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Ab s trac t

. The feasibiliËy of using methods of microwave telemetry' l-n

particular a phase measurement procedure .for determining relatively short

absolute dístances, that are conmonly encountered in liquícl level de-

ËecËion, is discussed. A theoretical anaf-ysis and an experimental model

technique is presented, using a rnultiple frequency method, thus elimina-

ting ambiguous distance measurements. This multiple frequency technique

ís fírst employed in conjunction rvìth slotted line measurenent Ëechnigues

to verify d and to determine the possible liuiitations of accuracy'

Since the sloËLed line technique is noÈ readÍly applicable in practiceo

Èhe multiple frequency method is ímplemented in conjunction with data

obËained. from a phase meter. Employing such a procedure enables Ëhe

measurenent of phase differences beÈrveen a reference signal and the slg-

na1 reflected from Ehe terminaEion; whether it be a líquid or a solid

terminating material. The resulting measured phase-shift is subsequently

used for calculating the distances to be measured

Potential applications of the developed measuremenÈ nodel tech-

nique are the monitoring of [rJ: water levels in pÍezometers' liquid

levels in large storage Èanks (e.g. oilr liquid chenicals, eÈc'), solid

level in blasU furnaces and leve1s of molten metal Ín electrolytic tanks'
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CI{APTER I

INTRODUCTTON

A large varieÈy of lÍquids (water, petroler:m, chæicals, molten

metals, etc.) are used in industrial processes. IE is very important for

proper process operat,ions, logístics and cost accounËing Purposes to

know what amoun¡ of material is being processed, how much raw maEerial

is available in storage, and hor¿ much has been consumed t2]. Liquíd

level neasurements can provide this neeessary and important information.

l"fany methods for deterroining líquid levels are euployed ín ín-

dusËry, such as l2'l: Direct methods using a calibrated stick, floa!, or

more indirect methods using pressure, capaciËive, ultrasonic; nuelear

or other systeius. The uethod employed is rnainly dependent on: Èhe re-

quired accuracy, lhe necessity of continuous or non-continuous level

determínation, and the requiremenË of conËrol systems for maíntaíning

a proper level.

There is an apparenË lack of an accuraÈe and continuous method

for monitoring and conËrolling liquid levels in severe environments.

Since microwaves are, by nature, eleeËrical- signals they are ideally suiLed

for automatic con¡rol systerns. Therefore, it was decided üo perform a

feasibility study uslng microwave Èechníques to determíne whether the a1-

ready proven method of micro¡n¡ave Èelemetríc measurements could provide the

required accuracy. Microwave techniques, for measuring long dlstances

accurately,
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have been used extensively for measuring the altit.udes of flying aircraft

and spacecraft [3,4], and for surveying in cartograPhy and geodesy [4'5].

IE remains to be shor¡n that micror¡rave telemetric techniques can' fn faett

also be used for mea'suring relaËively shorter distances which are colxEnon-

1y encountered ín liquid leve1 measure¡nents.

LÍquid levels can be determined, in practice, with microwave

techniques by either partially iunnersing an open-en<led waveguide into

a líquid or by using an antenna to radiate elecËromagnetÍc energy t.owards

the liquid. In bofh cases reflecEions from the líquid surface are utilized

to provide Ëhe necessary data for liquid level calculations. This thesis

expounds only Èhe theory to be used rvith a parËially ímmersed waveguíde;

therefore, neíther theoreÈical evaluations nor Ëechniques for antenna

applications have been given. However, only a slight change in theory

and experímental set-up would be necessaTy to allow for.the use of anËennas.

The liquid level. measurements pursued during the course of this

thesís are based on the measurement of the phase difference between a

nornally incídent reference signal and the signal reflected from the sur-

face of Èhe liquid. ThÍs phase difference (1.e. the electrical length)

is subsequent.ly converted Ëo its corresponding physical- distanee. Slnce

phase measurements are made and the accuracy of Èhe measured distances

depends on these phase measurements' it is very imporEant to know r'¡hat

the phase shift (argument of Ëhe reflection coefficient) due Ëo the air

liquid boundary is, so that adequaEe corrections can be made. For Ëhis

reason, Èhe concept of the reflecÈion coefficient is developed and its
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effect on liquid leve1 measurements is dÍscussed in chapter II.

chapter III introduces the concept of a mul¿iple frequency

technique, whieh is used for measuríng dlsËances unambiguously í.e. physi-

cal distances Ehat Ërn" "n equivalent electrical dístance less than 2n.

Distances to a short circuiÈ and to a vrater surface are determined usíng

a slotted line, and the results are tabulaÈed. The necessiEy for measur-

ing the argumenÈ of the reflection coefficient and hence, the relevance

of a correction factor is also discussed.

The slotted 1íne is a laboratory tool which can noE be adapted,

very readily, for industrial use. For this reason the presentation that

is given in chapter IV depends on phase measurements resulting from the

appli-catj-on of a HP vector voltmeter, These phase measurerTìents are ,rs"¿

to calculaLe the required disËances whích are compared with those measured

mechanícally. The accuracy of this phase measurement meËhod is also dis-

cussed and a comparison ís rnade with the slotted line technique.

Finally, the usefulness and accuracy of this method are dis-

cussed, and its applícability Èo practical probleurs is illustrated in

chapËer V.



CHAPTER II

PHASE CI1ANGE AT AIR LIQUID BOIJNDARY

An electromagnetic \,rave nol:Ìnally incident on an inÈerface,

separating Èvro different materials, will be either parLially or totaily

reflected, wiÈh the reflecEed wave at the interface incurring a phase

shift relative to the incident wave at the j-nËerface. This phase shíft

can be conveniently determined by making use of the reflecËion coefficienÈ

f (see Appendix A) whích is defined, for a v/ave traveling from medium (l)

Èowards medium (2), as follows

n _"2 "L (1)
l-

.7 J-v"z' "L

where z. is the characteristic impedance of mediun (1) ar.Ld Z, is that of
I

mediuro (2). Mediun (2) is considered to be of infinite extent or to be

match-terminated

The modulus of the reflection coefficj-entr on the oÈher hand,

can be expressed as t6]

trt =s-1 (2)

;;.'" : 
-r: 

Èhe vottase standirìs wave ra'io'

EquaËion (l) ís used for calculating the complex value of the

reflection coefficient while equaÈion (2) is used for determining the modu-

lus of tire reflection coefficienË from experímental data. The a¡gument of

the reflecÈion coeffícient is determined experimenÈally by, simply' com-

paring the posf-tion of a minimum due to the material under test LtiËh that

due to a shorE circuit.
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2.L TheoreËÍcal DeterroinaÈion of Reflection coefficient

2.L.L. Free-Space Reflection Coefficient

The equation for the reflection coefficient for a wave in free

space j-nciclent normally on another material can be expressed as

lz-rt
F-
t-

12 * rl-

I^Ihere nt and

are, in effecÈ

ríon (1).

