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DESCRIPTJOM 

MUJ;.Tl-LEVEL PRQllE AND SYSTEM FOR MEASUREMENI 

O[ fHYSICAL COl'.jDlT10NS IN LIOlJIQ-CONTAINING TANKS 

s Tuhnlcal [iald 

Thls disclosure pertains to apparatus and mcLhods designed (or u111e 

within a liquld-conlainlng tank [or measurins physical c:onditlons within Lbe 

interior of the lank lhlt are I [unction Of lbc lranalt lime O( &Onie CDergy 

through the Hquid. aucb as liquid level, volume, density, and temperature. 

10 Backlround Art 

The presenl improvemenla were deYeloped to provide users of under1round 

liquid stora1e tanks with invenlory and leak detection information. More 

specifically, they were developed to provide periodic reconciliation of product 

fiOW•throu.gh in liquid Slorage tank&, as well Bl leak detection during quiescent 

IJ periods. 

The use or sound energy has been proposed previously for meuuring 

distances in i liquid by direcling sound waws against reflective surfaces at known 

locations within the liquid and againsc the liquid 1urf'ace. The reflection of such 

sound wavea provides echoe1 which result in output •ignals thal can be proeeucd 

20 to measure liquid depth. When the sound waves are directed yertically within 

a liquid-containing tank, one can measure \he liquid level within ihe lank, and 

thereby compule the volume ot liquid •t a seleeled time. Various systems Car 

anal~ing reflected sl1nals lo measure Uquid level within • tank have been 

described in numerous U.S. patents, such as palcnls 2,787,160, 3,214,974, and 

25 4,748,846. 

· A scl of reference reflectors spaced vertically at known positions relative 

to 1 source of ultruound energy within a liquid having known physical 

parameters will provide echoes whose di!rerential timing correla&es lo lhe a'Yerage 

temperalure between \he reneclon, However, when working over a 'Vertical 

JO distance lhal demands a series or renec:ton, the arrangement oC convcnlional 

radial &abs er reOecLors one above lhe olhcr will cause ihe 1couislic enerl)' rrom 

the transducer to beCQme · allcnuated by a shadowing eITecL. While it is 

recogniic:d that the transmilled aco.uslic energy ln the liquid does bend about 

each reflector due lo a (rinae erreca, end that the rencclora can be £ocu1ed 

J.5 and/or stepped to maximize the echo· amplUude rclumed to the transducer, 
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conventional conCi1uralidns or reference renector& a& evidenced in lhc 

above-identified U.S. palenLs have been round to become limiting in many 

pn•clical applications of this Lechnology. 

. Monitoring of product Oow·through and leak detection processes in liquid 

s storage lanka requires accuralc periodic measurement or liquid level and 

Lemperalure changes that hnYc occurred over the monitored time. Both the 

velocity or sound in a liquid and its density are acrected by temperature c:hangc:1 

thnl mi1ht have oci;1.1rrc:d. Volume ~omparisons of liquid al di(fcrcnt times can 

be made by converting actual liquid vohimc lo •ncl volume" (correclcd lo a 

JO reference temperature, 'ucb as 609'C) or by correcting measured volume le lbe 

iniLial lcmperature conditions. 

Changes in the liquid level thal have occurre~ oYer lhc monitored period 

can be delermined by periodic measurement or lhc transit time or propagation 

time or sonic energy reflected back Lo a cransducer Crom &he liquid surface. 

JJ Relative temperature chan1e1 lhat have occurred in the liquid from one 

measurement time Lo lhe next can be determined by measurement of changes in 

the transit time or the sonic energy reflected back to lhe transducer from a 

series or renectors at known heights lhroushoul the liquid. Thia temperature 

information can then be used in .:alculating volume ~hanges to reconcile now-
20 lhrougb cv!'r a period or tank usage or for leak deteclion over a quiescent 

period. 

Man7 factora have been identified a1 contribuLin1 to possible errors In 

both liquid level or volume calculalion and leak delei;tion [or liquid storage 

tanks. Effects or temperature on liquid density and sound velocity bavc the 

25 mcsl significant impact. The probe di•~losed herein provida a moans ror 

delerm[nin1 liquid level and volume, liquid denaity changes with lime and relative 

densities and liquid temperatures aL a substantial number or levels within a tank 

using periodic measurements 0£ uhraaonic propagation velochy. 

The speed or sound Lhro~1h a medium is a direct Func&ion of its density 

.sa and modulus or c:laatlcity. S'nce density varies wilh lcmperature, lemperature can 

be indirec,ly determined by measuring the speed o[ sound lhrough &he liquid. 

Changes in dens,Uy can be measured· by dc:Lerminlng chanae• in lhe propa11llonel 

velocity or sound over a known dislan~ in the Uqu&d. 

When liquid is addecl to a lank (for example, durin1 a dell'llery), the 

Jj temperature or the now-combined liquhl in the tank wm increase or decrease as 

1111iii1i11nr · 



65- 5$30E>93 : "#I 7 
RC\. l~Y: DREW & NAP I ER 

.o; , '-"- I L-LI JU .LU•~ 

39 11 286300 ... 
C...UU._<1Uc.J 

I •I 

. . 
W091il9191 PCT/US91/03918 

3 

il aeeka thermal equilibrium whh Lhe surrounding environmcnL - aLm0&pherc, 

backDH, nalive soil and ground waler aboul the tank. Similarly, 

newly·introduced liquid will also &eek thermal equilibrium wi&h lhe liquid 

prcvipusJy present jn the lank. Thls equali:zDtion process generally has a long 

J lime eonsLanL and lends toward either thermal stratification or homogeneity, 

depending on Lhe temperature differential of the two liquids and the &urrounding 

environment. 

h a result of developin1 a two dimensional lhennaJ model or liquids 

within a tank, il has been determined thal thermal knowledge of six: inch 

10 horizontal sections of the product in a tank would provide adequate temperature 

information lo apply as a correcllon raclor when calculaling net volume or the 

liquid in large storage tanks or the type used for petroleum products. The 

disclosed probe makes such oecurale measurements or propagation time practlcal 

In large liquld storage tanks. 

