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RESEARCH OBJECTIVES * :

ReV1ew of existing literature. on ﬂeaky cabﬂe communlcatlon systems

presently used in tunnels, mlnes, hlghways, rallways, bulldlngs

~and rural areas with low den51ty populatlons

Ident;flcatlon and evaluation of the basic parameters‘of.a‘ieaky
coakiﬁl cable so that the radiation'and transmission.chardc£e£~
.istics would be optimized for design purposes for both tﬁe>broad
band andvharrow bsnd applications. The §requency hange of.
dntorest s 10 KHz to 500 MHz and Low Loss A8 an obvious nequirement
An hural communications. ) |

Experimental verification of.basic’prsperties of. a coﬁveniiond&
leaky coaxial cable and a pnopoéed nerﬂ cable, inciuding hethods

for two-way signal coupling, transmission loss, coupling loss,

'dLﬁﬁe&enixaK phaée, VSWR Vs frequency, meaSurement of f1e1d compon—

ents, radlatlon pattern and gain for exper1menta1 models The

1nvest1gat10n will also include plans for a phy51ca1 layout of an- -

. LCX cable in rural Manitoba and optimization of its path for

max1mum contlnuous access. Desinable attributes of the cables

and dQIWAmeniaz features fanoAAtaﬂh Lntekéenence, Line EOAA

etc.) will be discussed in the ﬁ&naﬁ nepohi in the context 05

nuﬂaﬂ commun&cat&oné.

Formulation of recommendations for future research on'selected

topics in the same general area.

' *As reproduced from original céntraét proposal.
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INTRODUCTION®

For many years the need for a reliable_communication'system

within and around special -environments like mines, tunnels, sub-

‘ways, etc. has been recognized, particularly for such reasons. as

safety, more efficient production and maintenance as well as
convenience of personnel. A similar need has also been recognized

for communications in special environments above ground

such as buildings, railways, highways, etc. . In all these
applications the design of a continuous access commurication

system 1is unconventional and complex due to .the problems

associated with radio wave propagation within each environment

~or with the outside. ‘Similar problems also'arise'in_the~case

 of rural communications, particularly in large countries like

Canada where small communities are often far removed from

large cities and hence deprived of"modern communication

facilities.
Attempts were therefore initiaggd to solve the communica-
tion problem in general using a driven loop and an earth or

metallic return [1.1]. In 1956 Monk and Winbigler used an open:

- pair transmission line laid in a rail tunnel and driven from a

VHF transmitter and achieved two-way communication over a

distance of 1Km [1.2]. Based on the pioneering work of Monk and’

Winbigler, Martin [1.3-1.6] carried out experimental investiga-

tions which led to the conclusion that the loosely braided

~coaxial cable, or°”1eaky feeder' as it is now called, was the

o -
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1.1.

best choice for the transmission line. ‘Liegeois and Leclerq in

Belgium developed non~driuen twin feeders to improve the coupling _

between mobile stations in‘the-mine galleries; Consequently, the
concept of a leaky transmission line rece1ved more attentlon
and subsequent development led to different systems for different

applications.

Common Types of Leaky Transmission Lines:

The six most common types of leaky coaxial cables (LCX) which

emerged ln recent_years are shown echematically'in Fig. 1.1. The
Loose~braid system was developed by:Martin for_mine communications
[1.1]. The Radiax type consisteiof periodically-spaced slots in
the,outer conductor of a coaxial cable and is manuféctured in

North Amer1ca by Andrew Corporat1on [1.7-1.8]. -The'continuous

;long1tud1na1 slot in the outer conductor des1gn was developed by

Slemens [1.9] and Kabelmetal Cables [1.10] . in West Germany.

Iniex-Delogne system was developed 'in Belgium and consists of a

pair of radiating devices connected at approx1mate 1ntervals‘
along a normal coax1a1 cable [1.11-1. 15] The zig-zag slot _
de51gn on the outer conductor was suggested by the'Japenese'
National Railways for radio»communicationruith trains, énd is

designed as a radiating-receiving structure [1.16-1.20]. .The

CERT system consists of a continuous slot in the outer conductor

with a helically wound continuous radiating‘element,surrounding .

the inner dielectric of the cable [1.21].

Theoretical analysis and experimental implementation of

some of these cable systems have been presented by Wait et al

e
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. INIEX-DELOGNE ZIG-ZAG

Fig. 1.1 Types of ”Leaky'Cables" o
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1

[1.22-1.39] and ‘Brennan [1.40]. In particular,.a common two-way

communication system for tunnels includes a transmitter/receiver _
connected td a duplexer which is in turn connected to a splltter

in serles w1th ‘the leaky cable [1.41].

Frequency Considerations:

For any given frequency, a leaky coaxial cable has trans-
mission loss, coupling loss (to a halfwave dlpole at 20 ft_
distance away from cable), return loss, power handling‘capacity,
radiatien pattern depending on its geometrical and electrical
parameters, and.the details of its construction. . As theA
freQUency increnses it'is expected that the transmission loss
will 1ncrea5e, while the coupllng loss .may or may  not 1ncrease.
ThlS is because the mechanism of radlatlon in a leaky coaxial
cable is based on the radiation by an array of slots‘where ‘
any'individuel-slot rs not eicited by a voltage source'as_a
resonant antenna. The radiation mechanism by a slot, well below

half wave resonance, is similar to that of an aperture whose edges

 represent charge singularities due to>interruption of .current .in the

outer conductor. It is well known that a charge accumulation at

aiconducting edge radiates an electric field oriented parallel to
the edge, and in a plane perpendicular totthe edge. However,
the mechanism of interaction between4paré11e1eedges of a slot

is the same as in the case of a resonant~slot. Also, the.

‘mechanlsm of 1nteract10n between adjacent slots on the curved

Outer conductor of a leaky coaxial .cable is-similar to that of

- resonant slots on a conducting plane. Therefore, until the

o



S o Su B S8 S8 S & ew

g @ A s A 0 0 M N8 e

.analytical studies are completod for the leaky feeder structures,

there is no b351s for optimal de51gn or selectlon of one type
over the other except on the basis of experience and_experimenta_':
tion; For instance, the'saiient features of the zig-zag design
ere'to control the rediation angle, to suppress spaceiharmonic

waves and to cancel over one period the 1ongitudina1~eomponent'of

the electric field, while maintaining the same orientation of the

circumferential component. However,_knowiedge of the interaction
between edges of the seme slot and adjacent'slots could possibly”
lead to a better design in the future. Until the formidable
mathematical problems are solved, there is no hope of an anaiytical
procedure to determine the optimumtfrequency for-leeky coaxial
lines. 'This opinion is also shared by Chick [1.1].

" For the Specifie application to rural comnunications-it

would be most advantageous to operate at very low frequencies’

- where the transmission losses are the lowest; .thus’ permltting long

lengths of coaxial cable at practically no loss. In addition,
such-very low frequencies would, in principle, help'to achieve
larger coupling distances which is of particular interest to _

sparsely populated remote areas of Canada. However, it must be

_borne-in mind that the usual disadvanteges at the lower

frequencies like extraneous interferences from the surroundings,
i lerger.skin depth, etc., would impose severe restrictions on
the cable size and operating frequency. Such difficulties are
not easy to overcome with any'of.the six existino tYpes of LCX

cables; For this reason a novel technique, 1n which magnetic,

“rather than electric, coupling technigues are employcd is




proposed later, and may be more suitgblezfor overcoming'thése
problems once fully understood and developed. Details of this

magnetic coupling and the preliminary measurements carried out on

’an-expgrimentaltline constructed for this purpose are described

in Chapter 4.
_"Since the problems regarding the operating frequency and
optimum cable size are not completely resolved, it would be too

early to consider applications involving wide or narrow band-

" widths or the optimum choice of -modulation. However, it may be

mentioned that in .general for narrow-band applicatibns, théguSual_
modulation is eithér of the amplitude or anglé type.

Chapter 2 deals with the commercial léaky(coaxiél cabies'and
their basic parameters iike transmissibn and coupling loss.

Chapter 3 deals with the proposed novel cable;called the modified

“Goubau line, and the measurements carried out on the line.

- Chapter 4 deals with an alternative and new technique called the

Leaky coil céupled coaxial (LCCX) system.which‘seems to have
advantages at low frequéncies. .Chapter 5 presénts a brief general-

discussion, while Chapter 6 deals with the important qualitative

“conclusions and suggestions for further work.
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STUDIES ON COMMERCIAL. LCX CABLES

Introduction:

Having reviéwed the existing literature, and surveyed the

. ba51c features, applications, methods of coupllng, etc., of

vleaky coax1al cables in general, one must recognize at the

same time that no single LCX cable has been designed_tovsuit alld
desirable applications in the'field of communications.‘ Differ-
ent manufacturers have, as a result, -undertaken the task of
constructlng LCX cables for spec1f1c appllcatlons, using their

own. mod1f1ed designs. These de51gns include the contlnuous

‘~slot design, zig-zag slot design, loose bralded coax

and Radiax cables. In partlcular, the authors of papers
presented at the 197\6 International IEEE[AP-S and USNC/URSI
meeting, University of Massachusetts, Amherest, Octoberhll—ls,
1976,_session on "Telecommunications ViayLeaky-Cables" were:
contacted. As a result, useful literature uas received on the
current state of the art.

VariouseattemptS'were subsequently‘initiated.to acquire
samples of commercially available 1eaky coaxial cables for the
experimental program Thus, three sets of Radiax cables

(RX4- 1 RX4-3A and RX5- 1) from Andrew Antenna Company, Whltby,

'Ontarlo, were procured, along with the necessary accessorles

(connectors ‘types 44AN, 44AW, 45AN and 45AW and 50 ohm

- terminations tYpe 32299-5). Contacts were-also made: with
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Hitachi Cable Company (New York), SumitomonﬁleqtricalfIndﬁstfies

(Japan), Fujikura Cables (Japan), Cablewave Systems.(U.S;) and

‘Belden Corp;\(U.S.); Although every manufacturer contacted -

supplied literature and'téchnical data sheets, some Could-nof:
supply short cable. samples, or were out of stock. Hitéchi.Cable

Company offered free of charge 165 ft. of their LCX cable fype

>HW¥46 and a purchase order was subsequently.placed'to.pay.for'

transportation and one 50 ohm termination and two N-connectors
(type N-J-42) to be installed in their factory in Japan at each end
of the cable prior to shipping. Sumitomo supplied through the

Cénadién Embassy in Tokyo three (3) meters of their LCX cable

‘type 72D but could not supply the necessary connectors.

Fu31kura also supplled a 6 inch sample of" thelr LCX cable type

43D Wthh was obv1ously for dlsplay and not - testlng 'Hence'

our experimental program was restricted to the Radiax design

of Andrew and the zig-zag slot design of Hitachi.

Basic Parametefs of LCX Cable:

LCX cables are usually dedigned to function as continuous -

‘antennas as well as transmission lines. ,Thé slots in the outer
“conductor allow a certain portion of the transmitted RF power

*to be radiated along the entire length ofithe cable. The losses

in such a éystem are grouped under two categories, namely  the '

- transmission loss (cable attenuation) and coUpling,loSs_(assoc;

iated with the radiation aspect). In addition, there may be

signal distortion due to group delay or differential phase,

- which depends on the operating frequency and bandwidth. ‘As_an
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example, in a typical mobile LCX.communication system inside a

coal mine the sum of the two loss ComponentsAéquéls 134 dB

‘which corresponds to a transmitted power of 0.5 watts and a

receiver sensitivity of 1uV into 50Q for a usable received

signal.

Tfanémissiqn Loss:
Tﬁe basic féctbrs which influence the tranémissidn loﬁs.
ére.the intrinsic parameters of the line and the carrier :
fre@uency. The loss is independént_of‘Qriéntation; position
and environmental conditions. For conventional transmié;ion_

lines this loss is predictable from well known eXpressions. 'It

- is obvious that one can modify the incremental equivalent

circuit for a conventional trahsmissioﬁ liﬁe to includéjan
element which accounts for the radiatibn! " Such anfeiemenf is
by‘definition proportional to the radigtibnnresistance of an-
eqﬁivaient single slot préﬁided that tﬁe equivalent ciréuit is
for an incrémental length which includes one]sloﬁ‘only, and

that all the slots are identical.in'every_respect.”

Coupling Loss:

The coupling loss is a property of the transmissioﬁ 1iﬁe

‘as well as its environment [2.1]." It is usually defined as.

the average differencCe between signal level in the cable and
the signal received by a‘ZO dB gain antenna (i.éf eqﬁiVaiénﬁ
isotropic radiator). Tﬁe usual convention is to use a.A/2>
dipqlé»at-a'qisfgnce.of'ZO ft froh the test Cable. Thévdaté |

°
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usually supplled by manufacturers gives a tolerance ofv+ 10dB
_The above deflnltlon of the coupling loss becomes some-A

,wnat unrealistic in low frequency applications. This.is due to

tﬁe‘difficulties encountered in makiné half wavelengtnnrescnant‘

‘dipoles at such low frequencies.- Also the rigidity of the

20 ft physical separation distance and the A/2 dipole receiver

are unrealistic, and have little significance at low frequencies,

_particularly in connection with rural communications. A more

realistic definition would probably be over a fixed distance to

~wavelength ratio, i.e. fixed electrical distance.

Group Delay:

"An important characteristic. of any transmission device is

the ability to transmit a signal over a wide frequency band with

- minimum distortion. Distortion results'when the phase shift

through the device is a nonlinear function of frequency. A

convenient indication of nonlinear phase shift is the group

delay which is defined as:

: =' d$ seconds
D dw

and is proportional to the slope of the phase vs frequency

" characteristic.