The

the following

(3)

\2, the intrinsic wave impedances of the respectíve ¡oedía

, Ëhe characteristic impedance" ZL and ZZ used in equa-

intrínsic wave impedances, in turn' cen be expressed in

convenient form (see APPendíx B).

material-, utt : 0, p'=uo

(4)

andFor non-magnetÍc and lorv conductivity

d I 0, equaLion (4) becones

f-u.
/___:_9_,t - / gt _ je"

which can also be exPressed as

(s)

rì = (6)

,E-r-Tr-r

where lo is the intrlnsic wave ímpedance of free space and art 
.= 

e'/eo"

,r" = e"/Eo are the relative permittivity components.

By substituting equation (6) into (3), Èhe reflection coefficient,

for a wave ín free space norm:lly Íncident on a boundary, can be expressed

as follows
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. r-7---:;-ä-l- - vt- - tLr-r (7)f=
I+,,8-' - ie:-'-r

This final resulÈ is used later for reflection eoefficient calculations

of water.

2.1.2 Reff ectÍon Coef f iciênt in l^laveguide

The reflection coefficieni resulting from the Ímmersion of

rectangular or circular waveguides into a tiquíd, operated in the TE modes

normal to a liquid surface, can be determined by using equation (1)

o-aLt L1

z+zl
r,rhere , L *

air and the

t6l

,, are the characteristíc

liquid respectÍvely. These

impedances of the waveguide in

impedances r can be exPressed as

fl*

where n is the inËrinsic wave
m

wavelength in the medium, and À 
"

lar vaveguide used.

Equation (B) can be vrritten

following subs Èitution

(8)

impedance of the medium, À, is the

is the cutoff wavelength of the particu-

ín a more useful form bY nakíng the

vm1
Àr=-T= rÆ=

vo 1Ào6n ,ry
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vhere ê

tJ-vely.

(Ào/Àc) 2

where n =n /€17'omrr

For non-magnetic materials

tion (9), yields

complex perrnittivitY and

simplif ícatiori' becomes

permeabilitY resPec-

(e)

LI : I.'r which v¡hen substituted into equa-

(10)

and fi are the

The result, after

nu'o' r
1,-

L_

,,fr1T1l7 i,,,,

wave impedances in the air and

AS

The

Ly,

ZI
lo

the liquid can be expressed, respective-

of the reflecËion

(1r)

_=:
Ll')' /.r' - (Ào/Àc)z- iur"

which, when used in eguation (l), yield the equation

coefficient in its most useful form, namely,

ol^¿'

1o

(À 
o/tr "

(Ào/À
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Tables of permittivities for l{ater at various temperaÈures

17) and X-band equÍpment are readily available, therefore, a frequency

of 10 GHz was chosen for both the Èheoretical and experimental deter-

mination of the reflection coefficíent. Equation (11) can be simplified

by makíng the following subsEitution

^ 
lx = f./f = 1-.525c'oc

whích in turn yields the final result

-

0.755 - /e - 0.430 - ie{ r 'tl'=
0.755 + /e - 0.430 - ie{ T -r

2.L.3 Results

(tz¡

Computer calculations $rere used Ëo make the lengthy comPuta-

tions required for solving equations (7) and (12), and the resultíng

values for Ëhe modul-us and argr:ment of the reflecËion coefficient are

entered in Table I. It can be seen frour Table I that sufficient signal

is reflected tlfl : 0.8) to allow for comparison measurenents. Al-so,

the arggrnent of the reflection coefficÍenE for Êhe free space case ís

almost the same as Ëhat for the waveguide case. In fact, the maximum

difference in angle of 1.5o represents a distance of only 0.00827 c¡o

for x-band. For most case, thereforerwhere extreme accuracy is not required,

the argument for the reflection coefficienÈ in the free sPace case could

also be usecl for tire hraveguide case or vice versa. The maximum varíaËj-on
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TABLE I

RNFLECTION COEFFICIENT OF WATER, OF A NOR}ÍALIY INCIDENT I']AVE, IN FREE

SPACE AND TN A I^ÍAVEGUIDE FOR A FREQUENCY OF 10 GHZ

FRNE SP ACE I^]AVEGUIDE

Àr^.1,,1,,- ^frrvuu!uÐ v !

f
Árn,rman l. nf

¿¡!ósil.e¡¡É v^

f
Mod.ulus of

f
Argument of

f

-l,2
1.5
5

15
25
3s
4s
55
65
75
85

0. 281
o.779
0. 781
0.781
0.782
0.781
0.781
0.781
0.777
0.77t
o.7 65

180. 0
L73.9
L74,3
L7 5.5
L76.3
177 .O
L77 .2
r77 .4
L77 "7
L77 .9
178.0

0.37 4
0.828
0.829
0.829
0. 830
0. 830
0.829
0.829
0,826
0,822
0. 817

180.0
L75.4
L75,7
t7 6.6
t77 .3
L77 .7
L77 .9
178.1
178.3
L78.4
178.5
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of the argumenE of f v¡ith respect to the temPeraËure range of 1"5o

C to 85o C, corresponds Èo a disÈance of 0.0171 cm, which can in

general also be ignored.

It can be seen from equation (7) and (l-2) that the argument

of f is 180' for lossless media. For slightly lossy materials the

argument of f can also be consÍdered to be 1B0o for all practical

purposes. Even for waËer, which is very lossy (e.t = 38, trtt= 39 at

1.5'), the argumen¡ of f is 1750. Since 5o at 10GHz represents an

electrical distance of approximaËely 0.01 cm, it can be seen that the

argument of I for water can be chosen to be 180o.

Thís inforrnation leads us to the conclusion, Ëhat for

man,r, liquids the argument of I need not be measured, ruhich in turn,

signifies that liquid level measuremenËs will be greatly simplified.

For carrier frequencles lower than microtrave frequencies,

however, the argument of the reflection coefficient assumes increased

importance, since the 1or¡er the frequency the greater ís the wavelength

and hence, Ëhe dístance per degree of phase angle. In this case the

argument of f must be known very precisely and its difference from that

of a shorË circuiË coul-d no 1-onger be ígnored'

2.2 Exoerimental Determi-nation of Reflection Coefficient

The experírnental set-up used for deËernining the refl'ecÈion

coefficient is shown in Figure l. A X-13 KlysËron followed by a

ferríte isolator, a Pin
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modulator, a slotted line ancl a section of waveguide partly imrnersed

in a burette filled wlth \rater were used. It was noE necessary to maÈch-

Èermina¡e the section of waveguide immersed in the $Iater' since second-

ary reflections are 'sufficiently attenuated by water (see Appendix C),

so that no erroneous results are obËained.

The modulus of the reflection coeificient vlas simply found by

using equation (2) in conjuncEion with the voltage sËanding wave ratio

(VSI^¡R) , that v¡as obtained f rom Ëhe use of a precision attenuator and

a VSWR meter.

