circuits,

and that both lines are loss free. S~~ can then be written

explicitly

This problem can be expressed as an eigenvalue prob-

lem in the form of (4) involving 18 E,: eigenfunctions on

the three coupled lines, and three y. coupled mode eigen-

values. As the coupling process is codirectional, it follows

that Hlz = H21, H13= H31, and H23= H32. The numerical

values of the H,, propagation coefficients are estimated as

described above, with H33= HI ~. Similarly, the value for

Hlz is estimated as described above and by symmetry it is

observed that H23= H12. H13 is assumed to be approxi-

mately equal to the product H23H12.
The remaining six constraints, after use of the ei-

genvalue relations, are provided by the boundary condi-

tions, The line 2 constraints are identical to those of the

single-cable model except that the characteristic imped-

ance calculation is now based on the separation between

the outer conductors of the two leaky coaxial cables.

III. EXPERIMENTAL TESTS

The two-cable test cavity in Fig. 3 has two vertical,

parallel, aluminum end-plates, each 1.8 m X 1.8 m, spaced

approximately 5 m apart. Two lengths of leaky cable run

parallel to each other between the end-plates at a specified

separation (shown as 90 cm; alternative arrangement

would give 45-cm spacing). At each end-plate each cable

is connected to a conventional feed-through, type N,

coaxial connector. On one end of each cable a 5042

conventional coaxial load is attached to the feed-through

connector immediately on the outside of the end-plate. On

the other end of each cable is connected, outside the

end-plate via ordinary RG-8 coaxial cable, a wattmeter

and a VHF/UHF sweep generator, respectively.

SAA= 2olog
4W2sin2(fl~L)

dB
2W2+2cos(~~L) + ( W4– l)e–j28’~– (1 + W2)2ej2fi~L

(16)

where

B.= (2~f/V&+27f/v&)/2> ~.

=fl(~f(l/VFc-l/VP~))2+H~z) (17a,b)

where

W= (2~f/ VP=– 2rf/ VPc)/2H

i+ ((d(l/~pc- lv~T)/~~~)2+1) . (18)

C. The Two-Cable Cavity Resonator

The two-cable model uses a system of 3 coupled trans-

mission lines as shown in Fig. 4. There are now 3 coupled

modes and the total voltage on line 1, for example, is

cl(z)=E~e–~Ylz + E@+Jr@ + pe-JY2z

+ E;e+JY’z + EJe–J~’Z + E;e+~Yjz ( 19)

with similar expressions for C2(Z) and ●3(Z ) on the two-wire

line (2), and coaxial line (3), respectively.

The combined effects of the two metallic end-plates are

confined to the space between them and to that im-

mediately around the two cables. The ground conditions

can be standardized by use of an aluminum ground plane

at floor level. In contrast with other test techniques the

cable environment is controlled and repeatable.
It then becomes possible to deduce the coupling be-

havior between two cables of a particular specified type
and how it varies as functions of cable spacing and

frequency throughout the VHF and UHF bands. For each

pair of cables of a given type, the laboratory cavity test

yields a characteristic power versus frequency “signature”

for that particular spacing and this signature corresponds

to the theoretical relative power described as SB~.

The resonant aspect of the cavity test results from the

use of short-circuit end plates to terminate the two-wire

transmission line. The sources of loss in the cavity are: the

coaxial cable terminations outside the cavity; the two-wire

line attenuation; the nonideal short circuits on the two-

wire line; and the coaxial cable attenuation.
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A typical example is shown, in Fig. 5(a), for two cables

of type A3 spaced 0.9 m apart in the cavity of length= 5

m, The upper graph, Fig. 5(a), is the laboratory test result

and the lower graph, Fig. 5(b), is the corresponding com-

puted result from the theoretical model. The solid vertical

lines indicate the cavity resonances that occur at regularly

spaced intervals of about 29.2 MHz, corresponding to a

relative phase velocity V&, of 0.98 c for the two-wire line.

It is at once obvious that these resonances have ampli-

tudes that vary according to an overall “envelope” with

minima at approximately every 225 MHz. The spacing

between the minima of the imagined overall envelope is

strongly linked to the difference in phase velocity between

that of the single isolated leaky cable VP= and that of the

two-wire line VP=. P’rc is estimated to be 0.77 c for Fig. 5,

and the coupling coefficient Hlz is estimated to be about

0.00017 m-1’- MHz- 1. Note that in the laboratory test

results, the lowest order resonance is lost and the 2nd and

3rd order resonance power values are not reli -

able, all due to an instrumentation frequency limit of

about 100 MHz.

Fig. 6(a) and (b) illustrate the markedly different be-

havior of cable type B4 having a lower density foam

dielectric than the family A cables. VPC is now estimated
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Fig. 6. Type B4 cable evaluation.

to be 0.87 c and the mutual coupling coefficient in this

case is estimated to be about 0.000078 m– 1”MHz- *.

The slot size is identical for cables A3 and B4 with the

apparent result that the coupled power signatures of each

have similar envelope maxima values. The slot size of

cable Al is smaller than that of the slots in cables A3 and

B4 and a similar test on cable Al showed greatly reduced

envelope maxima values, both experimentally and theoret-

ically.