" The present invention provides a novel probe wherein most or the. 

acoustical energy passes through ear:h reference reOector to subsequent reDccton, 

while u1urln1 the reflection or an Identifiable echo to the transducer. In 
addilion, a novel processing system for the rcnected output signals bu been 

developed lo ef!es;:tively eonverl the renected output 1i1n1l1 to the transl' time 

20 or propagation time or the renecled energy, which ii • direct funct.ion of liquid 

density. 

nr1er DessrlpUgn al UI• Dmwlpg 

The preferred embodiment of Lhe invention ls illustralcd in the 

2J accompanying drawings. In which: 

Fis. l is a schematic view illustrating the present 1ystem in eonjunGtion 

whh a liquid-contalnina tank~ 

Fi1. 2 is an enlarged horizonlal section taken auoss the probe as seen 

along line 2-2 in Fig. 1 i 

JO Fig. 3 is an enlar1ed vcrLicnl section through the centi:r o[ a rcnective 

JS 

ring~ 

Fig. 4 is similar to Fig. 3, bu~ illuslrales a second form or lhc reOcctivo 
ring; and 

Fig. S is a plot or trnnsmitte:d nnd renec:lcd 1i1n1l1 al the transducer. 

-----·· ------~ 
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Best Modes ror Cnrnfng Out the In"Yenlfnn 

Generically apeakingt the following dc;:scriplion pertains lo measurement 

devices ror determining physical condiLions (liquid levels, temperature. density, 

volu~e. mass) within a liquid, specific•llY liquid contajned within a tank. It 

' operates on the principle or sonar. A bursL 0£ •coustic, high [n:qucn~ energy 

is lransmilled from a transducer fixed lo a probe and located at the: bollom oC 

the tank. The transducer js aimed verlically upward through the liquid. 

Refc:rcncc surfaces on the probe al known distan~e1 reflect this enerl)' downward 

and produce echoes that can be detected by the transducer. ln addition, the 

JO sound energy 'ha\ reaches the llquid surface i$ also reflected downward. The 

reflected sound waves arrive at the transducer as an echo which i;:an be 

amplified and digitized for data processing purposes. 

In applicalions with hi1h variability in sonic propagation rates due io 

temperature ar otber properties or the tank environment. accuracy ln 

lJ measurement or physical properties within the tank ls directly related to the 

number of reference reflectors lh•l can be placed in &he path or the sound 

w11ves. When uaing conventional reneclors available: prior to this development, 

each reflector in lbe sound propagaL•on palh caused slgnmcant attenuation of U.e 

signal, severely Jlmiting the number or renec:top 'hat could be pJaeed in &he 

20 path. 

The solution poaed by the preaent disclmure i1 a rcllcc&or having an 

aperture that ia 1lighUy amaJler than the conical propagation beam of the sound 

wave ac the reOector position. . The reflector is arran1ed in a position 

perpendicular to lhc beam. Ila aperture Is coaxial with the beam uia to usure 

I•'-' 

2J lhat most or the beam enerSY passes through it. Reacctlan or only the 

periphery of the beam uses energy lhat is typically not available for 1ubacquenl 

reflcclion and LhereCore no slgnfficant attenuation occurs due to the reft:renc:e 

refleclors. 

The dtawinas illustrate details or D preferred form of the Invention. Tbe 

30 mulli-level probe is shown in a working position wilhin a tank 10, which can be 

any type or liquid storage tank, whe&ber above around . or below ground. Details 

o[ tank 10 are Immaterial to Pn understanding or the pre&cnt invenllon. 

Tank 10, schemalically il1us1nncd jn Fi;. 1, contains a liquid having a 

liquid surface illustraliYely ahown al 15. The presen' multi-level probe can be 

J; used Cot moni~orlng liquid Jc\lcl, dctcrini~lng liquid volume wilhln tank 10, and 
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meas\lring lemperalure and denalty lhroughout the liquid wilhin tank 10, as well 

as measurement or any additional physical properties of tbe liquid thal arc a 

(unction of the transmission or sonic waves through the liquid. 

The probe essentially comprises a plurality of reOectors 12 that each 

.s include an opening or aperture. Renectors 12 are Illustrated u comprising 

annular rings. The openings at lhc center o( each ring have a periphery 

surrounded by a reflective surf.ace 16. Jn figs. 1-3, the re£1ecLive surface i1 

transversely rounded or toroidal. ll cari be convex in ero1s·•e1;1tion, " shown, 

or concave. Fial rcfieclivc surfaces t 7, shown in Pig. 4 can also be used, 

JO particularly in the upper one~half section of a probe structure. Use of Dal 

reflecLive surfaces in the lower one-half or the tank 10 hu been found to create 

signall lhal are dif[icuil to analyze because or the multiple renections whlch 

occur belween adjacent reOccton. 

Reflectors 12 along the ver1ical probe ha\le their renectivc surCacm 16 (or 

u 17) facing in a common diri=ction about their respective openings. The diameler 

o[ ca~h opening ia selected LO refic:e\ the c:dges Of 8 beam of ultrasonlc eneray 

transmitted along a central reference axis 19 extending verlicall)' along the cent.er 

of lhe probe while it is in use. 