The argumenÈ of the reflecËion coefficient vras found using a

comparison technique, which was performed as follows:

1. A section of waveguide rnachined to a length of L2.705 cm

+ 0.005 cm vTas connected to a 90" bend which in turn !7as con-

nected to the slotted line. The other end of the machined

section of waveguide was short circuiËed and the position of

a voltage minimum on Ëhe sloËted line, \^las recorded. ThlS section

of t,he waveguide was lhen disconnected from the 90o bend.

2. A needle was soldered to an outside wall of a l-onger sec-

tion of waveguide, and the dÍstance from the upper flange Ëo

thetipoftheneedlewasadjustedto12.T05cm.ThÍssection

of the waveguide rvas connected to the 90o bend and the u7aÈer

level was adjusted so that Èhe tip of the needle contacted the

!,rater surface. Finally, Èhe minimum position Iüas recorded'
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À scribed line on the r'raveguide (12.705 c.n from the LoP of the

ftange) \"ras not used since surface tension effects cause Èhe water to hang

onto the line as the waveguide ís moved. Due' to this hang-up, it is not

possible to know the disEance from the upper flange to the' h'ater surface

accurately. l^triEh a needle connected to calipers, however, the r"ater sur-

face v¡as detected to an approximate accuracy of +0.0025 cro' For this

reason a needle was used in the above procedure i.e. to insure that the

disÈance from the upper flange of the wavegui-de to the Ii'Iater surface is

12.705 co.

Ifawaveguideisterminat'edr¿ithashort'circuit,volÈage

minima positions can be detecÈed on the slotted line' The subsequenL

loading of the waveguide with vraËer (see steps I and 2 above) results'in

.a shif t of Èhe minima poslËions towards the load. It ís knor^m that the

argumenË of f of a short cÍrcuit is 180o, therefore, the argument of f

due to eraËer wil-l be less than-180'by an amount which is proporÈional

to the difference in minima posiËions'

TheangleofrhereflectioncoefficienËcanbedetermined

from the distance between minima by noÈing Èhat

Ut =ßx

where ß is the propagation constant and

mÍnima. Sínce the dÍstance between minim¡

vlous equations must be wriÈten as

þ=2ßx

is the distance between

traversed twÍce, the Pre-

x

is



14.

Finally, since I = 2tt/\g

, 4rx
tjr=-tÀg

and the argument of I of water is 180' - {r

2.2.L Results

(13)

It was found (see Tabte II) that the experimental results

of the modules of f(0.824) agreed very r+ell viith the calculated value

(0.831). There tüas not, however, such a close agreement betr"¡een the

experimenÈal and calculaËed value for the argument of f. In facÈ,

the experimenËal value for the argument of f depended on whether the

water approached the reference leve1 from the top or from the boËtom"

Actually, any possíb1e values for Ëile argunenr of I between the ex-

tremes of 169o and 176" (see Table II) can be obËained.

The occurrence of a range of values, instead of only one

value, for Ëhe argument of Ëhe reflecËion coefficienË can be attributed

Èo the existence of surface effecÈs. Ðue Eo the very low contact angle

of the waveguide in r¿ater (approximately 0') [B] ' a meniscus is present

on the inside of the waveguíde. A rneniscusr of courseri" also presenË

on the outside of Èhe waveguíde; however, there is no concern regarding

this effect as long as the tip of the needle is far enough frorn the wave-

guide so ËhaÈ the actual liquid surface in the burette is detected' The

sþape of the meniscus changes slightly v¡henever there is a reversaL of

Èhe direcÈion in v¡hich the waveguide moves relative to Èhe lrater (or the
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TA]]I,E II

CO},'PARISON OF CALCULATED AND EXPER.IMENTALLY DETERMINED VALUES OF THE

R.ETLECTION COEFFICIENT OF WATER AT 25" C IN A R.ECTANGULAR I'IAVEGUIDE

CI,LCtT,ATED E}ìi'ER I}iENTAL

Water approaches
from top

llater approaches
from bottom

Modulus
of
f

0. 831 0.824 0.824

\rgument.
of
f

L77.4 17 6.60 t6g'
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water 1evel moves relative to the waveguide). This change of meniscus

causes a concurrent shift in the minimum position; hencerthe result ls

a 7.6o range for the argument, of f as deÈermined from Table II'

If a greater degree of accuracy is required the effects of

the rnéniscus can be ninimizedbycovering the inside of the waveguide with

teflon or any other material with a high contact angle (equal to or

greater than 90o) [8,9].

If the rvaveguide is tilted the argument of the reflection

coefficient also changes, as can be seen from Figute 2. It can be seen

ÈhaË tilËing the waveguide in the E plane (H parallel to Ëhe water

surface) causes the greatest change in the argumenË of f. In this case'

for a tilt angle of 30o the argument of the reflection coefficient can

vary over a range of l3o, which represents a distance of 0.0717 cm.

AfËer a few degrees of t.ilË, however, the change in the angle

of the reflection coefficient becomes overshadowed by the direct effect

thaË tilÈing has on,liquid leve1 Beasurements. As the angle of tílt in-

creases the lengÈh of the waveguÍde, to the \,/ater surface, will still be

measured accurately (affected only by the change in the argument of f)

but this lengËh will no longer reflect the Ërue water level. The r¿ater

level can be expressed as

f=Lcos0

where D is the v¡ater level, L the measured length of waveguide to the sur-

face and 0 the angle of tilt. It can be seen that D is directly
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proportional to Ehe cosine of the tilt angle, therefore, if the water

level is to be measured accurately any random tilting of the rraveguide

must. be confíned to a certain range whích is dependent on the accuracy

requirements, (i.e. for a measured length of 200 cm and an angle of tilt

of 50 the acrual level is 199.2 cm and the error is 0.8 cm).



CLI\F'I'I]R III

I'íEASUREI'íENT 0F DIST.qNCES AND LIQUID LEVELS

USING A SLOTTED LINE

The slotted 1ine, a very versatile laboratory tool, is in

essence, a phase measuring device. IÈ ís used here prJ.marily to prove

the feasibility of measuríng distances by using phase measurenenËs and

also as a means of comparison with the results obtained in chapter IV,

where a vecÈor voltmeter r¿as used to measure the phase.

It is shown below how the sloÈted 1ine, in conjunction wiËh

a multiple frequency Ëechnique, can be used for determining distances.

3.1 Theoretic"l AralJ.gis of ìfrl-tjp1e Fr

The length

éù

x
o

of a r¡aveguide terminated by a short circuit can

be expressed

À

D = ro ff+ (14)

where n_ is the integral number of half wavelengths from Ëhe short
o

circuiË to the other end of the waveguÍde, 
^ro 

the v¡ave-

guÍde wavelength, and *o is the disÈance from the flange of the !¡ave-

guide to the last minimum (see Figures 3). Since 
^ro 

is knor'¡n and

x can be determined quite readily, it is only necessary t.o solve for
o

n^. This is done by choosing the Proper frequencies, as shown below.
o

If a frequency is chosen so that the corresponding úravelength ís
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À-=I0/9ÀgL go

the minima due to Àr, will be separated from the minima due to 
^ro 

Ot

\rr/ZO, 2XeL/20, 3xg'/20, etc., depending on how many half wavelengths from

¿he shorË círcuit a measuremenÈ is made (see Figure 4). This facÈ can

be used to determine no, by siroply measuring the difference in the position

of minima and dÍr'iding this distance bV 0.fÀ*1/2 (see Figure 4).However,

as soon as the difference between minima is equal to or greater than

x /2, n^ becomes ambiguous. A distance up to L0x_^/2 can be measured"go' go

withouÈambiguity, which at 10 GHz is only about 19.8 cm. Greater dis-

tances can be measured by subsequently choosíng frequencies such that the

distance beÈween the first miniu.a of 
^ro 

and 
^r' 

become smaller and.

smalIer.

