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An Evaluation of Some Factors Affecting the Choice
of Operating Frequency of a Guided Wave Rodar

for Intruder Detection

1. INTRODUCTION • 
-

The purpose of this study Is to estimate the degradation In performance of the

Guidar ported coaxial cable
5 sensor system 1 at frequencies outside the initial

design range of 50 to 100 MHz . The principal cause for reduced performance as

the operating frequency is increased is the rapid rise in the attenuation of the ported

coaxial cable sensor. In contrast , below about 50 MHz , the scattering cross section

of an Intruder begins to decrease. Thus there is a region below and above which

the ported coaxial cable sensor system does not operate to the best advantage.

A simplified diagram of the ported coaxial cable sensor to be discussed is shown

in Figure 1. It consists of a transmitter module connected to a leaky (ported) cable

about a mile long. A similar receiving cable parallel to and separated a few feet

from the transmitting cable is connected to a receiving module. Each of the sensor

cables Is made up of three Identical sections about 2000 ft long . Line amplifiers

(Received for publication 29 March 1979)
5
The term “Guidar ” has been coined by Computing Devices Company of Canada for
its guided wave radar intrusion detection system. The appellation “ported coaxial
cable” has been applied by the Electronic Systems Division to the class of leaky
coaxial cable used in the Guidar system.

1. Harman , R. K. (1976) GULDAR: An intrusion detection system b r  perimeter
protection , Proc. 1976 Carnahan Conference on Crime Countermeasures,
University of Kentucky , Lexington. Ky.
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are used to amplif y the signal levels between each section in order to offset the
decrease in signal strength caused by attenuation.
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FIgure 1. Simplified Block Diagram of Guidar
( Guided Wave Radar)

A sketch of a section of ported coaxial cable is shown in FIgure 2. Many such

cables are available and details of the type shown In this sketch are peculiar to Ihe
cable used in the Guldar system. A number of holes have been cut in the solid outer
conductor of the cable to allow a small fraction of the radio frequency energy travel-

ing on the inside to “leak” out and propagate along the outside of the cable. It is the
interaction of an intruder with this external field that allows detection and location

of an intrusion.

- 

— 
DIELECTRIC COVER

FOAM DIELE(TRIC—. OUTER CONDUC TOR

CENTE R CO~1&UCTOR , • - -

Figure 2. Construction Details of Ported
Coaxial Cable

• 
- Operation of the system is similar to that of a pulsed radar system, except that

the signals propagate along the cables rather than radiate through space. In the
absence of an intruder, the energy coupled fr om one region of the transmitting cable
to the adjacent receiving cable depends on cable properties, as well as the ground
conditions there. This steady signal corresponds to the clutter return of a

6
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conventional radar. The extent of the region (range resolution cell) depends on the
pulse width. The level of the signal returned from each point along the cable is
stored in the Guidar processor and updated In order to account for slow changes
in ambient conditions.

When an intruder approaches within a few feet of the cable sensor, the signal
return corresponding to that range bin is modified. This new value is subtracted
from the value previous ly stored in the processor. The effect of the subtraction
Is cancellation of the clutter background and production of an output proportional to

• the modification signal level produced by the intruder. In this way, an intrusion
is detected and located. Actual system operation is, of course, more sophisticated ,
although not the fundamental concept. It is the sensitivity to detect intruders as the
operating frequency is changed that will be examined in this analysis.

A parameter which can be used to characterize system performance is the
signal-to-noise (S/N) ratio at the input to the receiver This quantity is fundamental

• in estimating the detection sensitivity of any radar. For this system, the signal
power S at the receiver input is

S = P O~~~
2AF~~~

2A
~~~

K
~~~

C ( 1)

where P0 is the transmitter power, A F is the attenuation of one of the feeder cables.
2A the ported coaxial signal attenuation, K the cable-to-cable coupling loss, and C
the intruder cross section loss. With exception of P0. each of these parameters
depends on frequency. In addition, S depends on the location of the perturbing
intrusion since A and K (as will be explained later) depend on the distance from the
cable input to the point of intrusion.

The noise power N originates from a number of sources, including the line
amplifiers in the receiving sensor and the thermal noise generated in the loads
that terminate the cables. The net noise power which reaches the receiver input
depends on cable losses, making the noise power N also a function of frequency.