2.2.4

Return Loss vs Frequency:

As the operatlng frequency is varled the 1nput reflectlon
coeff1c1ent changes and a convenient measure of thls change is
the return loss or alternatively the VSWR It is-to be expected

that the VSWR will be mlnlmum near the de51gn rcsonant frequency

- and increases on either side.
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2.2.5 " Two-way Signal Coupling:

.2.2.6

and experiment.

For communication applications (either stationary or mobile)
it is necessary to be able to transmit a signal from the cable to
a receiving antenna and vice versa with high,fidelity; In some

applications (e.g. railway communications) the receiving antenna

‘is a short section of LCX cable identical to the main line and

‘mounted on either the top or the sides. 1In other épplications

‘(e.g. mines) inductive loop coupling to the transmitter and

vreceiyer is preferable, particularly at HF frequencies. -

Radiation Pattern and Gain:

The radiation from leaky coaxial cables can be viewed as a
linear slot array with tapered illumination in both the‘émplitude-

and.phase_at each slot. Since each slot cuts the wall current

. flowing in the outer conductor, the orientation and size of each

slot and the separation between adjacent slots determine the

radiation intensity, radiation.angle and field components. In
. the case of zig-zag slots the period is approximately one wave-

“length at the transmission‘freQUency-and the axial field components

(EZ) of two adjacent slots cancel, while the circumferential

_1components (Ee) are in the same direction. In other words, the

longitudinal Ez components are suppressed, while the perpendic-

~ular Ej components contribute fo_the‘radiated field. The

resulting radiation pattern and gain for the zig-zag slot design

have been reported by Sako et al [2.2] on the basis of theory
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2.3 Measurement Methods:

The‘purpdse of measuring the preceding parameters'for'the

.experimental LCX cables is two-fold. ,First,eto verify the data
supplied by the manufacturer which, if successful, could give

'chfidence if the same measurement method is used outside the

design frequency band specified by the manufacturer. Second, "

to eValuate these parameters in the frequency range specified in

the contract proposal (10 KHZ to 500 MHz). As a result, differ-
' ent*measurement methods and equipment were used  in different

~ frequency ranges. It is well known that no single measurement

method is-applicable for the entire frequency range of interest.

“For instance, microwave laboratory type of equipment was used to

- test over microwave frequencies while mobile field intensity

measuring equiﬁment wes employed in the,léo KHZ to 3 MHz.range;
At stiil lower frequencies above 10 Kﬁz Spectrum Analyierf
equipment was employed; The EBield Intensity»ﬁeter was:boffowed
from the Depf. of Communications in Winnipegiand consisted of a
Singer R.I.F.I. (Radio Interference Field Iﬁtensity) Meter model

NM-25T, aiqng with a loop probe (15.5" diameter and antenna fac-

_tors submitted separately).and a Radio Frequency Interference

caléulator, Stoddart part no. 21518. The Spectrum Analyzer was -

‘also borrowed from the Dept. of Communications in Winnipeg, -and’
“consisted of an HP 8553 B Spectrum Analyzer RF.section (0-11,

 0-110 Miz), HP 8552 B Spectrum Analyzef IF section, HP 8443 A

trecking generator and counter, and an HP 141 T Display:section.
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Measurement of Transmission Loss:

The experimental set up used is shown schematically in

- Fig. 2.1. It_consisté of a sweep oscillator (HP 8690 .A) .

connected to a directional coupler (Nérda§3001—20) and an

oscilloscope (HP 180 T) and swept amplitude analyzer (HP 8755).

: Thefoutput from the‘OSCiIIOSCQpé is fed to an X-Y ;eCOfder

(HP 7035 A).

Two experimental methods, which should yield‘eqUiVaIent

results, were employed. -In the first method, which is a

reflection type measurement, the coupled arm of the directional

coupler. is fed to the test cable, which is terminatéd by a short

circuit. As a result of the reflection from the load end, a

'standing wave is set up along the cable. The reflection co-

.efficient is thus measured and this, in turn, is related_td the

* attenuation constant. However, when the experiment is performed

indoors, this method may give rise to some errors if there are
reflections from the surrounding objects.

Alternatively, the signal is.piéked up'from the load end

. by conmnecting a detector in place of the short circuit. In this

method, which is referred to as the substitution method, the

output of the directional coupler is first directly cOnnécted

to the .oscilloscope and later connected through the test cable.

The difference between the two readirgs obtained is the

attenuation for the actual length of the test cable (20 ft for

‘each of the Radiax cables and 165 ft for. the Hitachi cable).

Care is taken to see that there . are no excessive interconnections

c e
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. Fig. 2.1: 'Block Diagram Used for the Measurement of Attenuation
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and transitions as they are likely to affect the megsuted-values;'

- The measurements were repeated on all the three sets of Radiax

.caﬁle samples by the sﬁbstitution»method,_and some typical .

results are presented in Figures 2.2 to 2.9 for differenf.
frequency ranges. In all the graphs‘fhe frequency is along the

abscissa, and the upper curve is for the case when the cable is

‘not included in the circuit, while the lower curve is when the

 cable is included. The value of -attenuation at aﬁy given

frequency is the difference between_the two curves in dB.. Exam--

ination of the curves shows ‘that the variation of the attenua-

tion with frequency is reasonably smooth in the 100 to 550 MHz
range, but is not so smooth in the 450.to 900 MHé_range.s This
is-especially true for the " RX4-3A cable which has a.higher

attenuation constant according tohfhe AndreQ catalogue [211].»

For still higher frequency bands, the fluctuations are much more

‘predominant, the reason being the deteriorating performance

of the directional coupler. In the 10 to 100 MHz’band:the~

attenuation constant of all Radiax cables tested is negligible,

and it is, in fact, difficult to distinguish between thenm.
'For>the still lower bands of 1 to 10 MHz and 400 Kiz to 1 MHz

spot frequency attenuation measurements were carried out and

are shown in Table 2.1.
With respect ‘to the Hitachi HW-46 LCX, the tranSmissipn

loss is measured using a vector voltmeter (HP type;8405'A5;

-The experimental arrangement is shown schematically in Fig;Z.lO.f

Table 2.2 shows the comparison between this cable and ordihary

o
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.Attenuation Constant vs Frequency. .

Table 2.1:

in dB/20 ft.

. 0 dB (without Radiax cable).

Reference:

.RADIAX TYPE

Frequency (MHZ)

RX4-3A

RX5-1
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RC 212/U coaxial cable insofar as thé transmiésioﬁ loss'and.phase-

shift are coﬁcerned: In the 10 to 100 MHZ frequency range -the

- transmissioh loss is shown graphically in Fig. 2.11. It is to be

- noted that the loss in this cable (165 ft long) is only 0.5 dB -

higher than a coaxial line of 20 ft length. It is, therefore, en-

L COurqging‘to see that the Hitachi cable is better suited for long

distance communications than any of the three Radiax cables.

Measurement of Group Delay:

The‘experimental setup used to measure the group delay is

‘the same as shown in Fig. 2.10. Each time the freqﬁency setting

is varied, the phase shift through the test cabie is noted from

the vector voltmeter. Some of the results for the Radiax cables

.are shown in Table 2.3. When the phase angles at two frequencies,
which are reasonably close to one another, are known, the group de-

‘lay can be calculated using the simple relation

Ad(degrees)

t. .=..c.l'_¢.l=.____._____
dw ~ 360 Af(HZ)

seconds
D :

Figure 2.12 shows graphiéally the variation ofvthevgroup delay (in

nanoseconds) with frequency (in MHZ) in the 1 to 500 MHZ range.

The test cables include two of the 20 ft long Radiax cable_sémples
- .and the 165 ft long Hitachi cable. Also shown for comparison is .

the group delay of a standard COaxidl cable RG 212/U of 20 ft length.

The results for the Hitachi cable were normalized to 20 ft length
for comparison purposes, while the results for the Radiax RX4-3A

are not shown since they appear to be unreliable. Itfis to be .

. observed that the group delay with frequency for the Hitachi cable

 isAsma11er and less oscillatory in the 1 - 10~MHZ’fangé fhan”the
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Table 2.2 TRANSMISSION LOSS AND PHASE ANGLE OF HITACHI HW-46 LCX

P - Coaxial Cable : o -HW-46-LCX A

Eg!i}< 1!.! ‘.!.;‘QI.D ‘i.; .1i.!57<.!!5. ii-‘ 

Frequency | Transmission loss !Phaseangle . | Transmission loss | Phaseangle
(MHZ) - © - (dB) (degrees) . - (dB) (degrees)
1 32 = 94
2 43 181
3 ' . 56 +101 -
4 < 0.05 88 < 0.1 | + 24
5 : g0 i - ~ 55
.6 ~ 89 0.1 - =126 -
7 0.05 101 0.2 4149
8 0.05 ) 113 0.2 ‘ o+ 72
‘9 0.1 125 ; 0.18- - 2
10. 0.1 : 137 0.2 - 73
i
| 150 0.6 + .77 1.5 4106
-.200 0.7 ~123 1.4 - 82
250 0.8 + 48 1.8 - 172
300 0.9 -150 1.8 + 40
350 - 0.9 - 8 2.1 . -60, .
400 1.2 +120 2.4 + 90
450 1.0 ~ 75 . 2.4 -~ 98
© 500 1.1 100 2.6 +139
!
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Table 2.3:  PHASE ANGLE MEASUREMENT

. All.Phase Angles'are»in-begrees

-

 Rédiax Cable Type.

Frequency - (MHZ) Rx4~34A Rx5-1 Rxb-1A
. (Degrees)

3 + 12 27 40

4 - 36 38 51
8 - 60 75 : . ag
9 + 60 88 . 100
10 + 18 o9 o8
150 - 74 +115 - 1
200 +134 - 67 ~133.
300 + o8 -113 +174
-~ 300 ~124 - +126 + 34
- 350 + 81 112 - 76
P .2 ~121 . 136
450 +150 4168 + 36
500 "+ 55 L+ 7L -~ 60
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'remaining cables, which include the RG 212/U coaxial line. However;e

. in the 10 - 100 MHZ range, the Radiax cables appear to- perform bet—

ter. 1nsofar as-the group delay is concerned

VSWR Measurement:

The VSWR of the three 20 ft long Radiax-cables was mees—‘.

ured using conventional slotted line techniques In the 100

to 500 ‘MHz frequency range the variatlon of VSWR 1is shown for the
'Radlax samples RX4-3A and RX4-1 in F1g 2.13. For lower

- frequencies and for the third Radiax sample type 'RXS-I the

conventional slotted line techniqne of measuring VSWR did not
give consistent results. This is to be expected, since the

slotted line is not sufficiently long to accomodate a maximum.

~and a minimum. Moreover, at lower frequencies the test cables

are so- short electrically and correspond to a fraction of the

'wavelength and the return loss measurement by microwave

techniques therefore has no significance; Alternative

ltechniques must be employed at -such frequencies for which no

equipment is available at present.
The VSWR for the Hitachi cablevwas"measured within the
band specified by the manufacturer and was.found*in.agreement

with the published value [2.3].

Coupling Loss.Measurements:

Early _attempts to measurée the coupling loss using a

'Astandardpdipole receiving antenna fixed at a radial ‘distance

"of 20 ft did not.yield consistent results. The medsurements'

were performed in o microwave anechoic:chamber where multiple
reflections from surrounding metallic objects gave rise to

fluctuations, particularly below 300 Miiz.

-
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Tofovercome'these difficulties; the outdoor antennaflab

"wasfemployed at_the end of the winter season. The lab consists_

primarily of two 30 ft‘high steel towets.oVer'a ground plane,

-one.fixed and the other movable on rail tfacks and.-driven bj |
‘a motor up to a maximum separatlon of approx1mately 70 ft.

’The cable (Radlax RX4-3A and Hitachi HW-46) is mounted vertlcal—
-1y along the fixed tower and fac1ng a receiving antenna loca-

"~ ted on a positioner on top of the movable tower.f _Both hori-

zontal and vertical polarizations were tested at three frequen-

cies, namely 250, 300 and 350 MHz. _The=resu1te are given in

Tables 2.4 and 2;5 for distances ranging from 2.5 to 27.5 ft.

No tests were made over the other two Radiax cables since they

~ are similar to the Radiax cable tested.

Electric Field'Intensity Measurements ét 150 KHz to IO-MHZ:

The electric fleld from the Hltachl HW-46 LCX- and Radlax

RX4- SA were also measured in the outdoor antenna laboratory

over the 150 KHz to 10 MHz range, using the NM-ZS T R.I.F.I.

- meter mentioned earlier. This meter operates over several
" bands ranglng from 150 KHz to-32 MHZ and the 150 KHz to 10 MHz
-‘range was selected for measurements. The results are,glven for

.‘ horizontal and vertical polarizations in'Tables 2.6 - 2.8.

‘ wards the probe.