By choosing the next frequency such ËhaË the corresponding

wavelength Ís

l^=100/99Àg¿ go

n can be determÍned up to 99 before it becomes ambiguous. An unambiguous
o

distance of approximately 198 crn can Èherefore be obtained.

Siuilarly, another frequency can be chosen so that its corres-

ponding wavelength is

À^-1000/999ÀgJ go
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ruhích, 1n turn, wíll allo\^/ an unamloiguous distance measurement of

approxj$ately t9B5 cm to be rnade. This step is essentially the last one

that can be Èaken, in general, due to Ëhe lack of frequency resoluÈion

and stability. Therefore, iL can be seen that the slotted line can be

used cnly for measuring relatively small distances'

The values of Àgl, XgZ and lr3 have been chosen so that'

a decimal readout can be used. This choíce of wavelengths al1ows the

use of À^e to give only the number of hundreds digits of Do, XgZ Èo
gJ

give the number of Èens, and Àgt to give the number of units digits

of n_. In this way better accuracy can be obtaíned than r¡ould be possible
o

if onlv À ^ or À ^ were used in conjunction v¡ith À-^ for determin-"g3 "gz " gu

ing to.

If t'l, t02 "td o03 are used to represent the units' tens

and hundreds digits respecÈively, iË can be seen from figure 4 that

.) .>

(ls)

(16)

xoo1 =TJT W
where x = \r1/2 (rnin.) ' x*o/Z (min.)

and 
^sr/z 

- xso/z = \st/z - glLo 
^sL/z 

- 0.1 
^BL/z

using Èhese values, equation (15) can be re¡¿ritten as

À*r/2 (nin.) - À*o/2 (nin')

"ol - - o.L^.1/2

The follorving equations can be determined in a similar rnânner, nanely

^Ãz/2 
(min.) - Àro/a_(*t".)

to2 = o,oL xsz/2
(u)



.)?

À*ri 2 (min. ) - À*o/2 (min. )

"03 - o.ool X"r/,
(ra¡

Equations 
.(16), 

(17) and (18) are used with Ehe appropriate

experimental data, in conjunction with, equarion (14) to determine the

length of a l¡aveguide or the dístance to a liquid surface.

3.2 Experimental Results Using Multipl_e Frequency Concept

3.2.1 Measurement of i^laveguÍde LengEh

The feasibílity of the multíple frequency concept lras proven

by using the set-up shown in Figure l. fnstead of a section of vrave-

guide being immersed in water, however, a straight section of v¡ave-

guide vras connected to one end of a slotted line and the other end of

t.he waveguide was short círcuited.

The multÍple frequency measurement Èechnique, .that was employed,

can be explained as follows:

1. A priunry frequency (such as 9 GHz) is chosen and the

corresponding wavelength (Àrg) is determined froro tables or

calculations.

A. The minimum position wiÈh a shorË circuÍt aÈ the

slotted line is recorded.

B. The short is removed from the sloËted line, a section

of waveguide (whose length is Èo be deterrnined) is connected

to the sloËted line, the other end of the waveguide 1s
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shorted and tl're resulEing minimum position

2. A second wavelength is chosen such Èhat Ào.,

and the corresponding frequency is calculated as

is recorded.

= ro/9 À'go

shor^m in

appendix D.

A. The Kl-ystron is seE for the

B. The míníma positions, with

and subsequently the waveguide

recorded.

new frequency.

the slotËed line shorted

shorted (as' above) , are

3. A thírd and fourth r,¿avelengËh are chosen, if necessary, so

that \gZ = 100/99 À*o and Àg3 = 1000/999 Àr9, and the corres-

ponding frequencies are calculated

^.. 
The ki-ystron is set for the ne'"; frequencies (one at

a time as above).

B. The miniroa posítions are noÈed as in steps I and 2

above, and recorded in Tabl-e D-l-.

In order to clarify the use of this multiple frequency method,

for deÈermining distances, a sampl-e calculation is included in Appendix

D.

The waveguÍde sectíon, that was tested, ís an accurately rnachined

component whose length vras measured mechanícally (with calipers) Eo be

60.986 cm * 0.00245 crn. This mechanical measurement was chosen as the

referênce or comparison lengÈh, that is, the accuracy of Èhe electrical

measurenenÈs Ì,ras determined by conoparison wiÈh this mechanically measured

length.
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Ifeasurements of the lengÈh of Lhis waveguide were made for

three primary frequenci.es, the results of whích are found 1n Table III'

An accuracy of 0.032 cn (0.0537") or better was found. It can be seen that

this mefhod is very precise. It is possible, however, to obÈaín greater

accuracy by stabil ízíng the frequency and by using a dial indicator for

locating the uinirna Positions.

3.2.2. Ifeasurmr.ent of l^later Level

l{ater level ¡¡easurements v/ere next made, using Èhe sa¡oe mulÈiple

frequency concept expounded above'. The set-up used for making these

measuremenËs was the same as that shoçm in Figure 1. The mechanical

disÈance measurement r¿as carried ouE in the sâme manner as was previously

done for determining the reflecËíon coefficienË, i.e. the length of a

sectionofwaveguidefromtheupperflangetothetipofaneedle

soldered to a wall- of the waveguide was measured.' This mechanically

measured distance of 73.691 cn + 0.00254 cn l^Ias used as the reference and

the electrically determined distances $Iere compared to this reference'

The water l-evel was adjusted so that Ëhe !'iaËer surface conÈacËed

the Èip of the needle, and the minirna positions r{ere recorded (see Tabl-e

D-II) for various primary and secondary frequencies, as previously'

3 .2.3 Correction FacÈo!

It can be noted Ëhat the dífference ín the

reflecüion coeffÍcient between the short circuit and

lvater must be considered at this point' If a short

initial,ly and flnal-ly, the argr:menÈ of f cancels'

argument of the

that due to the

circuiL is used

If, however, the
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TABLE III

I,ùAITGUIDE LENGTH MEASURE}'ENT FOR VARIOUS PRTMARY

FREQUENCIES USING A SLOTTED LINE

f-GHz
M.echanically mea
sured length cu.

ElectrÍcally
measured length

Error
cm.