Once the S/N ratio has been established, it is possible to compute the detection
properties of the system. These will be comoared to a standard system that operates
at 60 MHz.

In the next sections, each of the system propertIes discussed in the foregoing
paragraphs will be analy7ed , in order to determine the impact on system perfor-

mance.
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2. ATTENUATION FACTOR

The attenuation of a length of coaxial cable is usually compute l from its attenua-
tion factor without regard to location of the cable. However, since norted coaxial
cables are designed to leak off some energy, the TEre somewhat affected by their
environment. Thus their electrical properties change with bot h frequency and
location. Representative values for Radiax2 cable types RX4-1 and RX4-3 are shown
in Figures 3 and 4, respectively. The solid curves apply when the cables ar~
supported well away from the ground (free space). The RX4- 1 cable has smaller
holes in its outer sheath conductor as compared to the RX4 -3; as a consequence.
the attenuation factor of the former is correspondingly smaller. The dashed curves
(Figure 3) show the effect of placing the cables near a lossy medium . The attenua -
tion factor for RX4-1 is seen to be less affected by the location of the cable, as
compared to RX4-3 , because of its sma ler hole size. Properties of the lossy
medium such as soil type and moisture content affect the value of the attenuation
factor; for example, the attenuation measured in a length of cable buried six inches
below the surface decreased to near free space values when the ground was solidly
frozen. In addition, small variances in attenuation factor occur as the result of
manufacturing tolerances. Nevertheless, the data shown in Figures 3 and 4 indicat e
a general agreement among workers ‘in the field on the value of attenuation to be
expected from Radiax cable. This cannot be said for the coupling loss described in
the next section.

12
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Figure 3. Attenuation Factor for RX4-1 Radiax Cable

2. BuLletin 1058A. Radiax Slotted Coaxial Cable, Andrew Corporation,
Orlan d Park, ill.
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Figure 4. Attenuation Factor for RX4-3 Radiax Cable

Low-loss coaxial cables, for example, Heliax3 are used for the feeder cables .
- - The attenuation factor for Heliax 1/2-in. diam cable is the same as that for RX4-l.

3. COUPUNG LOSS

The coupling loss normally associated with these cables Is defined as

P
K ’= 10 log~~~ (2)

where P0 is the power at the Input to the cable and the power received by a half -
wave dipole antenna located some distance from the cable. In practice, the value
observed varies considerably as the probing antenna is moved either parallel to or
transverse to the transmitting cable. Typical of the results observed are the curves
shown in Figure 5. There is significant structure to the patterns and deep nulls are
evident. The received power tends to decrease as 1/r or h r 2 depending on the
frequency and length of the cable as the probing antenna is moved away from the
cable. The fields surrounding leaky coaxial cables cannot be accurately predicted

3. Catalog 28, Antennas/Transmission Lines, Andrew Corporation.
Orland Park, Ill.

I
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although they do exhibit some periodicity. The le”el of the received signal depends
chiefly on specific placement of the leaky cable. This is because the cable acts as
a distributed t ransmit t ing antenna. Thus the received signal is the result of the
superposition of many components from various parts of the cable. A change in the
phase of one of the dominant , for example , produced by moving the cable can
cause a large variation in the received s..gnal. This phase related dependence
effects the fine s t ructure  of the observed signal strength as the probing
antenna is moved. The average value over a region is not greatly affected since the
total radiated power does not depend on exact placement of the cable. The average
received power does, however, depend on the depth of burial and nature of the soil
which, in turn, determine the attenuation of the fields around the cables. Variations
of ± 10 dB around predicted values are to be expected even in free space.

To make this variable leaky coaxial cable characteristic of coupling loss more
useful in system design applications , an average value measured in a specified
manner is quoted by manufacturers. This value , called simply coupling loss , is
obtained by Andrew Corporation by averaging the loss measured as the dipole is
moved over a range of 10 to 30 ft from the cable. The resulting value is taken to
be the value ± 10 dB which would be observed 20 ft from the cable. This quantity.
used in the system analysis, will be discussed in connection with Figures 6 and 7 .