The rerlectora 12 are c•rried on 1uppor' mcana 1hown as a plurality or 
20 posts 13 rmed lo the rcspec~ivc reDec:tors 12 by any suit•ble fa1tenia1 tccha~ue. 

The posts 13 position reneclors 12 ll preselected transverse locations with their 

respective openings arranged abou\ rc[erence axis 19 (see Figs. 1 and 2). The 

peripheries or the openings in rcOeclors 12 are prcrerably coaxially poshioned 

along the common re(ercncc axis 19 • 

.2J A sonic transducer 11 I• fixed between she supporl pmt1 13 at their 

Jowermost ends. It Cace.s upwardly and is centered aloisg axis 19. Transducer 11 

is used !or transmitting sonic energy oulwardly in a conically .shaped ·beam 

centered about the re[erencc axis 19 an~ for producin1 oulput signals a1 a 

Cunclion of reflected ionic enermr returned to lhe lransduccr 11 an echo. 

~o Ttie multi-level probe is completed by a hanger 14 secured 'o the upper 

end.J or posls 13 for suspending ahc 1't0be as a unh · wilhin a lank 10, u 
schcmallcally shown ln Fig. l. 

The transversely rounded rcOeclivc surfaces 16 have been round ta 

si;nincanlJy dctrcasc the problem or muhiple echoes Ot reneodons beLwecn lhc 

JS rencctor& 12 and lransduccr 11. ln normaJ use. the mul\1-lcvcl probe will c=tlcnd 

I ' ..I 
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from the bonom or tank 10 to its top, with the transducer ti directly adjacent 

the bouom tank sur[ace. The use of rounded reOeclive sur{accs 16 is of 

primary importance in lhc lower one-half or the rnulLi·level probe. Multiple 

reflections from the rcner:lors 12 al the upper half of the multi-level probe are 
' s not 1 problem, since &hey present signals having an apparent range e~ceedlng 1he 

height or the tank, and can &hcrcCorc be readily discarded by aignal proccaing 

s.ofLware techniques. 

Distortion or Lhe received signals al transduecr 11 will also occur unieu 

lhe rcOcctor thickness b D multiple of an odd number or y,. or the sonic energy 

10 wave length in lhc medium comprising the reflector (1/4. 3/4, S/4, 7/4, elc.). 

Thi& is not a concepl novel Lo the present di.sclosure, but is imponant in 

practicing the invention because lhe basic echo c:onc:c:pl . will not otherwise wort 

well in practice due lo timing errors U2'0eiated with 1uch distortion. 

One must also take into accoun' she well-known cfrects or both acoustic 

J5 reflection amplitude and distortion in Lhe renectors based on their thickness (in 

wavelenglh). In finalizing the probe design following experlmentallon, lhe use 

or l/4 wavelength lhickness for the rcOcctors was selected 10 muimizc 

rcnectance and minimize transmission or the bursts or sonic energy. 

The peripheral diameter o{ each opening in the rapective relleclon 12 

lO arrects the acoustic energy available lo the subsequent renectors. A larac: 

diameler renector aperlure, relative to lhc:: 1u~1oustic beam diameter 1trikln1 it, 'Will 

reflect a very limited amount or the transmitted sonic energy. A small diameicr 

reOector aperture, again relalive to lhe beam diameter, will upset the wave front 

as it passes through lhc rcnector 12 by introducing an inlcr[erence pattern 

23 resulting from edge effecu. 

The annular refieclive st.1tfaces 16 have been generally described as being 

"transvc:rsc:ly rounded." By lhis it is meant thal lhc surfaces have curvature . in 

directions trans.verse to the: re[crcnce axis 19 about Lhe surface areas in the palh 

or the transmitted 1onir: energy from transducar 11. The curvature ·shape of the 

Jo lmpac:led reDce&ivc areas ii not considered lo be c:ri,ical, so long as they are DOl 

na t and perpendicular to axis t 9. The rellc:c:dve 1urfac:e US can be a ac~tian 
or a torus, or can be parabolic or hyperbolic, oval, ellipsoidal or can have olher 

curvatures that are nol spcclfically definable by geomi:lri~ terms. h previously 

mentioned, lhe curved surfaces ~an be either concave or convex. or a 

JS combination of both. 

I •.Le.I 
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The sonic transducer 11 is ~onlrcllcd by a suiLablc signal processor 20 

(Fig. 1) suth Ds o conventional microprocessor. An AID convert.er 21 provides 

the signal pro~essor with digilal values representing lhe instantaneous amplitude 

or .reflected ultrasonic:. signals impinging on uanaducer tl. The signal processor 

s 20 is operatively connected lo sonic Lransducer 11 £or converting the resulting 

output al1nab to data indicative of a measured physical condition. 

A significant feature o( the invention is a novel method or processing the 

renected signal measurements to determine the time required for a sonic bunt 

emiUed by the transducer 11 lo propagalc lo n rcOcelor 12 and then back lo 

10 the lransd11ccr 11. 

The transducer 11 emjls a sinusoidal bur&L of known period T and phue 

for a predelermiaed duration. The radian frequency or the transmiued burst in 

radians/second can be represented by c.i. The transmllted burst can then be 

approximated by the equation: 

JS Yt = k COS(Ca)t), 

y l being the lnstantaneous inlc:nsily or lhe transmitted burst ll time t, w 1!11 2.rr 
being the frequency or the transmitted burstt and k bcin1 a modulating function 

that is zero \lnLiil the start or the bursl, increases in amplitude over the neat 

several cycles, remains conslanl £or the duration of the burat, and then returns 

20 to zero. 