Error
ol

9 60.986 60. 986 0 0

10 60.986 61.018 0.032 0. 053

11 60. 986 60.992 0. 006 0. 0098
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lraveguide is loaded with some other material, Ëhe phase of the shorË

circuit doesntÈ cancel the phase due to the material; therefore, the

difference in phase must be used to obtain accuraÈe results" This

difference in phase, converted to a distance, can be consÍdered a correct-

ion facEor.

Since the argument of l, for water, has a range of possible

values, an average r^7as used. The approximate correcÉion facÈ.or,found

to be 0.04 cm, was used for determining some of the values found in

Table IV. This same correcLion factor \^Ias used for 9, I0 and LI GLz,

even though the correction factor was only determined for 10 GHz. The

reason for this is Ëhat the permittivitíes are essenËially the same for

these irequencies; therefore, the argument of i iviil Lre aiurosc ideniicai

for the Ëhree cases

The measured water level ís Èhe disÈance from the ínítíal

short circuit, at the 90" bend, Èo the v¡ater surface. These electrically

measured vrater levelsr wíth and without correcÈion being applied ' axe

found in Table IV. It can be seen that the maximum error, using the

correction factor, is 0.045 crn or 0.06L 7.. If, however, the correcËÍon

factor is noË used, the maximum error ib 0.084 cn or 0.LL47". An error

of this magnitude can sÈill be accepÈable for most Practical liquid

level measuring purposes.

This last exPerimerrtal

expounded Ín chapter II, namelY,

result compares favorably with the Ëheory

that the argumenÈ of the reflection coef-
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ficient can be considered to be 1B0o for mosË pracEical purposes. There

is, however, an addíttonal element whích \,/as not considered previously'

namely, surface tension. The effects of surface tension cause a greaÈer

error than was previòus1y antlcipated. If there are very strong surface

tension effects between a very lossy liquid and the wavegrride, it may

no longer be possible to disregard the correction factor. UltiloaÈely,

the necessity for del-erminíng the argument of the reflecÈion coeffícient

and hence, the correction factor for a partícu1ar liquíd, will depend

on the final accuracy requiremenE.



CHAPTER IV

MEASUREI'ßNT OF DISTA}ICES AND LIQUID LEVELS

USING A PHASE METER

The inEent of this chapter is to show that direct phase

measuremenËs (using a phase meter) can be used for determining distances

or liquid levels ín waveguides. AlÈhough Ehe theory is quiËe slrniiar to

that which was used ín the previous chapter, there are soüe differences

which \,rarrant a separate treatnent for the sake of clarity.

4.1 Theoretical Analysis of I'fu1tip1e Frequency Concept

A H.P. vêctor voltmeter ¡¡hich measures phase differences on

the modulation envelope was used in the experiments that fol-low. Sínce

phase measurenents are made usíng Ëhe modulation envelope, it is no

longer possible to use the guide wavelength but it is, rather' necessary

Èo use Èhe modulation wavelength. Therefore equation (l-4) must be re-

wriÈten, as follows, to refl-ect Èhis change

1D=f(noÀo**o) (re)

Since phase measurements are used in this chapter, iÈ is necessary to con-

verË x- into its equivalent phase, as follows
o
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rr, À'o o
Y o2n

The result from substituting this value into equation (19) is

À',D=+{no+f) (20)

If this same distance is measured by using a differenE frequency'

a similar equation results, namelY,

À- ür-

D=+(nl+;n)

toÀo .vo - ür.
ir-- 2'2r

If !./o and Ul are calculated^ from equations (20) and (21) and theLr

difference is rearrangedrthe following equation results

L Àr Ì/- - \ , ,to - ü, .,.r /1r\D=i õ-Ð [(no nr) + \ 2r )J \¿¿)

It can be seen from equaËion (22) that D wíll be unambiguous only if

úo - Ûr < 2r and hence, (no - nr) - 0

If this second frequency is chosen such thaË

À" = 10/9ÀIO

(as was done previously in the slotted line case) it can be noted Èhat

for an unambigous distance measurement, equation (22) reduces to

(2L)

(23)

It can be seen from equation (23) that (Vo - ü1) must be less than ?r



an

maximum distance

/2.
o

Èhat the res-

for an unambiguous dl.stance measurement; therefore, the

that can be measured u'ithout ambÍguity is less than 10À

If a third and fourth frequency are chosen so

pective wavelengths are

x, = roo/99 Ào and À3 = 1000/999

equation (2

100 À

2) reduces

,*"2; 
*t'

EO

D_

and

(24)

(25)
1000À ì, -ú^D:------9.#

The maxímum unambiguous dístances that can be determined employ-

ing Q4) and (25) are less than 100 Ào/2 and less Èhan 1000 À /2

respectively. If a roodulation frequency of 100 Mllz is used ín conjunct-

ion with equation (25), an unambiguous distance of approximately 993

meters can be obtained. Thus, i, ""r, be seen that much greater distances

can be measured than were possible with the slotted line.

It ís noÈ generally possible to obtain accurate results by

using equations (23), (24) or (25), since any inaccuracies of the phase

measurements will be roultiplied by 10, 100 and 1000 respectively. If'

however, (Po - {.,3) is used only to determine the nr-rmber of hundred

digits of no, ({.,o - þì the number of tens digits, and ({,o - {,1) the
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number of units digits of ro (as rvas done in a similar manner with the

slotted line case), iÈ is possible to obtaín good resulËs by using equation

(20). It can be seen from equation (20) Ëhat the accuracy of the dis-

tance measurements will depend on the precision of t.he phase measurements

(there Ís no multÍp1Ícative constant such as is found in equations (23),

(24) or (25))and the stability of the modulation frequency fron which

À is calculated.
o

The value of

used in the sl-oÈted line

tance and then dividíng

found (in a similar manner as \¡tas

first converting (üo - üo) to a dís-

by the difference in r¡avelength between

(26)

(27)

(28)

n can be
o

case) by

this value

À and
o

Àrr, nantely,

- _ (Uo-ìtl)Ào
tor= zn(0.%

(üo - Ûz) Ào
noz = ãõ:õDE-

to3
(to - ü¡) Ào

2\T(o.Oõjr

The l-ength that can be measured at a certaÍn

frequency is dependent on the stability of the modulation source. If a

very stable rnodulation source is available, it rnay be possible to calcu-

late n04, but this would require for a 200 }tr{z modulation that the fre-

quency would have to be set and maintained ax L99.98 ìfti2. This, indeed'

is diffÍcult if not impossible for most ordinary distance measurements



34.

therefore, equation (28) would usually be considered to provÍde the final

step.