The coupling loss for RX4-l is shown in Figure 6. The data for this curve was
obtained from the Radiax cable data sheets. Figure 7 shows the results of measure-
ments of RX4-3, as reported from several sources. Som e discussion is required
at this point~ First, inspection of Figure 6 shows that there is no change in coupling
(average) as the RX4-i cable is moved from free space to the ground. This is con-
sistent with the findings of Cree and Giles4 —that a cable in which the attenuation
factor is insensitive to position exhibits very little change in coupling loss as its
position is varied. However, in contrast, the lower two curves in Figure 7 clearly
show a change in coupling as the RX4-3 cable is moved; in fact , the enormous
spread in reported data indicates the sensitivity of the measurement to specific
conditions. First , it should be pointed out that the values for coupling loss in the
Andrew Corporation data are obtained by them by averaging coupling loss measured
near the center of a 100 -ft cable for distances 10 to 30 ft away from the cable. The
coupling loss for the Department of Transportation (DOT) data are obtained by
averaging their measured values In a similar way.

4. Cree, D. J. • and Giles. L. J. ( 1975) Practical performance of radiating cables, -~~~
Radio Elec. Eng. 45(No. 5) :221-225.

10
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The following cable lengths have been given: Giles— 1600 ft ; Andrew—1 00 ft ;
and DOT— 100 to 200 feet. Several workers3’ 5.6 have reported the existence of end
effects that can modify the field pattern at the beginning and end of the cable. These
effects can persist for several wavelengths, so that the 100-ft cables used by Andrew
and the DOT may hav e been too short for the 30-MHz measurements. Andrew does
place a ± 10 dB range on their values. Another apparent inconsistency is that the
slope of the coupling loss versus frequency curve for the Andrew data is negative in
the range 30 to 150 MHz. Cree and Giles have made measurements on a large n um-
ber of leaky coaxial cables of many types. They found that invariably the coupling
loss increased with frequency, although it sometimes begins to decrease at the higher
frequencies. In contrast , the Andrew data show the opposite trend. This behavior
could be connected with the values obtained at 30 MHz if end effects distorted the
fields near the center of the cables.

The open and solid symbols (squares and triangles) represent measurements

made with the cable “off ” the ground and li on” the ground, respectively. It can be

seen that as the cable is moved closer to the ground , the coupling loss sometimes

increases and at other times decreases. The latter effect is the one to be expected.

In view of the large discrepancy in expected coupling, it is difficult to estimate

actual performance. We will assume a coupling variation with frequency shown by

the curve labeled “estimated” in Figure 7 . This represents an average of DOT and

Andrew values down to 150 MHz. A drop off rate of 2 dB/octave was assumed below

150 MHz. A drop off rate of 3 to 5 dB/octave was obtained from the results of a

large number of measurements by Cree and Giles. who also found this drop off rate

to be the same for many different types of cables. Similar arguments were used to

select the “assumed” variation in coupling for RX4- 1 shown in Figure 6.

The variation in coupling loss with cable location cannot be predicted. However,

for the purposes of this analysis, only its variation with frequency is important. It

will thev.efore be assumed that there is no net change in coupling loss when the leaky

cable is burled.
In this section , the discussion thus far has been concerned with the amount of

energy lost as it leaks from the cable and propagates to the dipole test antenna. This

quantity, the coupling loss, was characteristic of a cable and describes the average

strength of the field that can be expected to exist around the cable. The dipole antenna which

Is used in these measurements is always tuned to the operating frequency so that

the variations (with frequency) which are observed can be attributed solely to the

leaky coaxial cable. In the present analysis, however, an estimate of the variation

coupling between two parallel cables as the frequency is changed is a requirement.

5. Yoh, P., E’~posito, Ft ., Gagnon, R .,  and Kodis, R. D. U974) Measurements of
Leatcy Coaxial Cables and Possible Applications to Train Communications,
Report No. FRA-ORD&D-74-43, U. S. bepartment of Transportation.

6. Mackay, N. ( 1977) Priv ate communications.

12

A:, 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
- ~~~~ - - - -~~~~ - -

‘

- - -  • -  •
•

• -

-

- 

-

•

--

•

• -~ S— ~~~~~~~ — -• 
~~~~~~~~~~~~~~~~~~~~~~ —-•--—— • — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • -1.A~~ .~~ — ~~~~ ~~~~~~~~~~~~~~~~~~ -.—— •. - • •



_ _ _ _ _ _ _

It is obtained by invoking reciprocity and asserting that the variation in coupling
for two parallel cables as the frequency Is changed will be twice that indicated by
FIgures 6 and 7. The coupling loss will depend on the cable type and length. For
this pulsed system, the illuminated length can be assumed to be equal to about
0.8 c r ,  where c Is the speed of light and 7 Is the pulse width.