In lhe prererred embodiment w = 2tt Mradlsec = 1 Mhz. The period 

T or each cycle is 1/(l11w) = 111s. The radian. frequency o( the transmitted 

bunL is prerc:rabl)' bc:lwcen S Mrad/.sec and 10 Mrad/sec. 

'Each burst will prop11g11le upwardly ·through lhe liquid until It encoun\ers 

25 the first reflector 12. ~ explained above, the outer portions or frinp or eaah 

burst of sonic criern la panlally renected and echoes back to the tran•d\acer 11 

as a renected burst of sonic energy. The remaining burst cnerl)' cantinuea to 

propagate upwardly until ll encounters the nexL reflector 12. The outer fringe 

or burst ener1y is again parlially rcOccled b11~k to transducer 11. In a similar 

30 fashion, each succeeding rcOcctor 12 sequcnlially rcOecls a frinae por\ion of lhe 

burst energy back to transducer 11. Burst enerl)' reaohing the lop of the liquid 

level is reOecled by the liquid surface 15. 

Jj 

To enable the 1i1nal processor 20 to detect each reflected burst, It is 

necessary that the end of each rencctcd burst reach transducer 11 before tile 

beginning of the nexl reflected bursl. . Accordinaly, the duraUon lb or the 

----·-------
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originally transmitted burst must be shorter than lhe dir!ercnce in propagation 

times between two successive rcOecled signals. 

Jn lhe pre[crred embodiment, the duration of lhe bur~l is 100 111 or 100 

cycle~ the firsl lime a burat ia 1cnl, Subsequent bursLs can be las than 100 

s µs (approximately 20 I'S) becauie the appro1Cimate locations or the rcncctive 

surfaces will have already been determined from lhe first burst. 

After the burst transmission, lhe processor 20 repclhively mc•aurca the 

inslantitneous amplitude or the renected energy at the sonic tran11ducer. lb.ese 

values are stored within the signal processor's memory for laler reference. /v, 

10 will be explained, it is importPnL lo perform all meaaurements on lhe rcnccled 

signals al 1 fixed frequency which ia an integral mulliplc o( the sinusoidal burat 

frequency. 

In lhc preferred cmbodimen1. lhe renec:led sisn•b arc inea•ured al a rale 

or 8 MegaSamples/tecond. 

15 Flg. S ahoW$ a lime-baaed ploL or a transmiUed bursi 31 and a 

corresponding plol 0£ the reOcclcd burst· 3:\. While actual transmission o[ the 

lransmiUed burst 31 does not extend pasl lb' a dashed line 32 shows the same 

burst 31 extended in time over lhc period or ill reflection. 

Reflected burst 33 impinges on transducer 11 after transmission of bursl 

20 31 has ended. Tbc signal processor 20 periodically samples the instantaneous 

amplitude er the reflected burst energy 33 be1innin1 al t = t
0

, and co1uinues 

sampling at a constanl sampling £rcquenc:y. The consecutively meaaured values 

are referred to as "r xi+l' ... , xi+n' where n+l represents the tolal number 

of value& measured. 

2s To determine the propagaaion time t of the output signals. the following 
. p 

30 

method first determines the phase angle e between transmiued burst energy 

represented by reference numeral 32 in Fig. S and the rertected bunt. energy 

represented by reCerence numeral 33. It then determines the number or Cull 

cycles p or the tranamlued burst energy 31 and i'' 'ima extension 32 from tbo 

leading cycle or the transmitted bursl 31 to the lcadinc cycle or the reRected 

burst 33. From these values, the propagation dmc l can be calculated by the 
p 

equatiom 

t = T(p + 9/2w). 
p 

I •.LC... 
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The signal processor 20 first amdyzcs lhe measured values or instanlaneous 

amplilu.dc: x to determine the appro"imaLe beginning oC tbe rc::[lccted burst 33. 

Since t i1& known within an approximate ransc, Lhe aignal processor's analysis 

can, be pc:on[ined to values measured during Lhia lime range. ll then 1clcG\S a 

ccntisuous group of YBlues x. through x. , me1111red al t. ~hrough t, + , whlch 1 1+n J 1 n 
rcprcscnl .samples from this portion of lhc rcnccted bursl energy 33. e is lhcn 

determined by the following cquallon, which was derived using the method o[ 

least squares: 

i+D l•a l+a l+a 

I • .&.W 

:E xpin(wt1} E cos2((1)tJ) E xJcos(~tJ) I: sin(c.>tJ)cos(wt~ 

10 

e = tan-1 J•i Jsi J~· J~ 
l+D l+a i+11 i+a 

:E XfOS( c.> t1) L sin2
( Ca> tj) - E xp1ncwtJ> I: .mcr.>~oa(t.>t~ 

j•l j•i J•l J•I 

where L. represents the time when lhe value x. was mea1ured. 
J J 

In practice, n is cho.cen so lhat &he measurements represent. an int.csral 

number or burs& periods. Staled difCercnlly, the val\les or the inst•nhmeous 

amplitude o[ the renec:ted i=ncrgy al the source iransduccr 11 are taken as 

bc:ina measured for a duration or cT, where c Is an uueacr. Alsumin1 thai 

n+t equals the total number or instantaneous amplitude valuei measured, n+l 

u '= cm, where m equals the number of sampla &aken during each perlad T. 