+ The receiving antenna or probe is adjusted for both the verti-

. cal and horizontal polarization by simple rotation. Its height
above the ground plane is also adjustable with the aid of the
.positioner, but it was almost constantly maintained at 20 ft-
-above the ground plane and aiming approximately at the center
‘of the test cable: In the case of the Hitachi cable only 30 ft
were used in the measurement with the remaining 135 ft coiled-
and covered with alumlnum foil to pTevent it from radiating to-

o
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- Table 2.4: Measurement of Coupling Loss of RX4-3A Radiax Cable

Zero distance.is the minimum distance between,
__the cable and dipole (29")

- Coupling Loss (dB)

-Distance - £'= 250 MHz £ =300 Mz .f = 350 MHz

(feet) = Horizontal Vertical Horizontal Vertical Horizontal Vertical
0 66 63 67 = - 68 70 . - 69
1 71 67 63 72 70 - 70
2 - 71 - 68 63 68.5 77 - 65
3 70 69 63 - 71.0° 67 65
4 - 69 68 63 - 70.5 66 66
5 68 69 © 65 . - 73" 65 69
. 6 68 - 68 - 66 .. 72.5 64 70
‘ 7 .70 ¢ .69 66 . 73.5 67 73
8 71 71 69 - 74.5 72 . 81
9 74 72 70 i 78 80
' ' 10 79 _ 75 73. . 75 81 90
o S11 81 ‘ 77 73 76 - 75 . 90
; - ° 12 78 78 72 . 76.5 75 - 86
o : 13 79 80 - 75 78.5 74 . 85 -
5 ¢ 14 77 . .77 71 - 78 80 90
- 15. 79 77 69 ~75.5 79 84
' 16 79 79 68 ©76.5 78 81
fl , 7 79 - 78 68 ' 75.5 78 80
18 79 79 - 68 - 75 76 78
.19 ' 81 . 81. - 68 74 76 78
20 78 92. 68 74 76 80
21 77.5 . 86 70 _ 77 77 79
22 77 82 73 o 78.5 77 . 80
. 23 - 72 79 ‘75 ‘ 78.5 . 81 81
24 75 76 79 79 .84 © 80

25 75 : 76 82 79.5 76 78 -

& S 89 M on 6o

= a
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. Table 2.5:  Measurement of Coupling Loss_of HW-46 LCX

-Coupling Loss (dB)

‘Distance

f = 250 MHz

Horizontal

Vertical

Horizontal
(feet) Polarization Polarization Polarization Polarization Polarization Polarization

f

300 “MHz-
Vertical

47
58
60
66
70
61.
58
62
64.
65
64
61
57
57
65
65
67
60
64
70
70 |

54
57
70
70
67
63
63
63
64
62
64
65
65
69
74
64
62
63
71
71
71

54
53
55
51
48
57

55

49

49

60
51
49

60

58
50
52
64
57
60

59 -

50

45
. 60
58
- 50
54
58
58
- 60
52
55
57
- 59
58 .
62
50
58
56 .
60
v 57
' 50
- 50

- £ =350 MHZ

Horizontal

54
66
58
76
68
58
57
62
74
78
65
62
62
65
61
63
64"
60
58
70
62

61

Vertical

- 68
63

64 -
72
63
60
60
60
66
64
61
62
75
60
- 59
62
73 -
63
64
70"
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Table 2.6: Measurement df Field Intensity (at 20'ft) vs Frequency.
' RX4-3A Radiax Cable (Horizontal Polarization) -

Frequency (MHZ) Electric Field Intensity (uv/m)
0.15 6.2
0.20 . 8.0
0.25 . : 11.4
0.30 : 12,0
0.60 36.0
0.75 :
1.00 .

.2.00 45.0
3.00 T 62.0.
4.00 ) 80.0
5.00 o

6.00 ‘ 160.0
7.00

8.00 .. 225,0
9.00 E - 400.0
10.00 800.0

Table 2.7: Measurement of Field Inten51ty (at 20 ft) vs Frequency
2 Hltachl HW-46 LCX .

Frequency (MHZ) “Electric Field Intensity (uv/m)

Horizontal Pol. Vertical Pol.

0.150

- e on =

5 60 Sy 60 oA Sm S8 SN S 68 Sn OU S0 Su 0B

7.0. - 3.0

0.600 12.5 4.5 .
1.500 70.0 8.0
T 220.0 -

3.000
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" Table 2.8: Variation of Electric Field Ihtensitvaith Distance

Hitachi HW-46 LCX

Frequency = 150 KHz

' Distance ‘ Electric Field Intensity

(feet) _ (uv/m) o
. Horizontal Pol. Vertical Pol.
3 250 , 62
4 180 56
5 : 125 . 40
6 ' : 90 o . 32
7 70 ‘ .22
8 56 - - . 17.5
9 : , 50 . - 4.0
‘10 40 - 11.0
11 ' ‘ 32 9.0
12 i v 26 7.0
13 ‘ 20 6.3
14 : 17 5.0
15 . 16 4.5
16 ’ 14 3.5
17 ) . - 12.5. 3.5
18 v 1.0 - 2.8
19 o . - 10.0 2.5 -
20 s .9.0 2.8
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Coupling Loss Measurements at 100 KHz:

The coupling loss. of the Hitachi test cable was measured
outdoors with the cable Vertically‘mountéd\along the fixed‘tower

and facing the probe. .The;receiving;antenna'was‘the Singer lbop

.already mentioned, which was mounted on the movable tower so as

to measure the coupiing loss at 100 KHz as a function of distance.

Using the HP spectrum analyzer the results for horizontal and ver-

* tical polarizations are.shbwn in Table 2.9. It must be pointed

out that the signal was too small and was rather difficult to re-

. cord beyond a distancefof-6 ft. Since . the cable was designed to

be operated in a much higher frequency band, the slots are not

- expected to radiate with any significant field strength at. 100 KHz

or at lower frequencies.
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Tab1e32.9: Meésurement.of Coupling Loss at 100 KHz

Hitachi HW - 46 LCX-

Distance Horizontal Vertical -~
(feet) . .Polarization Polarization.
2 -106 - 96
3. €-110 _ -102
.4 <-110 . =106
5 <=110 <-110
6

<-110 = - <-110

All measurements in dBm and with test- cable terminated in 50 Q :

0 dBm = Generator output (10v peak to peak)
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Time Domain Reflectometer Technique:

_Asimeﬁtidned_previously, the performance of leaky coaxial

cables is basically determined by theAcoupling.lbss'measﬁred

_ between the radiating cable and a fixed antenna, the attenuation 
 per unit'length and the optimum operating frequency.  In_addition,,

the sensitivity of the performance of the cable to mounting

‘problems is of practical importance.
Apart from the frequency domain measurements already

réported, it is desirable to employ a,cbmpiementary method, such

-as the time domain technique, in order to -describe the cable

perférmance over a wide frequeﬁcy.band using a Siﬁgle measure-
ment for each quantity of interest. Hénce the behaviour of the
line beyond its operating band, and in particular below its
gmpirical~opfimum_ffequency, can be studied. Additional

advantages of time domain techniques are to reduce errors due

-to mismatch of the measurement system components and to separate

(in time) the so called "end effects" ftom the overall

characteristics of the line. This separation can also facilitate

an isolated study of the periodic effects due to mode convergence

at the beginniﬁg and end of the line.

The proposed technique is deécribéd_in a separate article
{2.4] and briefly employs equatiéns derived'froﬁ a signai flow.A
-g;aph~procedure where thé leaky cabie is-répresented as a three;
port network with two ports representing the end port inthe
Cable‘and~the third port representing the:leakagb..AThuS, cablé

o

mounting effects such as reflections from the surroundings etc., .



- are described by means-of the third port. Only segments of

the transient response to an impluse.waveform need be sampled -

soithat:the scattering parameters describing the performance
of_the-eable can be obtained. -

~ In order to.test the feasibility-of the method, compara—
tive measurements were made on the Rad1ax and MGL+cabie samples.

The time domain reflectometer was an HP 1415A TDR system where‘

. the transmitted pulse was generated from a 150 ps step using a

25 . short circuited stub as a pulse forming network.. Also, a
28 ps HP 184A TDR system with accessories (1815B sampler, 1817A

sampling head, 1106B tunnel diode and 1104A trigger countdoWn).

" borrowed from the Manitoba Telephone System was used for a short

period. The appropriate segments from the analog signals-were

-sampled and stored in a buffer of PDP-11/40 computer system,

~while their Fourier transforms were'calculated using the FFTZSub—

routine in the same computer.

The technique was attempted only on an exploratory basis, .

- with the hope that further and more elaborate measurements could

be carr1ed out when the TDR equ1pment could be procured for a rea—'

sonable period of time. Pre11m1nary measurements indicate the

:RadiaxCablesamples are very close to 50 ohm lines, while the
'MGL test line has a characteristic impedance of approximately
. 300 ohms, The effect of bending the Radiax Cables was noticed,

while the effects of connectors and transitions were also .observed.

It is unfortunate that the waveforms and othcr‘TDR measurement
records could not be- reported here, since the measurements were

only exploratory and donc durlng the very brief perlod in wh1ch

i This-cable Ts described in Chapter 3.
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the TDR equipment was borrowed.! Since time domain measurements
were not part of this contract, it is hopéd that detailed mea-

‘surements could be carried out at a later date in a future con- -

traqt.: t
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'THE MODIFIED GOUBAU LINE -

Introduction:

Ever since the pioneering theoretical and experimental work
of Goubau [3.1. 3.2] on surface wave transmission lines, a con-

siderable number of investigations has been carried out on differ-

ent types of surface wave lines and other related topics :[3.3 -

3.5]. All such lines have one common characteristic, in that

they are open lines, i.e. part of the electromagnetic energy.

~travels in the airlsurrounding an unshielded guiding structure.’

The importance of such a study of these 'open waveguides' arises

because the attenuation factors of the propagating electro- -
magnetic wave are considerably lower than in 'closed waveguides'.
This is especially true when the surface wave structure is

excited in its lowest order mode.

One of the most recent members of this family of lines. is

'the hodifiedAGoubau line (MGL) where é suitably deSigned airgap is

introduced between the conductor and the dielectric 1ayér of a

:‘convehtiona1~Goubau_1ine (GL) . This line, while fully retain-

ing the merits of the GL, appears to have, at least in theory,

~a lower attenuation gonsﬁént [3.6]. It was also noted that, as

the airgap size increased, the calculated attenuation constant
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dec§eased in a monofdnic fashion. Thé.line‘also éhowsicon—v
'éiderable proﬁise to h#ve da wider bandwidth as comparéd.with the
GL of identical-oufer diameters of ‘the conduptpr énd.the-
dielectric 1ayer.aﬁd propagating the same mode [3.7].,‘."

In the following Sections3thé theoretical model will . be

. presented first in order to explain the mechanism responsible

3.2,

for the basic advantages over the conventional Goubau line.

This will be followed by sections dealing with therdesign'of

- surface wave launchers, radiation and matching elements, as

‘well as the details of an experimental line constructed for

laboratory testing where return loss and near-field measure-

" ments are presented.

Theotetical Model:

The geometry of the MGL is shown in Fig. 4.1, along

with the basic electrical parameters ofvthe three media. The

wave is assumed to be propagating in the positive z directibn,

and the field components are assumed to vary as-exp [-yz] where

Y '=- o+jB. Atime variation of exp [jwt] is assumed.

- the three non-vanishing components are Ei, E

For the symmetric TMO mode propagating on the structure,'

b and H¢, and they

‘are independent of ¢. The wave equation is solved in the

three. media as shown elsewhere [3.6], and the expressions for -

the field components can be-written down. Imposing the boundary
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.

cohditions for the general caée of a loséy conduét&r.ahd iéssy
dlelectrlc layer, the characterlstlc equation is derived and is
solved for various combinations of_parametersf In particular, the
10Q~frequéncy approximation is studied as a'separate_case |
[3.6]. |

The unique solution of the chafacteristic equation deter- |

mines such propagation characteristics as the phase and

attenuation constants, guide wavelength and phase velocity,

- decay. coefficient, surface'resistanée, and reactance and character-

istiqrimpedanqe. The power launched onto the MGL travels entirely
in the z'direction, which is the direction>of propagation, .and

is bbtained by integrating the ?oyhting vector o&er the trans- o .,i
vérse'cross—section over the thiee media. |

Some representatlve numerical results are glven elsewhera

[3 6] in the form of tables and graphs.

Operating Physical Mechanism:

All" the computations performed up'to the present time

.indicate clearly that the MGL has a lower attenuation constént,

‘and a wider bandwidth as compared to the GL.

The reasons preseﬁtly attributed to these observations are

_that part of the wave is made to travel in a relatiVely loss

free airgap medium, instead of the dielectric layer.  In other

0

“words, the field is pulled away from the conductor surface, where

the losses are usually high, and there.is a redistributidn'of'the‘
transverse power profile~which increases the field concentration

in_the‘dielectric layer. Similar observations were also made

-



- T N ME 5 o a0 SN o

3.4.

53

.earlier at the University of Manitoba in the case.of antennas

[3.8] and conventional metallic waveguides [3.9]. For narrow

airgapvsizeé, the possibility of existence of a backward wave is

suspected._‘On the other hand, 'the size of the airgap-may not be
so- critical for the MGL as it is in the case of center-fed

- ‘dielectric dipole antennas. The-so. called quarter wave effect

(3.8) may not be noticeable in the case of open surface wave lines

like the MGL.

Line Excitation:

The-fieid configuration of the domihaﬁt mode dfﬁfhe MGL is
similar to the TEM coaxial line mode in- the transvérselplane.
It is therefore quite logical to use the open end of a coaxial
1iﬁevas the feed point for launching a SUIface wave on the MGL,

provided that the two lines. share the same inner conductor,

- as shown in Fig. 3.1. The mathematical model for this type of

excitation has been recently derived, .and ‘the resulting problem
of scattering at-the abrupt junction has been formulated and

solved by the Wiener-Hopf method [3;10]; This analysis led to

expressions and représentative numerical results for the reflec-

" tion and transmission coefficients and launching efficiency.