For this analysts, as will be seen later , only the relative loss designated by
(K 1 - K0) between cable types is of Importance. The value for this quantity measured
at 60 MHz for the system of Figure 1 is about 30 dB. Its frequency dependence
estimated from Figures 6 and 7 Is plotted in Figure 8.

F~~~IDREY$U~ )

• Figure 8. Variation in Relative Coupling Loss with Frequency

4. SCAVI ERING CROSS SECTION

Very little information is available on the scattering cross section of biological
obstacles for frequencies below approximately 300 MHz. These data are of interest
only for radar systems which traditionally operate at frequencies from 400 MHZ
to 10 GHz.

The assignment of a scattering cross section to a target provides a convenient
way of quantifying its Interaction w ith an incident electromagnetic field. Implicit
in the specification of cross section Is the scattering angle 8 which allows the corn-
putation of the power scattered in that direct ion. For the radar cross section,
8 = 180° and for the forward scattering cross section, 0 = 0’. The computation or

13
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measurement of scattering cross section is based on the assumption that the target
is sufficiently far from the source to ensure that it is uniformly illuminated. How-
ever, in the absence of data for the two-cable system, it will be assumed for the
purpose of this analysis that response of the system is proportional to the forward-
scattering cross section of the intruder.

A number of measurements have been made in order to determine the forward-
scattering cross section of an adult for frequencies in the 30-to 450-MHz range. The
measurements were made first over a ground plane and then repeated over the
earth. The goal was to determine the dependence of the cross section, for various
intruder postures, on the frequency of the illuminating signal. The results of some
of the measurements for an adult in standing position are shown in Figure 9. In-
spection of the curves will show that the cross section when measured over the
ground plane exhibits definite resonance effects. The first peak of the response
occurs at a frequency corresponding to a wavelength one half the height of the man.
The lower curve shows that the main effect of the lossy earth is the washing out of
the structure of cross section, and reducing its value in general. On the basis of
these curves, it is to be concluded that so far as cross section is concerned, the
operating frequency is not critical as long as it Is above 30 MHz.