To determine the effect of attenuation on the experi-

mental and theoretical coupled power signatures, an ap-

proximately double length (L= 10 m) cavity test was

conducted with cable A3 and the results were compared

to the 5-m test results of Fig. 5. In both the experimental

and theoretical signatures the maxima level was down

about 3 dB in the 10-m test as compared with the 5-m test,

due predominantly to the attenuation of the two-wire line.

From this brief description of test results it can be seen

that the coupling behavior of one type of cable can be

deduced relative to that of another. Fig. 7 is a composite

graph of the envelopes of the coupled power signatures of

11 different cable types (as designated in Fig. 1 and Table

I) tested in the two-cable resonator at 45-cm cable spac-

ings.
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Fig. 7. Coupled power comparison of 11 types of leaky cosxial cable.

Experimental confidence in the two-cable cavity reso-

nator test method has been established by tests on about

20 different types of leaky coaxial cable, some of which

have also been used in a full-sized guided radar field-site

test.

Five types of leaky coaxial cable were ranked, from the

field test results, on the basis of relative human target

sensitivity [8]. There was a one-to-one correspondence

between the cable ranks based on the field tests and those

based on the two-cable cavity resonator and close agree-

ment among the relative levels in decibels [20].

IV. DISCUSSION OF RESULTS

A. Curve-Fitting Procedure

The results shown in Figs. 5 and 6 indicate that it is

possible to get a very good match, by a process of curve

fitting, between the measured performance of the leaky

coaxial cables in the test cavity and that predicted by the

theoretical model. Ideally, one would have a complete and

accurate knowledge of all the cable parameters in advance

and then simply apply them to the model. Complete

knowledge of the parameters described previously could

be found, in principle, from an exact field solution of the

Helmholtz equation for the situation treated as an overall

waveguide problem, althdugh it would scarcely be worth

the effort here in what is intended to be a useful method

for the practical testing of leaky cables.

The detailed procedure of curve fitting can be sum-

marized as follows. The major characteristics of each

observation, such as that in Fig. 5(a), are: 1) the almost

exactly uniform spacing between the individual cavity

resonances, which is a simple function of the two-wire

line’s phase velocity and the cavity length, as discussed

above; 2) the overall “envelope” pattern of maxima and

minima, having an almost uniform repetition in the

frequency domain with, in turn, two main features: a) the

overall level in decibels of the maxima of the envelope in

the frequency range of interest; b) The spacing between

the minima of the envelope.

The dependence of each of these last two features is as

shown in Table II.

For all the leaky cables tested except those with the

largest effective coupling, (e.g., Types A3 and B4 in Fig.

7), only the “Strong Dependence” parameter was truly

significant, which made the process of curve fitting into a

very simple two-step procedure for most cases. For cable

Types A3 and B4, an iterative process was required.

The effect on the model’s behavior of the attenuation

coefficient of the individual leaky cables was found to be

negligible for all reasonable values, Similarly, the imper-

fection in the end-plates of the cavity due to their finite

size and finite conductivity was found to be of negligible

importance compared with the effect of the attenuation of

the two-wire line, as was confirmed by comparison of Fig.

5 for a 5-m cavity test with the results for a 10-m cavity

test of the same cable type.

B. Limitations of the Cavity Test

Exploratory tests showed that the ground plane only

began significantly to affect the observed behavior when

the height of the cables above it decreased to about 45 cm

or less. Similarly, other tests with a specially introduced

large metal object showed that the performance of the

cavity test was unaffected by any object that was about

1 m or more distant from the cables.

A feature of almost all the observations is the way that

the maxima of each envelope tend to decline as the

frequency increases, as shown particularly in Fig. 7. This

aspect is not indicated by the model which does not allow

for any variation with frequency for the two-wire line

parameters, and which includes an assumption that the

coupling process is independent of frequency. In practice,

as with all open waveguides, the fields around each leaky

cable may tend to become more closely confined to the
immediate vicinity of the cable itself as the frequency is

increased. Extrapolation of these results of the cavity test

to field installations with much wider cable spacings would

be inadvisable as much remains to be understood on this

aspect of leaky cables.

V. CONCLUSION

A novel two-cable cavity resonator has been introduced

for the testing of leaky coaxial cables in relation to their

probable performance in continuous-access guided com-

munication (CAGC) and guided radar systems. A detailed

theoretical model, based on coupled transmission lines,

has been formulated and found to show excellent agree-

ment with the measurements made in the cavity. Compari-

son with experimental work on a full-size guided radar
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TABLE II
ENVBLOP~PiWAMEfSRDBPEm~NCB

Feature of Test
Performance

[1]

[2]

[3]

Dependence

a) overall level Coupling coefficient Phase velocity of leaky Attenuation co-

in dB of H,z and Hz3 cable VpCi , VpC efficient of

envelope (relative to Aat of two-wire line

maxims two-wire line) ON 2

b) Spacing Phase velocity of Coupling coefficient HI z

between leaky cable VpC I , and Hz3

envelope VpC3 (relative to

minima that of two-wire line)

[4]

[5]

[6]

[7]

Moderate—. Weak

system has confirmed the usefulness of this new labora-

tory technique as a means of categorizing the behaviour of

leaky coaxial cable in a way considerably superior to that

currently used elsewhere.
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