- However, in practice. the outer conductor of the coaxial
line is flared in the form of a conical launcher over a few

wavelengths in order to create a smooth-variation of transverse

- impedance. The flared section is normally~refefred to as a

horn surface wave launcher. The design procedure to determine
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‘the flare angle, electrical length and impedance is given else-

where [3.1] and is employed in.the'désign of the experimental

" line discussed later.

As the pperatingﬂfrequency is decreaéed; the electrical_;

length of the horn launcher decreases unless the physical léngth

is increased. This could become a serious disadvantage. since

theilenéth"may become too Prohibitive'for practical §ystems..
An alternative procedure has to be, therefofe, investigated for
the lower frequencies. The most promising apprbach at_présent
is to use shaped dielectric. inserts inside thé'lauhcher:as
already reported from the University of Manitoba in the case of

circular and rectangular waveguides [3.11 and 3.12].

Operating Frequency Bandwidth:
The presence of a narrow airgap in the MGL leads to a .

wider operating frequency bandwidth than the GL for the same mode

[3.7]. . In this case the definition of thé_opérafing frequency

bandwidth is based on Semenov's criterion of limits, set on .

‘the transverse propagation constant in the surrounding medium

[3.13]. These limits amount to attenuation limits where the

MGL losses are lower than a coaxial line of c¢comparable

dimensions.and composition. In addition it must be noted that

the guide wavelength for.surfacé wave lines lies between the

free spacé wavelength and the wavelengtﬁ.in_the dielectric;
The wider bandwidtbiof thé MGL invconjunction with the .

lower ‘attenuation constant suggests numerous practical

- applications such as in point to. point line cOmmunications.'
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- 3.6, Tfansversg Fielngecay:'

'Tﬁé trangverse-field distribuﬁibn of ény.surféﬁe wave line
._ié an imporﬁant characteristic siﬁce it is'indicative.Of the
'effectivepeés'of the Qtructure'gs a waveguide. For this reason,
the‘decay'coefficient is normally used to give an idea of the‘
Aradia1ufie1d decay in the transverse direction. - ThiS_cOeffiCient
is given elsewhere [3.6] and is a function of the operating
Afrequency and physical dimensidﬁs as expected. The higher the
frequency for any given line, the higher:is the‘deéay.coefficient,
and]tigﬁter the coupling of the surface wave t§ the line, and

vice versa.

.

In case of the MGL the decay coefficient is émaliér than

_ fhap of a GL of unmodified dimensioﬁs wﬁich impliés that the |

‘éﬁfféce wave iévmofe.loosely bound to ﬁhé-outer surface;. Wifh a
shorter section of a similar line and‘as‘the receivingvanteﬁna;

'pos$iblé“applicétions cduld be found in continuous access .

: guidéd'cbmmunicafion (CAGC) on ground tranéportation systems
such as railways, highways, and monorails.[$.14]. Gallawa et:al
[3.;5] have ieportéd an extensive investigation of the GL for:

- fwo—wéy continuous communications and, especially'fof such

“applications, the reduced attenuation and lérger field spread of

,zthe MGL are obviously of advantage.

So far the MGL has been presented as a surface wave trans-
mission line, where pért of the energy travels in the dielectric

layer and the rest in the airgap and the.surrOUnding_air medium..

°
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In other words, the surface wave is still é'guided wave_and the

wave impédance has a unique and calculable value for any cross.

- section along-the length of the line. However, when the MGL

is loaded at some position, the wave impedance changes and this

is associated with a radiated wave originating from the load dis-
‘continuity. At the same time, we expect that' scattered waves
- and higher order modes are excited particularly in the immediate

- vicinity of the discontinuity. This loading, therefore, converts

the MGL to a leaky surface wave line_with simiiar character-

istics to the LCX with analogous engineering.design'procednres

" and associated problems.

There are many possible methods of achieving an impedance

discontinuity in an MGL on a continuous or discrete basis. The’

‘corresponding radiation patterns could be directive or omni-

directional (i.e. independent of the azimnthaf»angle). Examplés

of continuous discontinuities are longitudinal, straight or

"helical slots or metallic tapes. Examples of-disérete.discon—
tinuities are circular metallic or dielectric discs or conduct-
ing strips. Some results dealing with conducting and dielectric

. discs and conducting strips are reported elsewhere‘[3.16];

Because an abrupt discontinuity is likely to create

additional mismatch on the line, it would be ideal if the

“discontinuity can be a sliding type, in order to obtain

radiation and higher power transfer- from the ‘gencrator to -the
line.- This is the particular advantage of a sliding disc:

type discontinuity, which is somewhat analogous to the case of
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conventional tuners where power transfer from the generator to

-the load is .controllable. Because of its simplicity and con-
"Venience; this type of discontinuity has been investigated

experimentally in some detail, and results are presented\in the

following sections for the returﬁ‘loss or VSWR.

_Experimental Line,

An:eX§erimentél MGL 1line was coﬂstrucfed'from a 6‘ft 
long copper tube of 0.5" outside diameter and an acrylic tube
(er = 2.6, tan' § = 0.Q057)Vof O.7S"iinside diameter and 0.875"
outside_diameter, The iﬁner conductor is supported by three |
0.25" wide acrylie spacers, as shown iﬂ Fig. 3.2. Two of
these three spacers>are at ehe oppesing ends of the line aﬂd .
the third is approx1mate1y at the middle of the line. The
copper tube is closed at the ends by means of a pin- plug

arrangement where the centrally located pin- ensures a good

-electrical contact and D.C. continuity with a coaxial N-type

connector. The line is excited from a coaxial line and the

outer conductcr is flared in the form of a conical horn

launcher. The launchers are designed and constructed by known

;Atechniqﬁes [3\1] and the details of the geometry are given in

Fig. 3.3.

The experimental set-up used is shown schematically in .
Figa 3.4. The method of measurement is based on a technique
originally proposed by Barlow and Karbowiak. [3.3], and is

féirly well known and established. Thus, the output of ‘the’

. sweep oscillator is fed through a_frequepcy.meter'to a 1KHz

L]
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sQuare»wave'modulath. The output of the modulator is in turn .

fedgtOvthe line which is short circuited at the far end, and
heﬁce-standing waves are set up on the line. The axial: elec-
tric field component is detected with the aid of the dipole

probe and detector. The radialvcomponént is detected by using

‘ anmnopoléprobe constructed for this purpose, in which the in-
ner conductor protrudes over and above the outer conductor by

'approximately 5 to 6 mm. The probe is'mouhte&th the probe

v

‘carriage of an optical bench covered with absorbing pads'(to

minimize reflections) and oriented parallel to 'the line so

- that the appropriate electric field component is detected in-

side a microwave anechoic chamber suitable above 300 MHz. In.

_the case of the -monopole probe, the probe position -is édjusted

~to.é height éo.that~the tip israppioximately‘l.s cm from the
outer éurface 6f théfline, A similar procedure isvadopted
when fhe dipole'p¥obe is_moun#ed so that the dipole afms are
barallél to the axis of the line aﬁd sepéréted frpmAit by 1.5

cm. Since the dimensions of the probe are small, it may be

‘assumed that the presence of the probe near the line does mnot

Significantly alter the surface wave distribution. - The probe

is moved along the bench parallel to the axis of the line in'_‘.

small steps of 5 mm, and each time the power detected is read

. from.a célibrated oscilloscope dispiay,‘which_is~connected to

the probe through a detector. “The standing wave pattern is

measured near the launcher end, near the-middle portion where

the spacer is located, and .near the short circuited end.

‘No appreciable<change in the value o£-thé guide wavéléﬁgth'was

observed, except for the difference that, in the middle portion
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_where the spécer was located, the minima were rather deep and

~m6re‘pronounced and the field more;SensitiVe.‘ The sepérationi
btheen either. two sucééssive minima'or'ﬁaxiﬁa giVes‘half“the.-
guide wavelength.’ The agreement between;caléulated and measured
vélues of the guide waveleﬁgth is.better for the monop61e~than
fpr the dipole measurements. This»gave confidenceiin the vaii;:
dity of the experimental system, and the procedure was repeated
With.the afofeﬁentioned disconfinuities.' |

The inner and outer diameters of‘the brass.a;d_acryiic
riﬁgs_are the same and equal d.875”.and_1.125", respectively,
wpilé their thickngssnis 0.125". The conducting tape is wrépped

around the line and is 1 cm wide (with negligible thicknesé).'

. Experimental Results:

‘The exberimental set-up already desqribed in Fig. 3.4 was

initially employed to measure the electric field components Ep

: and_Ez° As mentioned earlier, these components are detected

usiﬁg the monopole and dipole probes, respectively.

Although the MGL can be used in principle in any fréquency
0 mode, ini-

~ tial measurements were carried out in the 1.5-2.0 GHz range.
. This range was selected on the basis of the availability of di-

'pole probes. The data was used to calculate the guide wavelength

and.décay coefficient as shown in Table 3.1. The measured values
reported in this table are the result of’averaging over ‘total
number of maxima and total number of minima in the standing wave

pattern over the line [3.18].
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" Table 3.1: Comparison Between the Calculated and Measured Values of A

(Dipole Probe) . : '

Frequency ' (MHz)

Wavelength Ao (cm )

Guide'Wavéléngth Ag (ecm )

Calculated - = Measured
1500 20.00 19.7308 . 19.56
1600 18.75 18.4922 1 18.72
‘1666 -18.00 17.7491 - 17.55
1800 1 16.66 16.4282 : 16.20
12000

15.00

14.774  14.36

Using the monopole probe it was possible to test the line

in a different frequency band ranging from 1 to 4 GHz using dif-

ferent signal generators with manual adjustments. The results

thus obtainedvare presented in Table 3.2, and show better agree-

“ment with theory than Table 3.1. The "left" and "right" positions

ihdicated in Teble 3.2 correspond to the generator -and shorf-‘\

~ circuit sides of the discontinuity, respectively. The measured

values reported in Tables 3.2 and 3.3 are the result of averaging:

- .sides of the discontinuity.

over the total number of maxima and minima to the left and right

Tabie.S.Z: Measured Values of the

GuideiWavelength (cm) - Monopole Probe

A A

o . g _
MGL Brass Ring | Acrylic Ring | Conducting Tape’

Calculated Measured [ Left Right | Left Right Left Right

30 | 29.6429 29.5¢° | 29.50 29.40 | 28.50 29.33 | 29.00. 28.80

20 19.7308 19.77 19.62° 19.75 | 19.50 19.63 | 19.50 = 19.63

15 14.7774 14.82 - | 14.40 14.75 14.50 14.57 | 14.81 14.71
10 9.8267 9.76 9.87  9.78 |. 9.85 9.76 - 9.80 9.75

7.5 7.3528 -7.34 7.33 7.31 | . 7.36 7.38° 7.35 7.62
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The close agreement between the calcualted [3.6] andzmeaSured.talues.,

of the guide wavelength suggests that the surface wave is Lagnghed

' propérly and  is tighxryvboundstQ'thQ_Qthrusuffgqé{‘ This
. giveS'some confidence that the sysﬁem is'féésibIQ &ni, hence,
the theoretlcal concept of the MGL_LS deQnstEatQQ experimentally
The varlatlon of power>¢etected in. the transverse plane
was measured with the aid of anAaltern&tlve experimental arrangev
ment of the line and optical béngh The-radlal power varlatlon
thus measured was close to the expected values based on thGOre— ' -
tlcal calculations [3.6] as shown in Figures 3.5 and 3.6, The
;deviétion between the two can be attributed to the possibility | S
of existence of a Qtanding wave in-the radial directien due te
reflections from the probe and other surrounding‘métallic objects..
"H$wéVei, no significant effects were observed due to movements
of personnel in the vicinity of the>fro$§. It may be noted here
that‘the theory assumes a puré.surface wave, while the expérim@nt
gives a slower rate of decay. | |
The experimental procedure for measurlng the gulde wave=
lgngth and power decay of the MGL was~repeated in the presence
'1of'meta1;ic and dielecfiic discontinuities and.the Tesults aré

présented"in-Tables 3.2 and 3.3.
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0.1685

_ Table 3.35 Measured Values of the Decay Coefficient for-thé MGL
Xo Decay Coefficient (cm-l)
Unloaded = Brass DPisc.. Acr&iic Rihg Conducting. Tape
Calculated Measured | Left Right | Left Right | Left "'Right_
30 - 0.0326 0.038 0.038 0.042 0.068 0.036 O}OSS 0.061
20 0.0521 0.047. 0.061 0.050 0.071 0.060 0.071 0.060
‘15 0.0730 - 0.065 0.122 0.077 . 0.110 0.102 0.066 - 0.083
10 0.1185 0.139 0.100 0.133 0.110 0.139 0.125 - 0.143
7.5 0.172 0.179 0.189 0.161 0.153 0.168 .0.119

" the line.T

The "left" and "right" positions indicated in.Table 3.3 correspond .

to the generator and short-circuit sides of the discontinuity, re-

spectively.

quéncy of 1.5

Figures 3.7 - 3.9 show the variation of the normalized

‘GHz .

hpdher in the tranéverse plane with the rédiél distance away from
Figure 3.7 shows a cbmparison:between thé unloaded'MGL;.

Vbrgss'disc—loaded‘MGL, and acrylic disc-loaded MGL at é fixed fre-
| 'Figute 3.é-show5 the particular casé of the. "

" brass ‘disc-loaded MGL at a fixed frequency of 2.0 GHz where the

variation is shown’on either side as well as the center of the

~discontinuity.