FRADUBICY ONIzI

~~~~~~ 1I~I “? 2E~ ~~

2v/XKHEIQHT OF INISIDER

Figure 9. Relative Forward-scattering Cross Section
vs Frequency of Standing Adult
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The scattering properties of a human frame Is a subject also being investigated
by workers at Ohio State University, 7 whose Initial findings agree in general with
the data presented In FIgure 9. Using a very short pulse measurement system.
they found that a broad peak in the response occurs around 75 to 80 MHz, and that
the cross section below 20 to 30 MHz is significantly reduced f rom its peak value.

5. SENSOR SENSITIVITY

The signal power produced at the receiver input by a target anywhere along the
cable can now be estimated by

SU. f )  = ~o — 2AF —2A ( 1, f) — K ( 1, f) —C(f) (3)

where the dependence on irequency and target location has been indicated. Cable
sensitivity is defined as the ratio of the signal power produced by an intrusion at I
to that produced by the same intrusion at I = 0. For cables of uniform hole size
KU, f) = K(f) and

S(I, f)-S(0 f) -ZA(I , f) = -2a 1 (4)

where a Is the attenuation factor shown in FIgure 2. The relative sensitivity is
plotted in FIgure 10 for a = 0. 6 dB/ 100 ft and shows that the signal power produced
by a disturbance at the far end of the first section is more than 20 dB less than that
produced by the same disturbance at the near end.

10

DRY ADIIID
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Figure 10. Relative Cable
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7. Garbacz, R. (1978) Private communications.

15

— —I~~-.~~~~---------- 
— 

—~~~~ ~~~~~~~ ~~~~~~~~~ - - -~. ~~~~~~~~~ £.~~.i ~~~~~~~~~~~~~~~~~ .—.~~~ -‘-~~~~~~~~--.- J



To minimize the variation of relative sensitivity with distance , the cable proper-
ties are gradually changed from one end of a section to the other. The coupling loss
is decreased with distance to compensate for attenuation, which tends to keep the
received signal power more nearly constant. However, as the coupling loss is
decreased the attenuation factor increases. If the cable characteristics change
from those of RX4- 1 at the input end to those of RX4-3 at the end of a section and
over the section , the attenuation factor is

a(e)  = ao ex~~[.f In ~~~ (5)
0

where a~, and a are the values corresponding to the beginning and end of the cable,
respectively.

Integration of Eq. (5) yields the total attenuation. Thus the two -way attenuation
is

2A = ______ 
exp in 

(;.~)] - 1 (6)

which reduces to 2 a0 L, the ungraded value for 2A , in the limit of a 1 ~ a0.
Offsetting the increasing attenuation is the decrease in coupling loss. With the
assumption that the increase in attenuation factor is proportional to the decrease in
coupling loss, the coupling loss can be expressed as

K(I) = K
~ + (:1 

~:) 
a

~ 
exp 

[4 
in ( .

~
)] - 1 (7)

where K0 and K 1 are the coupling losses at the input and end of the cable section,
respectively.

Equations (~ ) and (7) can be combined to obtain the relative sensitivity for the
graded cable pair

S( I , f) - S(o, f) = - 

~ 

+ a ~, (K 1~~~:)~~ exP [L ( !)] - l~~~.( 8)

Equation (8) is plotted in Figure 10 for free space (solid curve) with a0 = 0. 6 dB/ 100 ft .
a = 1.2 dB/ 100 ft . and K 1 — K0 = -31 dB.
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The interpretation of Eq. (8) in free space is clear. However, how it should
be used when the cables are on or in the ground is not so clear. Equation (6) gives
the correct value for the total attenuation independent of cable location as long as
the corresponding values for the attenuation factors are used. EquatIon (7) for the

- - 
coupling Loss is based on the assumption that the coupling loss changes according
to the free space attenuation factor. Once the cable is manufactured, Is the slope
of the grading fixed? There Is some evidence, as suggested in Section 3, which
indicates that the value of (K 1 - K0

) would tend to increase as the value of (a 1 - a )
increases due to the cables being near the earth. However, the available evidence
(Figure 7) is In no way conclusive and to be consistent with previous remarks, the
value of K 1 - K0 will be considered to be independent of cable location. In addition,
the shape of the curve expressed by Eq. (7) depends on the values of a

~ 
and a 1 for

free space. Thus it must be restricted so that only free space values evaluated at
the design frequency (60 MHz) can be used. Thus it is rewritter~ as

KU, f) = K + 

(a
~~ 1T~~~~~

)
~~~,o {ex ~ [4~ ln (_4~)]~~ i (9)

where the second subscript and the prime mean—evaluated at 60 MHz and free
space, respectively.

The relative sensitivity for any condition is then equal to

2 a L  a
S(f, f) - = - 

in ~i-) ~ 
exp [ 4. in (.

~
)] - 1 +

I

’ 

(ar: :)~°{~[~ 
in (42.)] i{ 

. (10)

The relative sensitivity wnen the cables are on or in the ground, determined from
this expression. is plotted as the dashed curve in Figure 10 for a0 = 0.6 dB/ 100 ft
and a~~

. 1. 3 dE/ 100 ft. A much larger degradation in performance occurs at higher
frequencies.

It should be remembered that the curves shown in Figure 10 represent average
conditions. The interaction or the waves traveling Inside the leaky coaxial cables and
the surface waves outside the cables produces regions of greater and lesser sensitivity.
Any system design must include a safety factor to allow detection even In the most
insensitive regions.