As a consequence: 

and 

l•• E sin(Ca>t;)cos(CA>ty • 0 , .. 
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t•• I•• 
E cosi( (A)t,) "" E sin2

( c.>t~ 
j•I J•l . 

so that the above formula simplifies lo: 

6 = tan-1 

l•ll 

E x1sin(wtJ) 
J·• 
'"'11 E xjcos( (t) tJ) 
J•l 

The quadrant or e tan be determined by usual methods from the si1ns 

or the numerator and denosninalor in the equation and used to delermine the 

phase angle. 

It has been observed \hat determination or e in this manner yields . 

resulls with a m\lch finer resolution than lhc sampling interval. In fact, di&ital 

sampling theory states the e can be measured e11actly if x. were known exactly 
J 

and the number of samples per period is greater than two. 

ln the preferred embodiment, for example, the AID sample rate is only 

JO 8 MegaSampleslsecond, whUe the reflected burst hu a frequency of t Mhz. 

This means thal on!y 8 measurements are taken during each eyc:le of the 

relleclcd burst 33 • one measuremenl [or eac:h 45 degrees of the reClcc:ted 

bur&t. But even with this relatively low sample rate, and with x, measured 
J 

wilh 8 bits of resolution. e can be calculated Lo all\ acourac:y or better than 

15 l degree. This accuracy is malnlaincd even when n is leas than or equal to 

40. In addition. the method provides B high degree or immunity to noise, is 

not dependent upon amplitude lhresholds, and may be performed with relatively 

rew aimplc calculations due to an lhe prescnec or an integral number or 

cycles in the sample interval. 

20 Once e is known, the signal proc:esslng device can make an accurate 

determination or p. Be~innlng al B point which is known lo precede 

fCCeption Of lhe reaeclecl burst, IUC:CCSSiVC V&IUCI D[ X I Which WOUld Closely 
. a 

correspond lo a positive or negative pellk of lhe reflec:led burst 33, can be 

analyzed to determine which value or x corresponds with the beginning or a 
a 
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series or allcrnalely positive and negative values. The value x oc:eun at lime a 
t and p can then be calculated as: a 

p = inLeger(I ff). 
I 

1\$ one familiar in Lhc:: arl will recognize, \111rious additional methods of 
s noise reduction m11y be utilized. For eHmple, multiple bunls m•y be 

transmiUcd, with Lhe resulting i:orreaponding rncasurcmcnls of the ranectcd 

bunt being ai:cumulated and averaged. 

Signal processing techniques can •l•o be used to de&ermine the leading 
cycle or the reOected burst. Once e is known, the signal proccuor can 

10 calculate when each peak or lhe rcncctcd bursl was received "'l lhc 
transdu~er. It can then determine which or the measurements of x £all cl0&ul 

in time to posiliYe and negaliYe peiiks of th1: renei:;:led burst. These values. 
in the preferred embodiment, will occur at every fourlh value or x. 

Bcginnin1 al a value of x which is known lo precede the leading cycle 
u or the renecacd bursL, the following c:quation is calculated for c:ach consc:cutive 

value of x : 
a 

••k 
z. .. I: :it1 cos(~tJ+9) 

l·•-k 

where k ia equal lo 'he number or samples per period ar the bunt divided 
by two. The value t. la the time t when Lhe measurement x, wu &aken. 

J J 
The: signal processor can then analyze the values or Z produced by - . 

20 the abo'le calc:ulation, looking for I series of aJlernately positive Ind ne&alive 

JJ 

'Yalues. The beginning of this series will correspond to the leadin& cycle or 
the renectcd burst. 

Once p has been determined in this manner, the prop111tion lime or 
the output signals lp can be directly calculated by the equa&ion: 

tp 211 T(P + 8/21&). 
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* C L M S * 
Claims 

l. An apparatus for sonic:: measurement or physical condi~ions wi,hin 

a liquid, comprising~ 

a 1upport; 

a piuralily or transverse rcncctcrs spaced apart rrom one anolher along 

an axis on the support, the rcnectors each including an opening arran3ed 

about the axis £or permitting passage lhrough the opening or I subslanlial 

percentage of a ~oni~ally shnpc;d beam or sonic energy directed along ~he:: ll:llis 

while also rcnccting oulcr portions or the beam. 

2. The apparatus of claim 1 wherein al lcasl some or the openings 

are bounded by a periphery including a lrans\lcrselJ rounded renective 1urrace. 

3. The apparatus of claim 1 wherein at least some of lbe openings 

15 are bounded by a circular periphery couinlly posHioned about the uis and 

including a tran.s\lersely rounded renecti\le surface. 

20 

~. The apparatus of dairn 1 wherein each reneclor i• an annular ring 

having a toroidal surface area serving as its renccdve surface. 

S. An apparatus Cor sonii; measurement oC phya[cal conditions within 

a liquid, c:omprisin1: 

sonic transducer means ror tranamilling energy in a 1:on[cally shaped 

beam centered about a rererence axis and for producing output signals u a. 

2s [unction of rencc:led cnersy returned to lhe sonic transducer means; ind 

a plurality of reneclors each having an opening ccnlercd about the 

rc(crcnce axis and bounded by a peripheral reflective surface, the rcnec:lor1 

being lransversely positioned al preselected kn:ations along the rc[erem:e axis 

with their renecllve surfaces dirc:clcd toward the aonlc transducer means for 

30 permitting pasaage through lhc openings or a subslanllal perccn,agc or a 

conically shaped beam or sonic energy dlrcc\ed along \hi= reCercn~e axis by the 

sonic. transducer means while nlso rel1ecting ouler porllona or lbe beam. 
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6. The apparalus or claim S, furlher comprising: 

.support means carrying bolh the sonic lransduccr means and lhc 

rcOectors for positioning the reflectors and sonic transducer means along lhe 

rc(~rence axis. 