Figure 3.9 glves the rad1a1 decay to the rlght

::hand (or load end 51de) of the brass disc at varlous freunHC1es

S It should be noted that thlS variation is 1ndependent of the

axial p051t10n of the probe as also vcr1f1ed exper1menta11y
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Since the interest in the MGL is based on'its ability to

propagate and radiate -(with the aid of suitable discontinuities)

e.m. energy, the question of characterizing‘the MGL as a leaky.

Atransmission line is of obvious interest. We note that little

is reported in the literature on such engineering aspectsvas

the equivalent circuit representation, frequency response and
mechanism of radiation of surface wave transmission lines. In

fact, the definition of a characteristic impedance for such

lines does not exist and no procedure for its measurement is =

‘therefore available. Hence, for the exnerimental line of Fig.

3.2, we consider that the two launchers and end connectors are

~an integral part of the line. Also, we specifiealiy adopt the

concept of an equivalent characteristic impedance (Zoe);‘equiF

~valent -propagation coefficient Ye (or a, ¥ jB )}. Obviously

Zoe- is unknown and is needed to determlne the optimum feed

frequency for maximum transmitted and radlated pomer with mini-

 mum power reflected ‘The two methods described below‘were.em—”
'ployed in our effort to characterlze the line and both proved to
be almost equally effectlve, although the second method proved

" to be more convenient and practical, - It is unfortunate that a

third method based on the TDR technique could not be employed,

particularly to study the effects of connectors, launchers, -

'bends,_transitions, etc;, due.to the lack of~equipment.

The first method is based on a two- -port representatlon

of the line with the radiation effect: (when present) 1nc1uded

"in the attenuation constant a, as a loss in the line.. On

this basis the input impedance Zin . for a line of length d
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ation ports. Here the value of S

. circuited. Since the line is bilateral,

“and hence a maximum of S

and'terminatéd by a 1oad‘impedance »ZR is given by

ZR‘+*Zoe tanh +vyd

27 e ohms R (3.1)‘

Z. . -

in p§ Zoe»f ZR tanh. Yd ;
when such a line is fed from a 50 ohm line, the resulting reflec-
tion coefficient T -in the'feedfiihg is

- 50

Z: . o

.+ 50
in

R

'If Z_, .is varied, with T being“monitored at the same time, a

poihtlwill be reached when Z ;‘Zoe and the MGL becomes proper-

R

V ly terminated with Zin equal to ‘Zoe'or Z,. At that point the

R

current value of T will be equal to the value calculated from

(3.2). When this happens, the current value of ZR equals Zoe

.régardless of d and Y- Further measurements yield a, and B;

- as well as the frequency response of theiline.'

 Thé second method is based on scattering matrix arguments

for a three-port system consisting.of the input, output and radi-

11

of frequency. for the line when the second port is open and short :

s 5yy = Sppand 5y, =8
12 cqrrgsponds to a minimum in SII"

The frequency at which this is observed also corfesponds to maxi-

21

mum power radiated by the line and received by a dipole probe .lo- -

cated near the line (i.e. maximum 813).
this‘frequency for our experimental line was found to be 5 GHz-
COrrespondingAto a minimum VSWR of_1.175'observed using a network

analyzer., : R R

is monitored as a function

The'approximate value of
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The séme.précedure was adgﬁted.ﬁhen the MGL wasvallowed to

radiate in the presence.of discontinuities. Since one of the dis-
‘continuities examined is of the disc type, the effect on the input

VSWR- of moving the disc relative td the mouth of the feed launcher ‘

was studied. Table 3.4 shows this variation and indicates the op-

timum disc position at a given fréquency for minimum VSWR which was
found experimentally to correspond to maximum radiafed_field, again
using a dipolé‘probe, In this sense the sliding disc does not only

radiate, but is also analogous to a series transformer or sliding

screw tuner on a conventional transmission line.

In orderito study the coupling loss of the leaky MGL and com-

pére the data with that of the Radiax and Hitachi LCX éables, mea- -’

~ surements were performed at 150 MHZ and 150 KHZ. The 150 MHZ mea-

surements allow direct comparison with the manufacturer's data on
Radiax cables spécifically‘ The results for the radial poﬁer decay
with an acrylic disc loaded MGL are given in Table 3.5 and can be

used to estimate the coupling loss as indicated in the table. The

- receiving antenna used was the monopole probe described earlier,

which was moved away from the line in the transverse plane. The
results indicate that even at a 20 ft distance away from the line

(Qhere the probe outpuf may be used to estimate the coupling loss)

X

‘the received power is only 22 dB below the reference value at the

outer surface. Although the variation shown is oscillatory in na-

i

‘ture, the received power is still significantly higher than with-

the Radiax cables.. It is obvious that even better Tesults could

‘be obtained with a different size and composition of the disc, or

with more discs, or both. R
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The 150 KHz data was obtained outddors, using a function

generator (Inferstate-Electronic Cdrporation type F36 AM/FM)"

~with CW 10. volts peak to peak output across_SOthms. The field'
- Strength/was méasured‘using a calibrated 150 KHz-SéMHz Sihger-

“Radio Iﬂterference Field Inténéity Meter (R.I.F.I.) mOdél no.

bNM—ZST, in conjunction with a loop pickup antenna and Sfoddgrt

. Calculator ﬁart no. 21518, all Borrowed from CommunicétiCns
“fCénada,:Winnipég office. The fesults are given in Tabléé 3.6
' énd‘3.7,,which indicate that even at a distgnce of 42 ft the
f_measuréd'field strength_is siénificant and shéwsilittle éepenf

dence on extraneous signals due to environmental interference.
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l Table 3.4: Variation of VSWR with Di's.c-Po'sition ,
' Centre Frequency = 5000 MHz
. Distance from the mouth of
: launcher _ ' '
. ~ (cms) ' - VSWR
' 1 1.288
o 2 1.230
: R 1.202.
' . 4 . 1.210
; 5. 1.175
6 1:260
" 7 1.380°
olE -8 1.350
: 9 . 1.380
' : 2 10 1.380
Y : 11 1.380 o L o
: 12 . 1.350 _ : Lo
' ' ' . 1.550 ' T
| !
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Table 3.5: Measurement of Radial Power Decay at 150 MHZ -

- pistance (Inches) Relative Power in dB
0.0 0.0
5.2 9.0
14.2 12.5
. 23.2 13.5
- 32,2 15.5
41.2 -15.0
- 50.2 15.0
.59.2 16.5
68.2 16.5 .
71.2 . 17.0
80.2 17.5
89.2 13.5
98.2 - 17.5 .
107.2 16.5
116.2 11.5 -
125.2 10.5

134.2 - 17.5
143.2- . 20.0
152.2 16.5
161.2 11.5
170.2 10.0

©179.2 10.5
188.2 20.0
197.2° 17.5
206.2 14.5 .
215.2 . 16.5
224.2 18.0 -
233.2 21.0 .
242,2# 22.0
251.2 22.0

*This number corresponds to approximatély 20 ft separation distance
and could be used to estimate the coupling loss using the relation:

. . _ d
coupling lossi = Pline/PZO
m m,_m
= Prine’Po! [F/Paol - 5] o
where P_, is the total power flowing in the surface wave line,
, line _ : .
while PO and on refer to the powers received by a monopole -
or half wave dipole (superscripted by m and 4, respectively)

at 0 or 20 ft separation distance. The first bracket can be estimated
from the transverse power distribution in theé structure, the second

~ brackeét is the quantity measured and shown in the table and the last

bracket is well known. . The resulting estimate for the coupling loss

in the present case is 42t 10 dB, which is' reasonably confirmed by

comparing the outdoor field strength data (at different frequencies) .
for the LCCX and leaky MGL cables based on the same 1nput power from
the same generator. -



~ Table 3.6

Measurement of Field Intensity at 150 KHz

(Vertical Polarization)

: Distahce (in Feet)

Field Intensity

(uv/m)

4,250
. 2,850
2,000
.. 1,500
. 1,070
680
570
400
320
270 . .
180 . -
145
115
-80
68
58
30.6
-+ 28.0
24,0
20 -
18
16
13
12

[y
st

NOO O N w0 oo
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Table 3.7: Measuremént of Field'Infensity at 150 KHz(Horizontal Pol;)

Distance (in feet)

DO~V N

10

12
13
14
15
16
17
18
19
20
21
22

uV/m -

18,000
11,300
6,450

. 4,000

2,850
2,000

1,400 -

1,000

800 .

. 620
500

400
320

285

200 -
170

+ 135
120
100
- 90
72

\
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Table 3.8:

Variation of Field Intensity with Frequency at.20 ft.

‘Frequency :  Field Intensity (uV/m)

. _(MHz) Loop in Vertical Loop in Horizontal
T ; i "Plane "~ Plane .
0.150 ' 130 ' . 40

-.0.600 290 90 -

1.5 B : 710 © 115

~ 3.0 o 1150 . - 900
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Discussion:

- From an examination of the near field measurements, . we

obserye the:expefimental feasibility of the MGL and 1eaky MGL.

As noted earlier, the surface wave properties are largely

- governed by the launcher design.which is frequency‘sensitive

As a result the experlmental 11ne constructed for testlng pur-
poses_appears to be su1ted for frequencles above 100 MHz. This
was necessary in order to use the microwave anechoic chamber -

during the winter months.. As a consequence of testing at ‘micro-

" ‘wave frequencies the coupling distance was automatically

restricted to a short range. All attempts to test the Iline

indoors below 100 MHz gave rise to some experimental difficult-

‘ies mainly due to launchers and multiple reflections from

surrounding objects. This is the reason why outdoor measure-

ments could not be carried out until the weather and.climatic
conditions permitted.

Examination of the radial power decay data at 150 M{Z_ indicates

that significant power can be picked up with a short monopole

~and a lab013t0ry 51gna1 generator and the level recelved is
. higher than that of commerc1a1 LCX cables tested under identical
conditions. Even more power could be picked up if the number,

- position, size and composition of the disc discontinuity were

to be optimized. 'HOWeuet, it should be recognized that:in"
practical appiications‘the disc type of discontinuity may not
at. all be ideal or preferable to shaped slots, groovcs, tapes,

etc. (e.g. rectangular, c1rcumferent1a1 or he11ca1 slots)
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With fespect to the‘iSO KHz data, the measuiedifieldf

strength is significant for either polarizatiqn, and can be

directiy related to practical appliéétions,~partiCularly for

rural communications. However, the mechanism of radiation may

‘not.be the same as in the case of higher operating‘freqUehcies.

“In other-WOrds, the experimental leaky MGL might not be aéting

as a surface wave line, but possibly as a conventional monopole

antenna over_a7ground plane. In any case the concept of a leaky

© MGL appéars to be quite promising and may be still adaptable to

existing power line installations. Further work wouid,;of

course, be necessary to optimize methods of coupling, receiving

:éntenna‘design and, above all, the fréquency,
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- LEAKY COIL-COUPLED COAXIAL.SYSTEM (LCCX)

Introduction:

- As pointed out -in Chapter l'the.exisﬁing leaky cbaxiél-.

_system designs are based on specific applications, none of whi ch

is suitable or economical at the lower frequencies where our
real interest lies for rural communications. Thus, the six

known commercial systems (Loose—Braid, Radiax, Continuous Slot,

 Iniex-Delogne, Zig-zag and CERT) were not intendéd for low 'loss -

long distance rural communications as presently needed for-
sparsely populated areas of Canada. These systems involve some-

how.or —other a disturbance of the wall current on the outer

conductor resulting in.radiation.. The proposed system (LCCX) . .

is based on the simple idea of duality, in the sense ‘that the

magnetic, rather than the electric, field is used for producing

the radiated signal. 1t is anticipated'that, once the proposed

system is fully developed, it will retain the merits of the

, exisfing.systems and will be applicable to new areas such as

low frequency rural as well as urban communications.

Although the proposed system involves a coaxial‘line, it

"should be 'noted that adaptation to‘existing power lines may

become feasible and economical, provided that the additional
interference is resolved by proper deSign,"
The proposed system is shown schematically in Fig. 4.1. It

consists of an air-filled coaxial line, together with a.

. rectangular four-arm coil where three of the arms (arms 1, 2 and o

3) are inside the coaxial line whiie the fourth (arﬁ 4) may be
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finside or outside the line. Flg 4.1 shows the 1atter case where
arm 4 is outside the line and hence acts as the radlatlng element.

If arm 4 is 1n51de the 11ne, it would be&located_close to the

inner surface of the outer conduetor,_while arm 2 will be close to
‘the inner conductor se that maximum flux linkage-takes'place while
the induced veltage across the terminals will beAnsed to feed an
1Aantenna,_which could'possibly be a‘loep (net'shown), .In either
case, the dimensions of the coaxial line, the couplrng-coii

" (whether it 1s 1eak1ng through arm 4 or feedlng a separate antenna),

.frequency, c011 to coil separatlon along the coax1a1 11ne deter-
mine the field strength at the observation’ point and are, there-
fore; subject to design optimization. |

As is well known in eleetromagnetie theory, the\flnx_link-
age'with a coil of fixed area A increases linearly with the
number of turns N and the induced power.increases by Nz. A
‘similar dependence is expected if the area-rather_than_the numher,
of-turns is varied. The actual shape of the loop is immaterial
provided that the f1e1d between the conductors is unlfbrm, whach
'1s not the case in a coaxial line as w111 be shown 1ater.

| The ba51c theoretical concepts and relatlons underlylng

uthe'proposed scheme are presented in the next section, It should

. be pointed out that although the system appears to be. 51mp1e,

:

there are, in fact, many unresolved questlons whlch need

 further theoret1ca1 and exper1menta1 1nvest1gat10ns..
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4.2

4.2.1

. 4.2.2

of inner and outer radii equal to R

| given by [4.1]

~dius of the inner conductor is denoted by R

_.inner and outer surfaces ofthe'outer conductor are denoted by R,
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Theory:

. To.understand the. basic principles_underlyihg the proposed

system, it is necessary to review some of the theoretical concepts

of .a conventional coaxial line. This is done in thg fol;dwing sec-

tions.