17

-~~~~~~~~~ 
\~~~~~~~~~~~

• _ _ • -—-  —— -

~~~~

-— 

~~~~~~~~~~~~~~~~~~ 
- -

~~
~~~~~~~~~~~~~~ ~~~~~

. ________________ .~ ..~~~ ~~~ • • • - - a.i. ~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~-~~- ~~~~~~~~-~~~• • —



6. NOISE POWER

The total noise power at the receiver mixer is made up of contributions from
the matched load that terminates the far end of the receiving cable and the excess
noise of the line amplifiers and interconnecting cables. The contribution from
radiation is neglected in this analysis. The total noise power can be expressed as

N = kET A~~ ~~ F~ (11)

whe re K is the Boltzmann constant , B the noise bandwidth , T the temperat ure in
degrees Kelvin (°K) . G the gain of the line amplifiers, AL the loss of a leaky coaxial 

- 
-

st~ct rn, A F the loss of a feeder cable, and F5 the system noise figure . The system
noise figure can be comput’i with Frii’s formula8

F5 = F1 + 
~~4;;. 

+ 
G1 G2 

+ (12)

For the system represented in Figure 1, F2 F4 = F7 = F and G2 = G
4 

= = G,

the noise figures of the leaky coaxial cables can be represented by

F1 = F3 = F5 1 + (A L — 1) ~ —. (13)

and that of the feeder cable by

F6 = 1 + (A F — ~ #~— ( 14)
0

T is the standard temperature, 290 ‘K. From these expressions F~ 
is found to be

I A  A 2
Fs = 1 + (A L 

- 1) 
~~

I A A2 A 1
+ (F - 1) AL [1 + -~~~~~ + 

L F

j 
(15)

T A3

8. Zlemer, H. E.,  and Tranter , W. H. (1976) PrInciples of Communications.
Houghton Mifflin Company, Boston , Mass.
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The relative noise power at the mixer input was evaluated with Eq. (11) as a
function of frequency. The results are plotted in Figure 11 for three temperatures.
Variation of the noise power with temperature is not great.

/

F~~ U6ICY VSizt

Figure 11. Receiver Noise Power Variation with Frequency
and Temperature

The noise figure of a solid state amplifier Is independent of frequency over the

range of interest here. In practice, its gain is usually set to make up exactly the
one-way ported coaxial loss. A noise figure of 3 to 4 dB and a gain of 20 dB are

typical for these amplifiers. When the line loss exceeds 20 dB, two amplifiers must -

be used in each section, further degrading the S/N ratio. The system noise will

also tend to vary as the cable attenuation factors change with varying soil conditions.

This latter effect is treated In the next section.

7. SIGNAL-TO-NOISE RATIO

It is now possible to use the results of the previous sections to estimate the SI N
ratio at any frequency and compare it to that obtained for the Guidar system at

60 MHz.
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The signal power which reaches the mixer Input depends on the location of
Intruder target along the cable. As indicated In FIgure 1, the section farthest
from the receiver Is denoted as Section 1. There the signal power produced by an
intrusion is

S1 = 2 4 7 (16)
AF AL CKA

where A is the loss of the leaky coaxial from the input of a section to the point of
intrusion. The corresponding expressions for Sections 2 and 3 are

P G 3

2 (17)
AL AF CKA

and

P G
s =  ° (18)

~ A ’~A~,2 CK

The S/N ratios at the mixer produced by an intrusion in any section are,
respectively.

Sl = 2 ~~~ (19)

~~ kBTCK(Fs/AL
) (A L /G) AFA

0 
, (20)

kBTCK(Fs/A L) AFA 2

S3 P0
kBTCK(Fs/A L

) (G/A L
) AFA

It can be seen that when the gain of the amplifiers exactly offsets the ported coaxial
S S S

loss. .
~~~

.. .
~~~~

. = .~~.. and the effectiv e S/N ratio Is given by Eq. (20).
The ratio of the S/N ratio at any frequency to that at 60 MHz can be expressed

as

S/N 
- 

C0(K)0F50 A FOA O
2 AL (22)

0 CK F S A FA 2 A LO 
.
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Formal substitution of the terms making up this expression can be written in
logarithmic notation as

D(t, f-f 0
) = (A FO - AF

) + (C0 
- C) + (K

00 
- K0)

+ 

~~J5.i \ 
3e  [4~, i n ( . a ~)] ~l(

2 a  L r2 1a1\1
• - 

~a ~ exp [t- in (
~—)j -1

• 1 1 1__ Li °

+ K 10 - Koc
) - (K 1 

- K
00

)~ 
~ a’

10

0

~ a
’
~~ 

exp in 
(

~~.2)] -

+ (Fso 
- Fs

) + (AL - AL ) . (23)

In this expression, the explicit frequency dependence of each factor is not m di-
cated except that the second subscript should be taken to mean—at 60 MHz . The
first subscript , o or 1. means the beginning or end of the cable , respectively.
Measured or estimated values f o r  each of the quantities in Eq. (23) have been given
in previous sections; these values are summarized for a number of frequencies in
Table 1.

Equation (23) was evaluated both for dry ground and wet ground conditions, with
the results presented in Figures 12 and 13. It can be seen from these figures that
the S/N ratio drops sharply as the freq uency Is Increased. This degradation in
performance is produced by the decrease in signal power coupled with the simul-
taneous increase in noise power.

The present Guidar system used as a benchmark in this analysis has a signal
margin no greater than 10 dB. This means that a relative S/N ratio of -10 dB or
less makes operation of the system at that frequency impossible. For example,
Figure 12 shows that at 80 MHz, system performance be ’omes inadequate at ranges
greater than about 900 feet. Performance is further degraded If the ground is wet.

• Figure 12 shows that at 80 MHz , maximum range is limited to about 1200 ft and
operation at 100 MHz Is not possible.
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DIS TANCE ALONG CULt (ftl

Figure 12. Relative S/N Ratio for Dry Ground

-10 