Distances and water levels can be determined by using either

equarions (26) , (27) or (28), or all three of Ëhem in conjunction v¡íth

equation '(20), depending on the distance to be measured'

4.2 erimental Results Using Uuftipt. ft.q"e"" Conce

4 . 2.1 }leasurement of l^laveguÍde Length

The experimental set-up used for the measurement of distances

with a H.P. vector volËmeter ís shown in ligure 5. The rf signal generat-

ed by a X-13 Klystron ís modulated by a sine vlave generator vía a Pin

uodulator. The reference signal for the HP vector vcltmeter is obËained

from a 10db directional coupler while Ëhe main portion of the signal

proeeeds through a precision attenuator to a circulator. The energy in-

cident on Ëhe circul-ator proceeds through a shorting switch, through the

waveguide (whose distance ís to be measured) and then ís reflected by the

short circuit at the end of the waveguide. This reflected signal is finally

Ëransmítted to the comparison probe of the vectoÏ voltmeter, and a phase

measurement is made.

phase measuremenËs are made as fol-lows: The shorting switch

.is initially closed and the phase in<licator needle set to zetoi fhe

shortíng switch is opened and the phase readíng taken. Thís phase ileasure-

ment represents Ehe dlstance traveled from the shorting switch to the

short circuit at the other end of the waveguide arrd back again to the
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shorting switch. The shorEÍng sr'itch (shutter) provides the reference

shorË circuít from r¿hich all distances are determined.

The attenuation in the reverse direction to the normal power
t

flow between the circulaËor ports was det,ermined experimentally; since

the maximtm isolation was obtained at 8.75 GHz, the following experiments

were performed usíng this carrier frequency.

The limiting accuracy of this dísÈance measurement system is

due to the vector voltmeter whích has a phase accuracy of * 1.5o. It

can be seen from Table V that the accuracy increases as the modulation

frequency increases. This is prímarily due to the fact that at higher

frequencíes a phase of 1.50 represents a smaller distance.

Although, the val-ues of accuracy that can be obtained using a

vecËor votrtmeter can't match those obtained wiËh a slotted line; Èhe

higher nodulation frequencies, usually, give results that are adequate

for unny purposes. As an example, consider a modulation frequency of

200 MHz: IÈ can be seen from Table V that in the !Íorst case, an error

of 0.3 cm for a distance of 35.4 cm or O,B5% r^Ias ascertained; however,

in the best case an eïror of only 0.2 cn for a disËance of 381.3 cm or

0,057. was determined.

Since the greatest part of the error is conEribut.ed by the HP

vector voltmeter (the erfor is constant at + l-.5o over its frequency range)

the percentage error decreases v¡ith increasing lengths; therefore, this

rnethod v¡ould be most suiÈable for measuring large distances to liquid surfaces.
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TABLE V

I^,AVEGUIDE LENGTH MEASURNì,ÍENTS FOR VARIOUS PRII'{ARY

FREQUENCIES USING A PHASE METER

I'fod.
Freq.
Ìû).2

Mech. Meas.
cm

E1ect. lieas.
cm

Fract ional
eïror
cm

Percentage
error
o/

Es t i.reat ed
accuracy
cm

30

35.4

6s.9

111 .4

163. 8

270.3

381. 3

34.9

67 .5

111. B

L64.5

27L.0

283 .0

0.5

1.6

0.4

0.7

0.7

L.7

L.4L

2.43

0.36

o.43

0.26

0.45

+ 2.76

100

35.4

65.9

111.4

163. I
270.3

381.3

34.8

65.4

111.5

163 .5

27L.0

382 .0

0.6

0.5

0.1

0.3

0.7

0.7

t.7
0.7 6

0.09

0. r8

o.26

0.18

+ 0.877

2C0

35.4

65.9

111.4

163. 8

27 0.3

381. 3

35,7

66.3

111.8

270

381

7

5

0.3

0.4

o.4

0.4

0.2

0. 85

0. 61

0. 36

0.15

0. 05

+ 0.413
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4.2.2 Measurement of I{ater Level

Due to the problems encountered in rnaking liquid level measure-

ments for relaEively large distances to the !¡ater surface, only one measure-

menË was carried ouÈ for a liquid level of 78.574 cm. T'he sarne set-up,

as shown in Figure 5, was used; however, the waveguide was irmnersed in

a burette filIed with r¿ater (see Photograph 1). The distance from the

upper flange of the waveguide to the tip of the needle rüas measured mech-

anically (as previously), and the water level was adjusted so that the

tip of the needle contacËed the water surface.

The measured distance for a modulaÈion frequency of I00 IfHz

was 78.2 cm; whereas, the reference leve1 wa" ¿"a.r*ined to be 78.574 cn.

This error of 0.374 cm or 0.476% ís well within the given accuracy of

+ 0.877 cm for the vector voltmeter. It was not necessary t.o appJ-y the

correction faeÈor for r¿ater (0.04 c¡n) since it is minimal v¡hen com-

pared to the accuracy of the vector voltmeter.

It can be seen here, as has been pointed out prevíously, that

liquid level measurements using aH.P. vector voltmeter are not very accurat.e

for measuring small distances. I^Ihen larger distances to fiqrria surfaces

are measured, however, Èhe percentage error decreases; hence, the measure-

ments have a greater poÈential- val-ue.



CHAPTER V

SUMMARY AND CONCLTISIONS

Relatively short distances, such as are encountered in liquid
level detection, can.be det.emined from phase measurements. phase

measurements utilizing a slotted line give an accuracy of 0.05 cm; where-

ês, the use of a H.P. vector volËmeter result.s in an accuracy of approx-

imaËely 0.5 cm or better for modulation frequencÍes of 100 IûIz or grea¡er.

Although an error of * 0.5 cm r¡ould not in general be acceptable for short

distance measurments' iÈ would be aceeptable in most cases where disÈances

greater Ëhan Ëv¡o meters are measured. The accuracy of liquid lever

ID'easurements utilÍzíng a H.P. vector voltnneter is prímarily dependent on

the linitations of this meter, which has an accuracy of * 1.5". At higher

modulation frequencies, Èhe error inÈroduced by Èhe phase measurement, be-

comes smaller, í.e. at a frequency of. L GÍrz an accuraey of + 0.125 cn

can be expected.

The slotted line can be used ín the laboraÈory for measuring

accurate distanees such as the length of v¡aveguides and líquÍd .levels.

Liquid levels can be determíned very accurately by first determinlng

the argument of the reflection coefffcient and then by applying the

resulting correction factor. unfortunaËely, the slotted line cannot

be applied to ordinary índusËríal uses sínce a technician must operate

the equipment and Èhen calculate Èhe distances neasured.

The use of a vecÈor voltmeter ellminates the requirement for
a correccion factor since the value of the correcÈÍon factor (0.04 cn

for water) ls much less than the accuracy of the vector voltueter
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(+ 0.887 cn at 100 IfHz). A1so, Ehe introduction of nore automated equip-

ment, used j-n conjunction with a vecÈor voltrneter, would eliminate the

need for a technicfan.