7. The apparatus of claim 51 wherein the rcflcclivc surf1u:c or each 

reflector is transversely rounded. 

8. The appnralus or claim S, further comprising: 

10 signal processor means for: 

repetitively me11urin~ \he v:due of lhc instantaneous amplitude o[ the 

rc:Oected energy al the sonic transducer, the val"es or ihe in1tanlancou1 

ampHlude or the reflected energy being represc:ntcd by xi' xi+l' •.. , xi+n' 

where n+l represenls the total number or values measured; and 

1 s determining lhe phase angle e between lhe lransmiued energy and the 

teflecled enetgy by the equation: 

l+n t•n l+D l+• 

I t ~I 

:E xjsin((iltj) :E cos2((1lti) 

e ;; tan-1 J•i j•l 
- E XfOS(c.>ty 

J•i 
:E sin( (ilt~cos( fa>tJ) 
J•l 

20 

i+D i+n 

::E x,cosc(&)t~ :E sm.2ctA>t1) 
J•l J•l 

..... 
- I: Xjlin(Caltj) 

J•l 

where tj represents the time when lhe value Xj was measured and co • 211:rr 

is Lhe radian frequency of the lransmiued · energy. 

9. Tbe apparatus or c:hlim S, further r:omprising: 

signal processor means ror: 

repetitively measuring the value ar lhe Instantaneous ampliLude or lhe 

reflected energy al the sonic transducer, the: values or the instanlaneoua 

amplitude of the reflected energy being represented by xi' xi+t' .•. , Xi+n' 
2' where n+l represents the total number of vaJues measured; and 

111111111111111111111111111111 
* C L M S * 
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determining the phase angle e belween lhe transmitted energy and the 

renccted energy by the equution: 

i•D l+n l+n i+a 

:E xpin( Caltj) E coszc(l&)tj> LXfOS(w9 E sin( c.> tJ)cos( wt1) 
e = tan•I l•i j•i j•l i,.I 

••• i•ll 1•11 , .... 
E XfOS(c.)tj) Esin2(~t;) - E xpinC<i>tJ> E sin(wtJcos(fAlt~ 
j•i j•I J-i J•i. 

where t. represents the lime when Lhe value x. was measured and ca> = 2rr.tr 
J J 

is the radian frequency of Lhc transmitted energyi and 
S determining Lhc quadrant of 8 from lhe signs or lhe numerator and 

10 

denominator in the equation used 10 determ.ine the· pha1e angle. 

10. The apparatus oC claim 5, further comprising~ 

sigl'lal proce•or mean& for: 

repetitively measuring the value or lhc: instantaneous amplitude of the 

reflected energy al the sonic transducer~ the value$ of the instantaneous 

amplitude of the reflected enr:rgy being repreicnled by "i' xi+l' ••• , Xi+n' 
where n+t represc:nta lhe lolal number or values measured; and 

detc:rmlnJng the phase angle e between the transmitted energy and the 
u reflected energy by the equation: 

!+a i•n i+b l+ll 

E x,sinC ca> tJ) I; cos2( c.> t;) - E XfOS( (&)tJ) 
J•i 

E sm.c II) tJ>cos< C->t~ 
e = tan-1 j•i J•i 

l•D l+D 

E XfOS(~tj) E s.in2(Cr.ltJ) 
J•l J•i 

l•a 
- }: xlsin( wt1) 

j•i 

J•I 

where l. represents the lirne when the value x. was measured and (.,'I I!! 2rcff J J 
i& the radian frequency of the transmitted energy; 

determining lhe quadrant or 6 from the signs or the numerator and 
denominator in the equation used to determine lhe phase angle; 

20 determining the number of inlcgral periods T which elapsed from the 

first peak of the transmitted energy 10 the finl peak of the reOected cner1y1 

the number or integral periods being designaled as p; and 

calculating the propaaation time. of the outpul signa~s by Lhe equation: 

-------- -- -- --------·----- ---·--·--

l lllllll llllll lllll lllll ll llll 
* C L M S * 

---·----
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0 = tan~ 1 

16 

l+• 

L xJsin( t.i>9 
J=i . , .. 
E xjcos(fl>tJ) 
J·I 

where t, represenu Lbe time when lhc value x. was measured and w = 2Kff 
J J 

is the: radian frequency of the transmitted energy• and 

determining the quadranl of e from the signs of the numerator and 

dcnominalor in the equation used lo delcrmine the phase angle. 

13. The apparatus or c111im 51 further cornprising: 

signal processor means for: 

repetitively measuring the value of the instantaneous amplitude of ihc 

renected energy at the wurce transducer for a duration of cT. where c is an 

integer, the values or lhe instantaneous amplitude or the renecled energy being 

represented by xi. xi+l' ..• , xi+n' where n+l represents the total number 

or Yalues measured and n + 1 !!!!! cm, where m equals the number of samples 

JS taken durjng each period T: 

determining . the phase angle e between lhe transmiued energy and the 

renecled energy by lhe equation: 

e = tan_, 
i ..... 