Characteristic Impedance of a Coaxial-Line:

JfThe characteristic impedance of a coaxial line (see Fig. 4.2)

1 and'Rz, respectively, is

, o138 R
0 10 R
Ve 1

by
. R
= 00 R.oge ﬁg
Ve |

. where verv is the relative dielectric constant of the region be-

tween. the corductors and equals unity in the case of an air region.

Magnetic Field Inside a'Coaxial Line:

' Figure 4.2 shows a coaxial cable cross-section where the ra-

, and the radii:of_the

4

2
~and R3, respectively. The current densities in the inner and outer
conductors are dentoed by J, and J respectively, and the permea-

1 2°

‘bility of the space in between is denoted by u. If the central axi§
-of the cable is along the z-axis and the frequency is'low:enough to’

‘ensure that the skin effect is negligible, then

R k, ‘R <R

I 7.2 1
R1 ‘
oo — 1 §, R, < R <R
e
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5:Fig;,4,2' Schematic Diagram,of Coaxial Cable CrosS%Séction,‘
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[

" where I is the total current in the line and k is a unit vector

.- along the z-axis. For R<R Ampere's law gives

1’
Ho.dl J J.n as
8, -
-G 1

2r R 2w _ ,
I H 0.Rd6 0 = J I L K.k, RdRde
i . ) le :
0 o 0

which leads to the result

;; _ 12R9;0<_R~§R1
. . Zan
where n is a unit normal to a cylindrical surface of radius R
" while-9 is a umit vector in the polar direction or direction of

‘the magnetic field He. Similarly we can show that

Ho= 5L 6. R SRR

2mR 2

and R 2 2 A ‘ |
S 1 R -R 8, R, <R <R
o ® T 7w 7 .z | T T3
Hoooar R.“ - R

3 2
if the.flux'linkages in the>inner conductof are denoted .by Al’ then
l A ~ ' 2 -
A, = e 6.6 ar.az TR =il
1 2 , 2 8w
e 2Ry TRy ‘
0 0 o
heﬁée-
L, = AT, = u/8m henzys/meter

1. 171
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'4.2.3

similarly for region R, <:R-<: R

1
L= Moen 2
Lz = o MR
i |
while for the region R, iiRi;Rs :
S ' R
Ly s —— B [R fm 53 1?(115 “RYy - &;(R rd )]heﬁi‘ys/meter
3 2 2 2 2 _
2m[Ry - Rg] R o

'I‘he total line self inductance ‘s ﬁrénce'gi\;*én by
= Iy vy dse o

Coupling by a Rectanguiar Loop:

In order to predict' the woltage indueed.by the leop, we de=
szgnate the lengths of the four arms as 52, 9,2, 'Q’S and 2, Té=
spectlvely. Furthermore, wWe dﬁsngrra‘te the distaﬁCe between arm 2

and the inner conductor a@s <d2 with the distance between are 4

.and the outer conductor as 4, - \when atm 4 is inside the line and

4

. d"t" when it is outside. The wadii of the inner and outer e@ﬂduetors_

are denoted by R1 and R‘Z” Tespectively.

‘Using the R, 0, z cylindrical coordinate system, we note

that the voltage induced in the ©oil when arm 4. is inside the

" line .is given by the time Tate ©of change of the magnetic flux times

the number of turns in the loop, i.e.

v=-N —3% = juN J ‘B.n da s (§ = 1o6p area)
5 ‘
I AN A
= ~jwuN. J TR 9.9 dRdz
-8
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--i by [4.2]

induced voltage is very sensitive to d

91
e R, - d
=.~prN122 2 4 dr
Co2w R
. d2
jwuNIRz R, - d4
= ' n -
27 d

. 'while in the case where -arm 4 is outside the line, the induced

voltage is given by

juNIL, R
Ve 2% gn 2
~ 2 | d2

N

The above relations suggest that the induced ﬁoleaéeiis‘ii;
neaely dependent on the radian_frequency (m), number of terns"(N), _
ﬁermeability of the‘medium between fhe conductorsf(u),‘driying'cur—
:ent (I), length of the loop parallel to the‘inner‘eondqctOr (Rz)

and nonlinearly on the separation distances between the loop and

the conductors (d2 and d It should,Ahowever, be noted that the

e

2

or_.V? can‘be'adjusted in practice by varying d

*ewhich suggests that v

2‘ possibly through

.a micrometer arrangement.

Radiation by a Short Wire:
Since atm 4 is the radiating element whose length L  is short

relative to the operating wavelength, it mayfbe assumed that it is a.

- short wire antemna or short dipole with uniform current distribution.

If the peak current in the wire is denoted by I, then the non-

véﬁishing radiation field components are Ee»and H¢_,which areAgiven'

joI_ L sing oJU(t - ¥/€)
o 4ﬂec2r

‘Ee/lzoﬂ

==
1

¢
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Pattern of /a' Short Wire Antenna
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= where ¢ is the velécity of light, € is the permittivity'of the

'medium- and the coordinatevsystem is as .shown in Fig.4.3. The result:

4.2.5..

ing far electric field pattern is also shown in Fig. 4.3 and is in

" the form of:a figure -eight as is Qell'knowﬂ;- Howevét; it must be

noted that the pattern will be modified by the presence-offthe._.

ljcyiindér'forming the outer conductor of the,line which is*groﬁnded.

Radiation Pattern of a Short. Loop Antenna:

-+ A short loop antenna may be circular or square in-

shape and is equivalent to a short magnetic dipole. The radiation.

‘pattern of a.square or circular loop is the same and is given for

the noh’vanishing far field components by [4.2].

ﬁﬁ,(instantaneous) = 120ﬂ2[I]Sin6 A
' r 2
‘ bl

-where A is the area of the loop, [I] is the retarded current, )A-is

the ‘wavelength and r is the distance to the observation point (See
120m 2 I Sind A o

Fig. 4.4). Alternatively'E$ (peak) = 0
| . S
where IO is the peak current in time in the- loop and
[I] = IQ o Ju(t-x/c) | i
© and
Hél ; 5¢/120n

GonSequentiy, the fieldvpattern-in the plane of a circular loop

~with uniform current is a circle due to symmetry. ‘In'the‘elevation

plane (i.e. off the polar axis) the power pattern is a‘figure.

: eight,as shown in Fig. 4.5." It should be noted that the'
-approximation of a circular loop by a squargfldop is only ‘good up

to loop diameters equal to 2/10..
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* The radiation resistance of a small loop of one or moreé turns
‘As given by

R. ='3l,209;N2A2/A4 ohms

where N is' the number of turns and A is the area of the loop

. c(i.e.ﬁaz‘for a circular loop and d2 for a square loop).

4.3.

- 4.3.1..

Various techniques are known in the literature for increasing

the loop diameter, and yet maintaining the uniformity of current

‘distribution [4.3].

Experimental Investigations:
The experimental program consisted primarily of indoor and

outdoor measurements carried out over an experimental line with

‘different leaky coil arrangements ard over the 10KHz to 3MHz
frequency range. The oscillator used is the IEC F36 AM/FM function

generator already mentioned. The receivers used were the HP

spectrum analyzer and Slnger R.I.F.I., already mentioned, plus

HP vector voltmeter, type 8405A, and HP RMS voltmeter type 3400A

Experimental Line:
The experimental coax1a1 Iine con51sted of an alumlnum plpe

formlng the outer conductor and a copper pipe formlng the inner

- conductor with the dimensions selected to yield a characteristic

A1mpedance of almost 50 ohms -as shown in Fig. 4.6. The dimensionS’

were intentionally chosen to be large to allow for flex1b111ty
and convenience of 1ocat1ng and aligning the 1eaky c011

The “two ends of the line were. connected to N type conncctors

. to- allow for feed from the osc111ator and for termlnatlng the f

line wlth 50 ohms.  The inner conductor was supported in position-
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~and insulated from the grounded outer conductor with the‘aid of

 two bakelite discs, one at éach end, .and such that the entire

4.3.2.

.1assem51y was rigid.

‘In order to position and align the coil, two bakelite poéts

_were located, one near each end of the line, and such that they

partially proiruded through both inner and outer conductors. Each

.post was threaded on the outside and the lower end was tightened

inside the copper pipe with a bakelite nut whilé the upper end -

was allowed to extend above the outer conductor surface as shown in

‘Fig. 4i6. Each bolt was bored with an axial hole and three small

side holes were also drilled. The enameled wire (Canada wire

polythermaleze, size 24) was fed through the axial.hole‘of.one bolt and
was taken out through the bottom side hole and run through parallel

"to the inner conductor until the bottom side hole of the seéond

bolt. After stretching, the wire was pulled through the axial

‘hole of the second bolt until either the middle or top side hole

(depending on whether arm 4 was to be inside or outside the

coaxial line, respectively). The wire was then run throﬁgh

parallel to the outer conductor until the first bolt where it was
'wrappéd and secured leaving the wire terminal for connection

~ together with the starting end. The procedure is repeated to

increase the number of turns.

t

Indoor Experiments:

A number of simple experiments were initially performed to

~test .the basic feasibility.of the concept and line construction.

The sequence of experiments was as follows:



-l S fm S My s Ay G G A G S A ax AW G e EE Ay

-16 - 3
16.8

o | wor ro scars ' - » i.?é
1.75 ' - S - ‘ o - p—
4--..» ' . ’ : B . ¥ '
3.2, | ' ' ==
Y .
. e . ——rm e P . IL
- Bakelite Bolt
T U0-3 _4_. .
/,.\ — -—ea .
- J ' A
T 3
S B R _ . s
_— - N =
N ] %R 8
H {
y -
o

= , — — 117 ' SN
' ¥all dimensions in.centimeters
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Experiment No. 1: The continuity of the coillwire,‘insulation :

between the inner and outer conductors,-inSulation between the coil
(single turn) and conductors were tested and confirmed u51ng a VTVM.

Experlment»No 2: With a 51ngle turn c011 and w1th arm 4 1n51de

(i.e. coil not leaking) and outside (i.e. c011 leaklng):the voltage'
induced was measured as a function of frequency. Table 4.1 presents
‘the results when an RMS voltmeter was employed whlle Table 4. 2
presents the results when the coil ‘terminals were fed directly into
-the spectrum analyzer. The increase in voltage When arm 4 is out-
side is.deiously due to the larger area df the-coil and-fhe larger
flux area linKed by it.-. |

_ Experiment No 3: Wlth arm 4 outside and at a flxed frequency of

3.0 Mizthe spectrum analyzer and the loop antenna of the Slnger
R.I.F.I. meter were used to measure the qualltatlve effect ofA

- .moving;arm 4 at random and~away fromAbeing parallel td the outer.
conductorl Tne observed variation was below S:dB for all cases
-tested. This test confirmed the insensitivity to surrdundingedd
and potential of the Systemh |

2

Experiment No. 4: Since the standard definition of the coupling

loss is based on a phy51cal distance of 20 ft away from'the line,
'1ndoor measurements of the field strength at 20 ft were carrled out as
a function of frequency using the Singer R.I.F.I. The results are |
given in Table 4.3. . |

Experiment No. 5: This experiment.isvbasically'a repetition of"

- Experiment No. 2, excest for the number of turnS:which is four(4)

in this case. The results are presented in Table 4.4 and shew
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Table 4,1: Voltage Induced by a Slngle Turn . Loop U51ng
o ~an RMS ‘Voltmeter: (Experlment No. 2) '

.Nblse~Leve1 ~ 0.25 millivolts
Generator Voltage: 10 V peak’ to peak

Frequency . ‘Measured Voltage at Coil Terminals (in Millivolts)
- ‘ Coil Not Leaking* ~ = Coil Leaking#**
10 KHZ ‘ 0.85 1.20 -
15 KHZ 1.2 S 1.50
.25 KHZ ‘ _ 2.00 - o 2,30
40 XHZ - 3.00 , 3.50
50 KHZ : : - 3.80 » : 4.30 -
100 KHZ "7.50 . . . 8.40
200 KHZ . .. 15.00. o . 16.00
-350 KHZ o - 26.00 S 29.00
500 KHZ 37.50 . Y+ . 41,00
- 750 KHZ © 57.50 : : . 63. 00
1 MHZ : 75.00 ‘ ' 84.00
2 MHZ : 160.00 : 180 00

3MHZ. ‘ 270.00 _ © 300.00

- *arm 4 in this case 1s.approx1mate1g 0.3 cm’below
. theé inner surface of the outer conductor

(i.e.. d4 0 3 cm)

**Arm 4 in this case is approximately 0.3 cm above .
the outer surface of the outer conductor

(1 es d4 . 0.3 cm)
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Téble 4.2: Voltage Induced by a Single Turn Loop Using
- HP Spectrum Analyzer (Experiment No. 2)

-Generator Maximum Output:

10.V peak to peak . -

‘Referenice Level: Generator output (0 dB)

when fed directly to Spectrum

Analyzer '

Coil Not Leaking*

Frequency - Measured Voltage at Coil Terminals (in dB).