The next obvious step that musÈ be taken is to autoroate this

systeE such that ít can be appl-ied to control industrial Processes. There-

fore, íÈ is necessary Èo devel-op a sysËem thaË will generate the primary

and required secondary modulaEion frequencíes eiËher símultaneously or at

short. intervals, such that the phase difference beËween the prÍmary and

secondary v/aves can be measured and the liquid level displayed on a meLer

for convenienÈ read-ouÈ. This measured liquid level could also be auto-

matically compared to a preset level and a control system actuaÈed

whenever more or less liquid is required.

t'lhere simple liquid leve1 measuremenËs are to be made, thls

systern would not be required nor justified. The greatesË potenËial

use would be in an area where it is not possible to use ot,her less-

expensive systens, such as, for measuring the liquid 1evel of molten

aluminum or other metals. It may also prove iuport,anÈ ln measuring

liquid levels of very corrosive liquids. In these cases' of course,

a waveguide could not be imersed in the lÍquíd but, rathero an antenna

must, be used to transuÍt Ëhe elecÈromagnetic energy t.o the surface of

the líquid and üo receive the reflected eneïgy, and thus could be applied

Èo determine the level.

In general, t.he method of mÍcrowave Èelemetric Èechnlques

for detecting and conErolllng relaÈively large differences in liquÍd
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levels (greater than 2 meÈers) v¡ould be useful wherever accuracy,

reliability and signal for auÈomatic control systeus are of prime Íro-

portance and where expense is only of a secondary nature.
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APPENDIX A

GENERAL SOLUTION FOR REFLECTION COEFFICIENT

Consider two different materials Èo be in contact v¡iÈh each

other and bounded only at Ëheir interface. An electromagnetic lrave gen-

eraÈed in medium (I) will be eiËher partially or totally reflected at the

interface. The total field in mediurn (1) (the sum of the incident and re-

fleeted rvaves), for harmonic tíme dependence, can be expressed as

E*(1) = E* "-jklz 
+ E- .jk1'

OO

F

-i|K1z o 'lK1 z
o-r_-eYL-z-

I

where ZL is

If

- 
Ex(l)

'=ryõ

(e-r¡

(e-z)

(A-3)

(A-4)

E+
o

zt

the characteristic impedance of nedir:n (l) '

the electric type refl-ection coefficient is defined as

E
o
+E..

z=O "o

r¿here the ínÈerface occurs at z = 0, iL can be seen that I can' in

fact, be used to detertíne the relaÈive phase shift beÈween the incident

and reflected field at the boundary

BysubsËiËutíng(A-3)into(A-1)and(A-2)thefollowing-resulLs

are obcained

E*(1) = g+ 1"-jk1"

Hv(r) =$ t;jkL" -r.jkl")tL

+ r ejkl')

(A-s)
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E*(2)

Hv (z)

The field in medium (2) coutains

which can be expressed as

a "-ik2z

only a transmiÈted +Z Eraveling wave

(e-o)

(A-7)

fíeld must be continuous

at the interface can be

(A-B)

Á 7\

(A-e)

.-+=E
o

E+
_o

zz
,¡ 

"-ik2z

The tangential electric and magneËic

across the interface, therefore, the impedance

expressed as

, I - 
Ex(r)

"zl z=0 Hy(r)

Tho crrlrcfifrrfinn

(1+f)
(l7Tl = "z

E

- "x(2)

z=O Hy (2)

aÇ ( lt-L 5\¿^

z=O

zt

or

F-
zz- zt
22* zt

This final result holds in the transmission líne case, the waveguide case

and the free space case. The only dlfference is that Zt and Z, denote

the characterístic ímpedances of t,he transmission lines and the waveguides,

and the intrinsic warre impedances ín free space, respectively.



APPENDIX B

SOLUTION FOR INTRINSIC WAVE II'IPEDAI{CE

usrNc I'{AxIIELL' s nquAttoxs

Dfaxrvellt s equatíons r"riEh steady state, sinusoidal

expressed as [10]

47.

time dependence

(B-1)

(B-2)

(B-3)

(B-4)

from equations (B-1)

can be

-+
VxE=

-+VxH=

->
-jt¡B

-> -)
jtrlÐ + J

v.

vo

-+D=p

É=0

The intrinsic wa'¡e impedance is determined

and (B-2), which can also be expressed as,

.-+->
VxE=_jrr¡.rH

^-+ ->VxH=joeE*o

^^v¡here U and e

Equations (B-5)

subsËiËutions

  
z=jou
^^
U= iue+o

(B-5)

$ = ljure + o)È (8-6)

are Èhe complex permeability and perrniÈvity' respecËively'

and (8-6) can be sirnplifled by making the following

(B-7)

(n-a¡



r¿hich yield

-> -+
VxE=- zH

-+ 't -+VxH=tJE

It can be shovm

{sotropic media

namely

namely

-'
-u ikEy" o

that equation (B-9) can be wriÈten

and rectangular coordinates) in the

48.

(B-e )

(n-ro)

(for homogeneous,

following form,

) -> )->V-E+k-E=0

2nnr"There k. =- zq

x

-:-+k¿E 
=Q

dz¿ x

If a wave travels in the +z direction and the electric field is

linearly polarized in the *z direction, Ëhe vector rrlave equation (B-11)

reduces to the following one-dimensíonaI Helnholtz equation

td-E
(B-13)

which has a solution

E = E s-jkzxo

(B-11)

(B-12)

(B-14)

field can be found by using equaÈion (B-19),The associated magnetic

¿-jkz = -ìÃ



", =tu*

rvhich reduces to the followíng

Ratios of components

impedance, Ëherefore

ET-
/;;;

of E to componenÈs

equation (B-15) can

49.

(B-rs)

of H have Ëhe dimensions of

be rearranged to yield

rl -

equations (B-7),

l¡ecomes

n=

^^
For isotropic media, J.t and E can be

irnaginary parts, namely, i = U' - jU"

(B-17) is expressed in the final forrn

F^
Ã1

-=-Hik
v

(B-16)

(B-8) and (B-12) are subsri.Ëuted ínto equation (8-16)

lR-l 7l

If

n

spearated into iÈs
^and e=gt- je__tt

T

real and

, and eguatlon

(B-18)
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APPENDIX C

ATTENUA'TION OT'MICROWAVE ENERGY BY WATER

Ihe attenuaÈion constant for water can be found from the foll0w-

ing expression [11]

830g"r^=æ*DÀ

r¡here

l(t') db/fr (c-r)

À o

).