~~~~~~~~~~~~~~~

0 500 1000 1500 2~ 0
DISTANCE ALONG CABlE (ft)

Figure 13. Relat ive S/N Ratio for Wet Ground

Figures 12 and 13 give the performance in Section 3 of the system. The per-
formance of subsequent sections relative to this one can be found from Eqs. (19),

(20), and (21) . But first some additional fa ctors must be considered. In practice, —

the system might be set up for dry ground conditions with gains of the line amplifiers
set to equal the attenuation in a section of line. If the ground conditions change, the
cable attenuation will increase, producing a change In the SIN ratio. The magnitude
of this change in each section depends on the operating frequency and whether or not
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the gain of the amplifiers is continually readjusted (automatic gain control [AGCJ)
to match the increased line loss. A system in which A 1/G is always unity is
designated—with AGC; a system in which AL /G is designated—no AGC.

The relative signal-to-noise ratio (S/N )/ ( S /N) 0 for each section computed from
Eqs. (19). (20). and (21) is shown In Figures 14 and 15. For 30 and 60 MHz . system
performance is degraded by a maximum of 2. 2 dE and varies over a range of about
1. 5 dB for operation with AGC. Without AUC, the maximum degradation Is 3. 6 dB
and varies over a range of about 4. 2 dE. This type of variation is not serious in a
practical system. The very serious degradation of performance at 100 MHz is

• evident from the curves shown in Figure 15. Without AGC . the S/N ratio in Sec-
tIon 1 has deteriorated by more than 20 dB as a result of the ground being wet.

Some methods of improving system performance will be considered in the next
section.

• —WflH AGC
---NG AGC

0

DISTANCE ALONG CABLE ~Vt )

FIgure 14. Intersection Variation of S/N Ratio with Wet
Ground for 60 MHz
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Figure 15. Intersection Variation of S/N Ratio with Wet
Ground for 100 MHz

8. DISCUSSION

The results of the preceding calculations show that for best performance, the
operating frequency of guided wave radar systems like Guidar should be below about
75 MHz. To obtain equivalent performance at higher frequencies some system
modification would be required. One such change would be to raise the transmitter

• power. Although a further increase in transmitter power is possible. electro-
magnetic compatibility problems might arise. These guided wave radar systems
are broad band pulsed systems. They typically operate at bandwidths of around

• 2 MHz and are sources 0 potential interference in the VHF television band. The
• 

- transmitting Radiax cable is an extremely inefficient antenna so very little power
• is actually radiated and no TVI problems would be anticipated with peak power levels

of one or two watts. Significantly higher levels, however, could lead to interference
problems in some areas.

Since the degradat ion in performance is due to the attenuation of the cables, use
of lower loss cables would be the most direct way to improve performance. The
attenuation factor for RX5- 1, a larger diameter but lower loss Radiax cable , is
shown in Figure 16. Comparison with the curves for HX4- l clearly shows its lower
attenuation. The RX5-leable has a 7/8-in. diam compared to 1/2-in, for RX4-l

cable. However, its coupling loss is about the same as that of RX4-l .  The curve

marked “ estim ated” in Figure 16 is assumed for the low-loss version of RX4-3.
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Figure 16. Comparison of Attenuation Factors for Standard
and 1,0w-loss Cables

The relative S/N ratio for a system using this type of cable was evaluated with
Eq. (23) assuming no other system parameter changes except the smaller cable
attenuation. The results shown in Figure 17 demonst rate the marked improvement
in system performance. Performance at 100 MHz with low-loss cable is in fact
better than that achieved with the old cable at 60 MHz . Additional transmitter power
could also be used with this cable to improve performance still more. The total
attenuation for an 1800-ft section of sensor cable is shown in Figure 18 for both
RX-4 and RX-5 cable types. The lower attenuation for RX-5 is appa rent.