Coil Leaking#*#*

10 KHZ =70
20 KHZ -64
30 KHZ . -61
50 KHZ -57
100 KHZ - .-51
1150 KHZ -48
1200 KHZ © -46
300 KHZ -41
500 KHZ -37
750. KHZ . -34
1 MHZ ~31
2 MHZ -25
3 MHZ =22

70
-65
=60
-56
.50
- =46
- =44
- =40
-36-
-33
-30

-25
- =22

‘*Arm 4 in this case is
" - below the inner
conductor (i.e.

XA rm 4_in this case is
above the outer
© -~econductor (i.e.

approximately 0.3 cm

surface of the outer

d4,= 0.3 cm)

approximately 0.3 cm
surface of the outer
dé = 0.3 cm)
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‘Table 4.3: Measured Field Strength at 20 ft vs'Fréquehcy

(Experiment No. 4)

. Frequency (MHZ)

Field Strength .(uV/m)

10.150 -
0.200
0.250
0.600
0.750
+ 1.000
2.000.
3.000

LI I | « o 8
CNO I NHOKO

. ., .
N N A R Oy
L]

L]
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‘Table 4.4: Measurement of Voltage Induced with a
-4-turn Coil inside the Coaxial Line

- Frequency (MHZ) Voltage Induced (Millivolts)
0.010 2,65
0.020 . . 5.20
0.030 , S 8.00
0.050 ' 13.00
0.075 ' - 20.00 .
0.100 © 26.00 .
0.200 52,00
0.300 - 78.00
0.500 , ‘ 140.00
0.750 215.00
'1.00 . 320.00 .
2.00 - 1250.00 -

- 3.00 ' 7300.00
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the expected dependence on the number of turns and- frequency w1th—.

in experlmental accuracy.

4.3.3 Outdoor Experiments:

In the outdoor experlments, the test LCCX 11ne was employed
both as a transmltter and as a receiver with the varlables belng |
the frequency, number of turns and.coupllng distance. Both:trans4
mltter and receiver were horlzontally polarlzed

Tables 4.5 and 4 6 present the results for a 51ng1e turn-'
coil of the field: strength with frequency and coupling dlstance,
-respectlvely . | |

Tables 4.7 and ‘4.8 present similar results for a four turn

+

coil as a function of frequency and coupllng d1stance, respectively.

k!

Tables 4.9 and 4.10 are 51mllar to Tables 4 7 and 4.8 except

that the test line is used -as a receiver.

4.4 . Discussion:
_Examination of our results for the LCCX line ehowe”that the novel -
concepf of magnetic field coupling in order‘to'feed'the radiating -
element of the leaky line is. , - simple and particularly pro-
‘mising for the lower frequencies, which are.of:utmost.intereef.
| In order to establish the concept, the dimensions of‘the
experlmental line were- dellberately chosen large enough for con—
'»venlence of construction and testing. Even in the few experiments
discussed earlier, the behaviour of the line is-promising as ex-
pected, and deserves more aftention in the future. 'In'particular,
‘design charts showing the behaviour with coil size and ehape, num-
ber of coils per unit length, wire eize,_number of turns and fre-

‘quency need to be obtained.
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_Tablé 4.5: Varlatlon of Field Intensity (uV/m) w1th Frequency
. T (Single: Turn)
(Rece1v1ng Antenna in Horizontal Position at 20 ft)

Frequency (MHZ) Field Intensity (uv/m)°
© 0.100 - 40
0.200 : e 36
0.300 20
0.600 - 45
0.700 , 28
1.00 a ' 32
2.00 4 - 45
3.00 : - 50
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. ‘Table 4.6: Variation of Field Intensity IuV/m) with Distance

. (Single Turn), Frequency = 150 KHZ

Distance (Feet)

Field Intensity (uv/m)

2 1400
3 420 -
4 -
5 125
» 125
7 105
8 63
9 40
10 30
11 12.5
12 9.0 :
19 6.2 - 5.0
20 5.0 - 6.2
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Table 4.7: Variation of Field Intensity (uV/m) with Frequency
Receiving Antenna Fixed at 20 ft (4-turn Coil) -
- Line Terminated in 50 .ohms

Frequency (MHZ) Field Intensity (uv/m)
0.150 3.6
0.200 o -
1 0.250 2.5
0.300 1.9
©0.600 - 4.8
0.750 - - 3.5
1.0 . 5.0
2.0 -50.0
3.0 90.0
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" "Table 4.8: Variation of .Field Intensity (uV/m) with Distance
‘ o Frequency = 150 KHZ (4-turn Coil) '

- TN N BN BN BN B BN N N

Distance (Feet) = . Field Intensity (uv/m) .

2 3600 - 4000

3 1150 - 1600

4 ‘ 450 - 500

5 S 160 - 180

6 -- - ==

7 - - e

8 125 - 145

9 100
10 64 - 80
11 ' 50 - 55

12 - 36 - 40"
13 - 20 - 23
14 8.0 - 11.5
1§ . - - -

16 - - ~

17 - 8.0~ 8.5
18 7.0 - 10

19 = - -
20, 3
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Table 4.9: Varlatlon of Electric Field Inten31ty with Frequency
K Line Used as a Receiver (4-turn Coil) =
' Transmitter Fixed at 20 feet

Frequency (MHZ): Field Intensity (uv/m)

0.150 . e
©0.200 76
0.300 --

- 1.500 121
-~ 2.000 225
3.000 . 380
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~Table 4.10: Vafiatioﬂ of Electric Field Intensity with Distance

- Line Used as a Receiver .(4-turn Coil)
‘Transmitter Frequency = 150 KHZ, Horizontal Polarization

Disténce.(Feet) f : Eiectric Field

Inténsity (uv/m)

1770
1110
- 490
396
197

177

TN RN T N RENY

10 o Co111
14 - o 39.6
15 - : .34.8

127

2850 -
1580
792
445
254

222

44.5
39.6
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~ Also, further work is needed on coil to coil separation.along

. the length of a coaxial line of given dimensions and the resulting
- transmission loss and radiated field strength. This is in spite bfi

‘the significant field strengths measured with one coil of one turn.

.The-simplicity of the proposed LCCX line and the obvious flex-

ibility in its design suggest that it could have a wider séopefof A

"applications than conventional LCX lines.. In particular, its.

-performance at lower -frequencies is most encouraging and worth

considering for future rural communication systems.
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4.5* References:

[4.1] Reference Data for Radio Englneers, 4th Edition, "
- ..~ International Telephone and Telegraph Corporatlon,'
1956, Ch. 20, p. 249 :

[4.2] Kraus, J. D., Antennas, McGraw Hill, 1950
Chapter 5 and 6. ’

[4.3] Jasik, H., Antenna Englneerlng Handbook McGraw- H111
. 1961, p.6.3. :
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GENERAL- DISCUSSION

Perhaps the most difficult part of this project was the Te-
producibility of measurement data at the lower frequeﬁcies (below
1 MHz) where available equipment and fACilitieslpresentéd diffif

culties. Although most of the difficulties were overcome towards

the end of the project, using the outdoor lab and reliable equipé'

ment borrowed from outside; more effort should, nevertheless, be
directed in the future towards alternative measurement methods,
particularly -at the. lower frequencies.

‘Since a total of five cables were tested in the laboratory,

(Y

. some comments will be offered first concerning observations drawn

from épecific tables. Three»sumﬁary tables will then be presehted

followed by a discussion in the form of a proposal for further con-

A

tract work on the LCCX cable.

‘Table 2.8 seems to indicate that the product  E r2 is fair-

ly'cpnstant,'where E denotes the field stréngth and r the dis-

* tance between the transmitting and receiving antennas (one of which

is the test line). This may be useful for modelling and implies

- that a 20 ft long LCX cable acts as a short element current radia-

"-tor, since the 1/1‘2 ‘behaviour is due to_thé‘induction term in the

radiated field strength corresponding to the 20 ft coupling distance. .

Thus at the lower frequencies, wheie'applications to rural communi-

[

_cations are desirable, the 20 ft coupling distance used toidéfine
‘the coupling loss is a near field distance. This is an argument

:for.Changiﬁg this distance in the case of rural communications for

which present commercial LCX cables are not designed.
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With'respect to the large coupling loss values in Table

©2.9, it should be noted that in conventioral environments the

cbrréspohding figure is of the order of -134 dB as dbserved

by Martin'[l.l, p.5] at a much-highgr’frequency where the ‘trans-

mission losses are obviously larger.

Reference to Table 3.5 indicates that at a distance of 20 ft

and frequency of 150 MHZ the relative power measured is only 22 dB

below the value on the sufface, which shows a reasonable external

radial power decay characteristic. Obviously the power received

by the monopole probe at zero distance is related to the total

. surface wave power in the line through the internal power profile

characteristic extending from the inner conductor surface through

‘the airgap to the outer surface of the dielectric. Based on this

behaviour, it is possible to estimate the power profile character-

istic, which, - along‘with the 22 dB figure, yields an estimated

fcoupling loss of 42 dB + 10 dB, .as already.explained‘in Chapter.3.'
_‘On‘the other.hand; commercial LCX and Rédiax.éableé.héve a published

. coﬁpling los; ranging from 57 to 75 dB * 10 dB‘ at the same fre-
_>quency. Another observation, which shéwsvthe advantage of disc
""loading, can be drawn frqm’Table 3.4 which_indicétes the:fea-
 Sibi1ity'and flexibility (particularly in relation to éommercial

LCX éabies) of controlling the power delivered to the line or mini-

-mizing the input VSWR. Hence the idea of disc loading is novel,

simple, flexible and quite effective in.improving the behaviour of

-the MGL and therefore deserves further investigation, particularly
with regard to optimization of the number of discs and the cémpqsi-

* tion and geometry of each disc fbr a given MGL. This is particularly
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due to the additional effort and cost to construct the line with

such discs and the tolerances involved inrany'poténtiai manufac-

turing of the. cable.
Table 3.7 implies a slower rate of decay Of'radiated'powér

in the radial direction at 1.5 GHZ, which indicates an advantage

- due to disc loading at the iarger distances (beyond approximately

10 cm). Hence significantly higher field strengths can be obtained
when the MGL is loaded with a single disc. However, the addition

of further_discs does not necessarily lead to a higher radiated

- field strength, but serves the purpose.of tuning out line mismatch

(caused by bends, connectors, etc.)'between‘sﬁcceSSive discs. - It

“should be emphasized that the higher }adiéted power, due to a disc

discontinuity, is associated with higher "insertion loss per disc

~or ‘subscriber" and consequently less power is available to the next
. subscriber. This difficulty could be overcome by conventional-re-

- peater techniques or higher input power to the line, keeping in mind

that the larger insertion loss in this case is largely attributed to-
disc radiation rather than the remaining small conductor, dielectric

and launching losses. -

It should be pointed out that the apparent difference of about

10 dB between the data in Tables 4.1 and 4.2 is due'to'thé fact that

_TaBle;4.1 is based on RMS voltage measurements, while Tabie 4.2‘is

based on a spectrum analyzer measurement. When Table 4.2 is corrected
to RMS readings above zero (instead of peak to peak) the resulting
data will be reasonably close to that of Table 4.1. In spite of this,

Table 4.2 is still considered unreliable because of originaluiéck of

calibration accuracy of the spectrum analyzer ‘and difficulty invread—

ing accurately off the screen with a scale of 20 dB/ém.
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‘Tables 4.1 and 4.4 indicate that as N increases ffom 1
to 4, the induced voltage also 1ncreases with frequency by appror—
imately the same ratio (as. expected from section 4.2. 3) up -to .
around 1 MHZ. Also; Tables 4.6 to 4.10 show the expected beha-
viour with frequency and distance, except for some mlnor;oscilla—

tions which are probably due to near field effects and scattering

from nearby obJects

Although the LCCX cable proved feaszble for both transmission
and. reception in a preliminary way, it should be pointed out that-
some(cireuitbdifficulties are expected in practice due.to'the low'.
charaeteristic impedance_ (Zb) of~the overall line. vThe{reason
for a lom Z, is the coil wire near'the’center conductorg which
forms a"type of barallel wire line with short separation distance.
Therefore, as .soon as the LCCX line is made long enough to accomo-
date one or more coils, some method of matchlng (e. g- u51ng a ser1es
transformer or a discrete network) must be deV1sed._ Alternatively,

the change in Z_ could probably be made gradual by.redesigning

* the end coils into a trapezoidal (rather than rectangular) shape.

Finally, the salient results for all cables tested are eompiledﬁ

in Summary Tables 1 to 3. The varlatlons of field strength and coup-
ellng 1oss with dlstance are not ShOWn in these tables Furthermore,

no attenuation loss date are shown for the MGL and LCCX due to lack

of definition or lack of a sufficiently long line to make aAmeaning—

ful measurement at low. frequencies. The latter reason is also Why

no coupling loss_data are presented for the LCCX line. However,”the

tables basically c0nf1rm and extend to lower frequenc1es the avail-
able data on the Radiax and Hitachi cables. Also, the. tables show

that, using the same equipment and meaSurement technlques, the two . ..

b
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novel cables (MGL and LCCX) appear to be at ieastlcbmpeﬁitive if -

not shperior. Such conclusions have to be weighéd‘against the

. manufacturing requirements and extra cost associated with- all

noVei cables.