T*T, +rI
Itt (^/^)2t2

and À ís the free sPace wavelength

For water at 25o C and f = 1010tt" .: = 55,
ll

e =30r

À
+ - 0.148

À

Therefore using (C-I) oD becomes

a_ = L23 db/fr
l)

The waËer was maír.Ëained in the waveguíde, Ëhroughout the experi-

ment, at an approximate level of 0.1-5 Eeters. Part of the electromagnetic

energy that is incident on the water surface (o.B) is reflected, and the

rest (0"2) is transmiÈted. Since the transmifted \tave must travel at least

0.3 rn in the water before iÈs egress from Ëhe l"Tater Èo the air, the attenuatÍon

due Èo the water is approximately L23 db. Therefore it ís seen Èhat sec-

ondary reflections are of no consequence'



APPENDIX D

SA}îPLE CALCULATION OF \^JAVEGUIDE LENGTH

USING I'ÍIILTIPLE FREQUENCY CONCEPT I^IITH SLOTTED LINE

For a primary freo.uency and rvavelength of

f = 9.000 GHz À__ = 4.8625-o-go

the secondary wavelengths can be calculated to be

The corresponding frequencíes for

use of the followíng Ë!¡o formulas

and

Àet and \eZ

(n-Z¡, subsÈituËíng thís value

the frequency' the following

51.

can be found by making

(D-1)

(D-2)

into equation

is obtained

Àer À*o = 5 '4oz9

xez Àro = 4 '9LL6

10
9

100
99

Solving for À* in equatíon

(D-1), and finallY solving for

f),- cc+=-
oõ

/Ð2c

( ).n/).c

/x")z (D-3)
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Equation (D-3) was solved by using comPuter calculations since

the frequency must be knov¡n Eo an accuracy of 5 digits if accurate measure-

nents are to be obtained. The calculated frequencies and the experiuental

daËa are found in Table D-I. The use of the minima values from Table D-I

and equations (16), (17) and (18) yield

À^ =11.93-9.7L=2.22gUn]-n

À - = 11.93 - 10.79 + 2.70L4 = 3'84
g.Lmr-n

À ^ = 10.285 - 9,82 + 2.4558 = 2'92L
glmr-n

3.84 - 2.22 L.62 - ¿.oo1 ='-n.noÃ- = 6;775ç = o

2.92r - 2.22 0.701t02=--ffi:=|ffi=28'5=20

to=tollnrr=26

D = (26)(2.43L3) - 2.22 = 60.986 crn
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TABLE D-I

EXPERII'IENTAL VAIUES FOR WAVEGUIDE LENGTH

I'íEASURE}TENTS USING A SLOTTED LINE

f - Gllz
À-cm

S1oÈted Line
Shorted
uin.

i^laveguíde
Shorted
min.

f.
o

\
go

= 9.000

/2 = 2.43L3

9.7L 11. 93

f, = 8.589

'rr'"' = 2'70L4

L0.79 11.93

f, = 8.958

\rr/, = 2.4558

9.82 10.285

f = 10.000
o

\ ^/z = 1.9851
gu

9.9L 10.43

l, = 9,443
\, -/2 - 2.2057-gI'

11. 0l_ LL.74

Í., = 9.943
\rr/' = 2'0052

10.01 11. 19

fo = 11'ooo

),rg/2 = 1.6970

10 .16 L0.?6

f1 = lo'304
\rt/, = 1.8856

9 .4L 10. 66

f t = 10'929

^;z/2 
= L.7L42

8.55 9.27
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TAsLi] D-II

EXPERIMENTAL VALI]ES FOR I^IATER LEVEL

I'ßASURE}{ENTS USING A SLOTTED LINE

f-Q1z
Short CÍrcuit
at Elbow
min

lJaveguide SectÍon
Terminated vith -vrater

min

f = 9.000
o

9.0

10.595 B*

10. 62s r$

f 1 = 8'589 L0.92s
12. 805

72.835

f. = 8.958
L

9.20

TL.66

11.69

f = 10.000
o

9.825

Ll..465

11.51

fL = 9 '443 9.6L
LO.7 65

10.835

tz = 9 '943 10. 015
10.43

10.485

o = 11'ooo 8.91

9 .805

9.835

, = 10.304 8 .94
10. 58

10. 61

nz = ro'929 9 .075
10. 71

10. 73

B* - r¿ater approacliing final level from boÈtom
T$ - water approaching final level from Ëop
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APPENDIX E

SAI"TPLE CALCIILATION OF I^IAVEGUIDE LENGTH

USING MULTIPLE FREQUENCY CONCEPT

WITH VECTOR VOLTMETER

The vector voltmeter neasures Ëhe phase betvreen the reference

and reflected modulation envelopes; therefore, the uodulation wave

length must be knor,¡n before any calculatíons can be made. IÈ can be

seen froru [ 12] thaË Ehe modulatíon envelope Ëravels at the group velocity,

which can be expressed as

(E-1)

where v_ is the velociÈy of the modulation envelope, v is the free
m

space velocíty, fc is the cutoff frequency of the parËicular waveguide

used, and f is the carrier frequency.

The wavelength of the modulation envelope can be expressed as

(E-2)

where f- is the frequency of modulatlon.
m

For a carríer frequency of 8.75 GlIz, equation (E-l-) yields the

follor.ring result

_r0 tv = 1.986 x 10-- cm/sec
ü

an<i for a modulaËion freqrrency of 200 MIlz equation (E-2) yíelds

v =u/r- (r /r.)2mlc

v.m̂=-ot
m
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ÀO = 99.3 cm

Since a maximum distance of 380 cm üust be measured, it is

necessary only to choose a second wavelengÈh, namely

À1 = *^o = 110.33 cn

r¿hich allows the measurement of an unambiguous distance of approximaEely

500 cm.

Since there is an inverse proportionality between the wave-

length and the frequency, f, can be found, simply by making ít nine

tenths as large as f0, namelY

oof = Z- f = =4 (200 MHz) = IB0 MHz-i 10 -0 iÛ

A sample calculation is made using Èhe data in Table E-l for

a distance of.270.3 cm and a fundamental nodulaÈion frequency of 200

MIz. By using equation (26), oo is determined quite readil-y

L97 (e9.3)
oo =frffi= 4,92= 5

Due to the lack of accuracy in the phase measuremeilt (+ 1.5t;, tO

will not be an integer; however, ro must be an integer, therefore, it

is necessary to simply choose the ínEeger which is closesÈ to the cal-

culated valuer âs above.

The distance can be calculated by using t0 in equacion (20),

namely,
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r !år
D = 49.65 (5 + ioo,
D = 270.7

If a much longer section of waveguide had been used, ít would

have been necessary to, also, use þ2 and possibly V3 to determine n0.
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TABLE E.I

E)GERIMENTAI DATA FROM PHASE I'TSASUREMENTS

AT VARIOUS MODULATION FREQUENCIES

I'fech. Meas.
of dístance
cm.

30 MlIz
Modulation

100 MIiz
ModulaËion

2ßO I{tlz
Ilodulatíon

il,r -desrees,o ú'o !,,o ú1

35.4

65.9

LLL.4

163.8

270.3

381

3B

73

LzL.7

178.5

295

57

L26

237

44

L73

263

302

259.4

L22

90

114

165

253

228

7L

B

349

328

332
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SET-UP USING A }IP

PHOTOGRAPH I

VECTOR VOLTMETER F'OR DETERMINING I^IATER LEVEL
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CLOSE-UP VIEI^I OF

PHOTOGRAPH 2

REFERENCE I^IAVEGUIDE IMMERSED IN WATER



C'

PHOTOGRAPIT 3

CLOSE:UP VIEW, SHOI^]ING USE OF A

LEVEL AT 
,A .CERTAIN WAVEGUIDE

NEEDLE TO SET WATER

REFER.ENCE POINT