The Andrew Company has developed a low-loss dielectric for its Radiax cables,
providing a significant reduction In attenuation factor. Attenuation factors previous-
ly achieved with 7/8-in. diam cables can now be obtained with the 1/2-In, cables.
Thus a significant range of operating frequencies now appears possible without
incurring the high cost penalty associated with the larger cable.

Another more important aspect of low-loss cables is the increase in the length
of a section which may be possible before a Line amplifier Is required. The line
amplifiers represent a potential source of false alarms, require maintenance, and
Inc rease system life-cycle cost. Their elimination would represent a very signifi-
cant improvement in system performance and reliability. However, these new
low -loss cables have not yet been evaluated in this application.

26

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ II1~~~~~~~~~~ :••_ . ••_ _••I• • • ••I1• • • •~• -•~.



I

1: ii
___~~ :~~

:::::
~
:::::*5Iz

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

150
•10~~~

2010I DISTANCE ALONG CAStE If t)

Figure 17. Relative S/N Ratio for Low-loss Cables in
Dry Ground
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-

F0004J0*CY tMtz)
Figure 18. Comparison of Attenuation for Standard and
Low-loss Cables

• The curves shown In Figure 19 give an Indication of the length per section that
Is possible as a function of the cable parameters. These curves apply only to the
case where the difference in coupling between the start and end grading of the cable

27

,~ 
r-~~~~~r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

~~~~~~~~~~~~~~~~~~~~

L ~~~~~~~~ — .~~~ ~~~~~. ~~~~~.. — —-——S- —- — — -.—-—~~~~ - ‘---—— —~~~ —~—.‘ 
~~~~~~~~~~~~~ 

-.-) ~~~~~~~~~~~~~~~ ~~ -t’~~~~ L , ~I.1 k.~~ _.—



-~~~~ - -  •
~~~~~~~~~~~~~~~~~~~

-
~~~~~~

•
~~~~~~~~~~ 

is 32 dB. Similar curves for other values of K 1 - K0 can be obtained by setting 2A
in Eq. (6) to K 1 -K 0 and solving for L with £ = L.

Examination of Eq. (6) shows that for a fixed value of 01/ a~1. the maximum
allowable length varies as 1/an . Of more im port ance, as shown by Figure 19,
is the fact that all line amplifiers could be eliminated if low-loss cable were
used. For the assumed values of RXY-5 . the maximum allowable length Is
about 8000 feet.

~~~~~~~~~~~~~~~~~~~~~~~~ 2 Y 2J

I I 1 I
2000 4000 6000 8000

MAXIMUM AU.OWA8LE LENGTH Cf If

Figure 19. Allowable Section Length

9. CONCLUSION

An analysis of the performance characteristics of a guided wave radar has been
given with an aim toward predicting the frequency range over which system per-
formance would be adequate. The most significant factor contributing to the de-’
gradation of the S/N ratio is the increased attenuation of the cables as the operating
frequency is raised. The variation in coupling loss and target cross section Is
unimportant compared to the variation In cable attenuation. To overcome the attenu-
ation, the transmitter power could be increased. A lower loss ported coaxial cable
would greatly improve system performance at 60 MHz , allow the elimination of some —

or all of the line amplifiers, or allow operation at higher frequencies. It is appar-

ent from Figure 15 that AGC must be incorporated In systems designed to operate
at higher frequencies with lossy cables in order to limit the degradation of the signal-
to-noise ratio for the far out cable sections. It should also be remembered that
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the S/N ratios that were obtained represent averages. The particular value mea-
• sured at any point could be higher or lower than the average, depending on the

intercable coupling loss and ground conditions there. With the equations given,
system performance can be estimated for various config urations; for example, to
evaluate the impact of using a sensor made up of one high-loss and one low-loss
cable. The variation of S/N ratio can be computed for various amplifier gain
control methods, or for the effect of various grading and coupling loss profiles.

The curves shown in Figure 19 provide a convenient method of estimating the
section length from the cable parameters. These curves show that sections of one
mile or longer would be possible without line amplifiers. 
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