Ex;1m(wt1 
J•i 
l,.D 

ExfOS(wtj) 
j•i 

where l. represents lhe time when the value x. was measured anc.l ~ = 211:tr 
J J 

is the radian frequency or the transmitted energy; 

).0 determining the quadrant or e rrom the slgJis or lhe numerator and 

denominator in Lhe equation used 10 determine the phase angle; 

delermh1ing the number or intcaral periods T which elapsed Crom the 

first peak or the transmitted energy to the Cirst peak or the rcfiecled energy, 

the number or integral periods being ~eaignalcd I.I ~; and 

---.···-- .... ---------····-·-----···---

111111111111111111111111111111 
* C L M S * 
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calculaling Lhe propagation Lime of lhe oulpul signals by the equation: 

l = T(p+8/2K). 
p 

14. An apparalus for sonic measurement of physical condilion.s wiihin 

.s a liquid, comprising: 

an elongated 5upporl; 

sonic lransducer means mounted lo the support for transmitting energy 

i11 a conically shaped beam centered about a reference axis and ror producing 

oulput signals as a Cunc.tion of reOectcd energy rclurncd to lhe transducer 

JO mean& as an echo; and 

a plurality of rc£1cclor rings mounted lo the supporl al preseles;tcd 

spaced locations along the reference axis relative to the sonic transducer 

means, the ren"tor rings each including a reneclive aurrace surroundina an 

opening Cormed through il and centered aboul the reference axis, the reOector 

IJ rings bejng positioned along the support with their refleclive surfaces faclng 

toward the sonic transdtJcer means for permilting passa1e through the openings 

of a subalantial percentage or a conicaUy shaped beam or sonic energy 

directed along the rcrc:rcnce axis by lhc sonic transducer means while also 

reOeetins outer porlions or the beam. 

JO 

ts. The apparatus or claim 14, wherein the rcnective surficea of the 

reflector rings are lransverscly rounded. 

I • '-U 

16. The apparatus .or claim 14, wherein Lhe support comprises a 

25 plurality or elongated posll fixed to lhe reflector rings, the reflecsor rings 

being arranged along the reference a.xis in equally apaced parallel positions and 

with each reflector ring being perpendicular to the rerc:rc:.nce axis. 

JO 17. The .apparalus of c:h1hn 14, furlher comprising: 

3S 

signal processor mcnn.s opcralively connected to the sonic 

tran1ducer means for con-..crling the oulpul 1ignal1 Lo dala Indicative or I 

measured physical condition. 

18. The apparatus of clairn 14, further comprising: 
··-----------

... ----·-·-·----------·-------

\ \11\11\ \\\I\\ Ill\\ \\1\1 \\ \II\ 
* C L M S * 
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signal processor tne:ans £or: 

repetitively measuring the value o( lhe instantaneous amplitude of the 

reOected encr11 al lhc sonic transducer, lhe values of the instantaneoa11 

amplitude of Lhe reOecled energy being repre&enled by xi' xi+t• .•. , xi+n' 

s where n+t represenll lhe total number or values measured; and 

delcrsnining the phase angle 8 between the transmillc:d energy and Lhc 

reflected eneru by the equation: 

l+n t•1 l•ta .... 

I • '-.L 

E xjam(wtJ) :E cos1((1)tj) - }: XfOS(c.>t~ E sin(wtJ)cos(~tJ) 

10 

e = tan-1 
l+11. i•a 

J•i J•i J•I Jiai 
l•a l•• 

E x1cosc w tj> E sm2c (a) tj) - L x;sin(c.>tJ) E sin(Cl.\tfos(c.>tJ) 
j~ j~ J-1 J-.1 

where t. represents the Ume when the value x. was measured and (I) - 2'1Ctr 
J J 

ia the radian frequency or lhe transmilled energy. 

19. The apparatus or claim 14, rurlber comprising: 

signal processor means rot: 
repetitively incasurin1 the value of the instantaneous amplitude of I.he: 

reflected burst at the source \ransducer, Lhe values of the reOected bunt's 

15 instantaneou• amplitude being represented by x., "·+t' ... , "i+n' where n+l 

I 
I I . 

represenl.I the:: tota number or values measured; 

determinlna the phase angle e between the transmitted burst and tbc 

reflected bunt by the equation: · 

i•• l•a 1+11 , ... 

E xJsin(<rJtJ) E cos2(c.>tJ) 

6 = tan-1 j•i j=ti 

- :E XfOS(C1>tJ) E sb>.(wtJ)cos(wtjl 
J•l J-1 

i•• ... t•• 1~ 

I; xjcos( <.> tJ) E sin2( 6l tJ) 
j•l j•i 

- E x;-tn<Ca.ltj> I: sm((a)tjeosCc..>tJ> 
J•l J•i 

where tj represents the time when the value xj wu measured and ~ • '2.YCff 

20 is the radian rrequcncy or lhc lransmiued bursl; and 

deletmlnlng the quadrant er e Crom the .signs or the numerator and 

denominator in the equation. 

20. The apperalus or cJaim 14, (urlhcr ~mprising: 

' \11111\ 1\\1\1111\\ \\Ill \I \II\ 
* C L M S * 
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signal proce&&or means for: 

repetitively measuring lhe value oC lhc inalantrancous amplitude or the 

reflected bursl al Lhc source lransducer, lhe values OC the reRe~te.d burst'S 

instantaneous amplitude being represenled by xi' xl+l' .. •t xi +n, where n+ 1 
represents lhe total number or val\les mea1urcd; 

determining lhC pkllSC angle 8 b"Lwccn lhc: trnnsmiLlcd burs& DBd Lhc 

renectcd bursl by the equation: 

i•m i•n 

L xJsin('->tJ) E cos2((&)tJ) 
e = tan_, J•i j•i 

l•D l• 

I; xjcos( C&> tj) E sin1
( wtj) 

J•l J•l 

l+D 

- L XfOS( wtJ) 
J•l 

l•D 

- E Xfin( cutj) 
J•i 

l+a 

E sin( wt,)cos( CA>t~ 
j•I 
t+11 

L sin( wtJcos(w~ 
J•l 

where l. repreaenls the time when the value x. was measured and ta> == 2.ttlr 
J J 

is the radian frequency of the transmitted bunl; 

10 determinin1 the quadrant of 8 from the signs of the numerator and 

denominator in the equation 1,150d lo deLcrmlne the phase angle: 

determining lhe number oF inlegral periods T which elapsed Crom the 

first peak or the tranamillcd energy lo the first peak of the renected energy, 

the number of integral periods being de.si1natcd DI p; and 

J.S calculating lhe propagation time o( the o~tput signals by lhe equaLion: 

~p = T(~+8/2K). 