Summary Table 1: Electric Field Strength at 20 ft (in pv/m) vs Frequency (in MHZ)

HITACHI HW-46%% MGL##* LCCXt

Frequency RADIAX RX4-3A* LCCXtt
(MHZ) (v.r.) (H.P.) (V.P.) (H.P.) (V.P.) (V.P.) (V.P.)
0.15 6.2 7.0 3.0 130.0  40.0 1.6 3.6
0.20 8.0 1.8
0.25 11.4 2.1 2.5 -
0.30 _ 12.0 . ¥ ‘1.9
0.60 36.0 12.5 4.5 290.0 90.0 3.2 4.8
0.75 ’ 3.5
1.00 : ' 4.0 5.0
1.50 ° : 70.0 28.0 710.0 115.0 ' :
2.00 45.0 ' : 6.2 50.0
$3.00 - 62.0 1220.0 - , 1150.0 900.0 ~ . .22.0 90.
4.00 80.0 t ) '
© 6.00 160.00 .
; ~ 8.00" 225.00° ’
. 9.00 400.00 -
10.00 800.00

. * 20 ft long
. **%]65 - ft long
*xk g ft long

| 3t84'f% long
t+  3.84 ft long

commercial sample from manufacturer
commercial sample from manufacturer
experimental line built by contractor -

experimental line (with 1 turm coil) built by contractor =
experimental line (with 4 turn coil) built by contractor

811
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-~Summéry_Téb1e 2: Attenuation Loss in dB/20 ft

RADIAX CABLE TY?E ~ " HITACHI CABLE TYPE

Frequency (MHZ) ‘
RX4-3A RX5-1 “HW-46 ...
0.4° 0.01 0 <0.1
0.5 0.01 .0 <0.1
0.6 0,02 . 0.01 <0.1
0.7 - 0.02- 0.01 <0.1
0.8 0.02 0.01 <0.1
“0.9 0.04 0.02 <0.1
1.0 0.05 0.02 <0.1
2.0 0.09 . 0.04 <0.1
3.0 0.11- 0.06 <0.1
4.0 0.12 -0.06 <0.1
5.0 0.13 0.08 . <0.1
6.0. 0.17° 0.10 0.1 -
7.0 0.22 0.10 0.2
8.0 0.28 0.20 0.2
9.0 0.28 0.18 0.18
10.0 0.38 0.25 0.2
150.0 L 1.5
200.0 1.4
250.0 1.8
300.0 1.8
350.0 : 2.1
400.0 . 2.4
450.0 2.4
500.0 2.6
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VSummary Tabie.s; Codpling Loss inldB tat.20;ft) '

Frequency (MHZ)

RADIAX CABLE TYPE

RX4-3A
(H.P.) (V.P.)

HITACHI CABLE TYPE
HW-46 LCX

C(H.P.) | (V.P.)

(H.P.)

150
250
300
350

79

68
77

78

75

79

66 60

51 57

63.5  60.5

42 £ 10%%

*line loaded with a single acrgiic disc

- *Restimated value
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. PROPOSAL FOR FURTHER INVESTIGATION.

With regard to the LCCX cable, it is obvious from prévious~'

discussion that the characteristic impedance. Zé varies in the -

preSence of the short circuited coils. ' Furthermore, the presence

qf’suéh coils déstroys the field symmefry in the transverse’plane

‘unless many identical coils are symmetrically distributed in the

‘transverse plane. As a result, several areas of investigation

have been identified and are considered necessary to solve before.

a final decision on the feasibility and merits of the;LCCX cable

can be made. These are presently the subject of research theses

,

and include:

*variations in _Z0 and transverse field distribution as a re-

sult of the presence of the inductive coils and optimal design

of the coils and coaxial structure to yield a value of Zo

equal to 50 ohms and a symmetric field distribution.  This

study will include the dimensions, number of turns, frequency

and actual location of each coil. It is obvious that in the

- longitudinal plane the coil to coil separation distance needs

to be optimized, depending on the application. iﬁ additiqn,
ihe;possibility of rbtating the angular positions of thé coils .
‘to control the radiation pattérn needs.to be iﬁvestigated. -
The équivalent'circuit of the cable for each‘bf‘these.arrangej
ments.and the resulting frequency féspdhsé'and radiafiqn pét-

tern will also be evaluated.
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"b. Generation of charts for Ihe'tpgnsmission_loss»per}km and the

-coupling~loss as a function of radiél distance in. the trans-

‘ verse:plane for a given.LCCX cable design.

co. Investigathniof special schemes to reduce the'ooerall_cost
of a system layout for rural communications. These include:
the possibility of using LCCX cable only near populated afeas
.and:standard coaxiallceble elsewﬁere; Also, the possibility
of supplying each subscriber to such a system with a coupling
coil for communication purposes will be investigated. _Obvious—
1y methods to simplify the design of the cable ftself and re-

duce its manufacturing cost are of basic interest.

These areas clearly require elaborate theoretical numerical and
experlmental work, partlcularly in view of the many 1teratlons and
»modelling attempts that would have to be made to reach a solution

- for each question.

'

When comparing the LCCX with other types of leaky coaxial

cable, it should be noted that, although the LCCX is in itself; :

: nOVel, it is nevertheless a kind of magnetlc analog of the Iniex-

Delogne System developed in Belgium and whlch also consists of

discrete radiating elements along the line. The alternative scheme

of a oontinuous longitudinal slot 1n ‘the outer conductor, is most.
likely less ‘costly than the LCCX and has, in fact been 1nvest1ga—
ted and found suitable for continuous access communications (e.g.
in railroads, tunnels, etc. [l 9, 1. 10]5' However, none ofithese

Systems‘has the capablllty and adaptablllty needed. to Operate a

.10w~loss low frequency rural communlcatlon system, as in the case

v




--123

of.thevLCCX cable. It is vaious f;omQTablés 4.1 and¢4,3 to 4.10

that the LCCX test line radiates significant field.strengths.at

low- frequencies using even one coil with one turn. The addition.. -

of many more turns and coils at discrete locations, using thin in-
sulated wire, is not expected to present severe testing or manufac-

tufing difficulties or severe limitations on the bénding of the

cable.

. Finally,-it'should be poinéed oﬁt-that,ain addition to the
proposed‘applications already mentioned in the field of‘communica-
ti§ns; thgre are other applications for -the MGL, LCX and LCCX leaky
cableé in the fields of measurement and instrumentation. Examples
of such applications involve the u;e of a suitably'cbnstructed cqblé
as qn-immersion probe for moisture -profile détermipation of goil and -
gfain (Wheaf, rice, corn,vflour,.etél).as well as on line measurémenf>

of snow height and snow.parameters in remote areas. It is obvious

that the measurement acéuracy can be improved by modifying.the brob-

ing region when two identical probes are immersed in parallel and side

by side -to make up a single combined probe. . In the latter case, the

radiating elements (slots, coils, discs, etc.) would naturally be fac-

- ing each other. It is also obvious that the TDR technique would pro-

bably be most suitable for profilefmeashrements, while avérage type

data on snow height, etc. would probably be best done with multifre-

quency A.C. terminal measurements. In practice, the proposed probes
could be constructed with miniature circuitry for manual inspection

of moisture content or interrogated by remote sensing techniques if -

used for snow hydrology or snow avalanche applications.
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GENERAL CONCLUSIONS AND RECOMMENDATIONS

" Although the contract was limited to a feasibility study with

most of the useful experimental work being carried out towards the

end, due to the prohibitive winter climatic conditions, it is still

possible to offer some meaningful. conclusions and recommendations

" based on what has been done. These are.as follows:

1. The: performance of commercial LCX Cable samples tested was'found

to be reasonably cldse to fhe déta published by the manufactufer
in the design frequency band. However,Aoutside this band, and
particularly towards the lower frequeﬁcies in the_Kiloheitz |
.range,.it was surprising and far better than expected. This per-
formance includes the coupling loss and radiated field strength,
while the low transmission loss was expected. Becaﬁse:this’
‘héppénﬁ in the freqﬁency rénge of most.intereSt for possible
apflic;tion to rural communi;ations, more effort shouid be . -

_ directed to fully understand the mechanism of radiation involved.

2. The definition of coupling loss is based on the sigﬁal'received
By a half-wave dipole at a distance of 20 ft in a “clean' -
“environment and was questioned by Martin and others forAhigh
frequencies. For:our low freduencyiapplications this definition
-appears even more questionable~and'1éss ﬁseful, particularly

~ since it.is difficult to implemeﬁt.or interpret for rural
communiéations. -Perhapswfhe definition could be. retained, f
provided that field stfengthvcompatible with existing~recéiver§ '
-is measured. = Alternatively, a:distance relative to the wave-

leﬁgth-rathgr than a fixed physical distance could be adopted.
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The. time domain reflectometér té;hniQueJwbuldubevused,as a
complementary method to study the performance of LCX cables over

a wide frequency band using a single measurement for each

quantity of interest. = This method can also._be used to separate’
the"end-effects' and to study such detrimental factors.as.cable
bending, effect of cable burial and as an aid to quick location

of cable faults.

The modified Gpubau>Linév(MGL) performed reasonably ciose to
theory within the design frequency band. Experiméntally' the
performance outside this band and, particularly, at the saﬁe
low frequencies, at which.the'commercial LCX cables were |

tested, indicated surprising success. Also the leaky MGL,

. radiating through a single dieleétric_disc, yielded field |

' o matching the leaky MGL to its feed line and hence allowing max-

strength Valﬁes much higher‘fhan the LCX cable samples. The -

concept of a sliding dielectric disc .also: proved useful in

imum ppwer_into the line. In p:actiéal applications‘it'might

be preferable to replacethé disc by a helical groove or a

conducting tape. More work in this area is necessary before

the merits of the line could be completely assessed.

In spite of the success’of the chxaﬁq MGL:test iines‘at low
frequencies, it was felt that a better system could still be
devised.through mégneti; field couéling instead of the -
electric field. coupling 6£ the MGL and;quter,gonductér'wéli

current interruption of the LCX. This led to the very simple,

~novel, and probably patentable line proposed in Chaptef 4,
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and designated as- the leaky coil-coupled coaxial line (LCCX).-'

An experimental line was constructed and tested to establish-

" the basic advantages over all other lines, particularly at low

frequencies. Preliminary measurements indicate that the
design problems for efficient low frequency transmission and

simultaneous radiation can be overcome. It is anticipated that

a'follow—up investigation would lead to the design proCedufe '

and charts for rural communication problems typical of low

density:populated areas of Canada.

It is recommended that all-futUre,investigations pertaining~fo:
the LCCX line include a parallel’ study of the feasibility'of
adopting the conéept to existing pa:allel_conduqtors.such:as
réil tracks, power lines,-gtc. Aiso extensivé field measure-

ments over buried and overhead LCX and -LCCX lines should be

-carriedAout. Contracts on such work should include at least
one full summer period to facilitate outdoor work and should

-include burial by the side of a paved highway'td assess the

additional feasibility of application to vehicular communications.

Although this contract did not, and was not intendéd to

~advance to the point where concrete cable layout plans for

-say rural Manitoba could be recommended, there is, nevertheless,

some- confidence to . suggest a preliminary cable communication

layout for the sake of discussions only. The factors that must -

be considered in such a layout for the case of Manitoba are:

a. The main highways service areas of highest pobulatién dénsif-

: tiés, whereas the primary 230 KV AC and * 450'KN'DCAMahitoba
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Hydro transmission lines do.not.-always pass near the most

populated areas.

5._ The railway tracks are similar to the main highways in

that they service the most populated areas (mostly cargo
rather than passenger serv1ce) and reach the Port of Churchill
Valthough the rural rail.network may'be'partially or totally

" ‘abandoned.

c. The Manitoba winters are usually quite severe and are
usually associated with heavy winds, heavy snowfall, very

‘cold temperatures and significant soil movements.

d. There is a significant network of 66 KV sub~transmission

or distribution lines which service most of the province..

As a result, the preferable and probably most economical»layout

is to adapt the 66 KV distribution.'lines f01 communication pur-

_ poses, using ex1st1ng~technology. The second choice is to 1nsta11

‘overhead LCX or LCCX cables wherever necessary along 66 KV 1lines.

"The third choice is to bury LCX or LCCX cables along the side of

~highways or to employ existing rail tracks after solving the

associated design problems. For convenience, the Manitoba Hydro

-~ power line network is shown on two maps submitted separately.

Finally, it is recommended that the feasibility of leaky 2-wire

~ transmission lines be assessed and compared with the-LCX, MGL and

LCCX lines, insofar as the cost and the return and coupling losses:

are -concerned. The proposed line may consist of a conventional

';2 w1re transm1551on 11ne feeding a set of dipoles (or folded di-

poles) each connected across, andoriented perpendicular to, the

'
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"main line. The length of each dipole, and the separation be-

tween adjacent dipoles, depends on the frequency and specific

application. Bésically,‘the proposed -system may be Viewedvas

~ the electrical analogue of the LCCX system on a.2~wirebiine.

~ One particular advantage of the propoéed line is its flexibility

forfmatching“purposes, since the conventional tuning'sfub method can
be;empléyed for impedance.matching at the feed points. Tﬁe pos-
siﬁility of adapting ekisting ?éwer lineé to impiéméhf the pro-
posed system (e.g. using dipoles or monoéoles with power ampli-
fiers'féd from contactless pick-upfcdils) reméins.to.bg investi-

gated.




//HA%ID,igICHAEL,

——Feasibility study of usin

i g leaky
coaxial cables (L )
nications, -( Cx) for rural commu-

1
.

} .
‘
bop

.92 .
[ c2:
‘H34
Date Due
FEE MOV 1§} 1981
| 3 198
|
|
[
]
. |
|
l
|
o
-
|
|
(FRMI ]

QUEEN P 92 .C2 H34 1977

Hamid, Michael
Feasibility study of using 1