21. The apparatus of clal1t1 14, further compriaing: 

signal proceasor means Cor: 

ao repelilive1y measuring the value of lhe inatanLanc:ous amplitude or the 

refiected energy at lhe source transducer for a duration ot cT, where e is an 

inteaer. the values of lhe instanLaneous amplitude of the teaccled energy being 

represented by ~i' xl+l' . , •• "i+n' where n+l represents the total number 
of values measured and n+ J = ~m, where m equals she number of samples 

25 laken during each period T; and 

determining the phase angle 8 between lhe transminc:d energy and the 

renecled energy by lhc: equalion: 

I IJlllll l//1111111111111 111111 
C L M S * 
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:zo 

l-tll 

Ex~c6n; 
e = tan-1 

.... J· ..... 1----
1•11 

L XfOS( Ca>t~ 
j·l 

where t. represenls the time when the value x. wu measured and c.\ • 2xff 
J J 

is the radian frequency or the lransmiued energy. 

22. The apparatus or claim 14, furlher comprising: 
signal proceasor means for~ 

repetilively measuring the Yalue. or lhe instantaneous a.napUlude or the 

reflected energy al the source lransducer for a duration of cT, where c is an 
integer, lhe values o[ the inslantancous amplitude of Lhc reflecled eneray being 

10 represented by xi' "i+ 
1
, ... , "i+n' where n+l represents the total number 

of \'alues measured and n+l ~ cm, where m equals the number of sampla 
lak.en during each period T• and 

determining the phase angle e belween the transmiUed energy and &he 
n:Occted energy by the equation: 

l•• 
I: x191n('1ltJ) 

a = ran-• j•I 

JS where t, represents the time when lhc value x. was measured and .. e= 2tr.ff 
J J 

ls lhe radiatt £requenc:y oC the transmitted energy: and 

deLerminlng lhc: quadrant of 8 Crom lhe si1111 of lhe numerator and 
denomlnalor ia the equation. 

23. The apparatu& of claim 14, furlher comprising: 
1ig11al processor means for; 

repetitively measuring lhc value or the instantaneous amplilude or the 
reOecled energy al the source transducer for a duration or cT, where c ls an 
integer, lhe values or lhe instantaneous amplilude of lhc: rel1ectcd energy being 

I lllllll l/1111111111111111 IHI 
* C L M S * 
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reprcsenled by xi' xi+ 1·, . • ., "i+ n• where n + 1 represents the tclal number 
of values measured and n + 1 = cm, where m equals Lhe number o[ samples 
laken during each period T; and 

delerrnining the phase angle e bclwecra lhe cransmiUed energy and the 
J reflected energy by the equation: 

j+a t•n 

L xJsin(C.lltJ) }: cos2(wtj) 

e = tan-1 1:! j•l 
i•D l~a. 

E x;eos(wt~ E sin2(Calt) 
J·l j•L 

l.+D 

L XfOS( lt) tJ) 
f•l 
i+a 

l: Jtpmc w tJ> 
j•i 

&')a 

E sin( CA>tJ)cos( c.>tJ) 
j•l 

where t. represents the time when the value x. was measured and fa) = 2ttrf 
J J 

is the radian frequency o[ the transmilled energy: 

determining the quadrant or 8 from the sign& or lhe numcralor and 
denominalor in the equation used lO determine the phase angle; 

10 determinina the number of integral periods T which elapsed from &he 

JS 

first peak of the tranemitted energy to lbe Cirst peak of ·the reflcc:led energy. 
the number or inlegral periods being de:dgnaled as p; and 

calculaling the propagation time of the output 1ignalir. by the equalioo: 

rp - TO +8/2n). 

.24. An apparatus tor &onic measurement ot physical eandiLions within 

a liquid, comprising: 

transducer means (or tranamiuing 1 sinuwidal burst of known period T 
and ph1tse for 1 predeterminr;d durl!tion; 

.20 rc11ector means Cor reOeclins the tran,milted bur.st bac:k toward the 

source transducer as a rer!eeted burst; ancJ 

signal processor menns ror: 
rcpeULivcly meaauring, al il rate: grca\er lhan 2/J', lhe valur:: or the 

instan1a11eo-us amplilude or the reflected bunL al the source transducer, the 
2l values of lhe reflected burst•s inslanLanc:ous amplitude being represented by x,, 

I .. x· , where n + 1 represents lhe lotaJ number or values measured; .. i+1' •.. , a+n 
and 

delermining the phase angle 8 belwcen the transmitted bur11 and the 
renectcd burst by Lhc equation: 

----------------------------

11111111111111 111/l lllll /I llll 
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ha 1•11 l+a l+a 

E xJsin(tA>tJ) :E cos2
( wtJ) - L XfOS( Cl> tJ) E sin( wtJ)cos( r.>ty 

= tan-I J•l jsl j•i J•I 
l+a l+Jl i+D l•a 
L XfOS( Clltj) E sm2c Ca>tj) E x;amc (&) t1> E sm(c.>tjcosCwt~ 
J•i J-i J•l J•I 

where i. represents the time when lhe value x, was, measured and (ol) • 2Kff is lhe J J 
radian frequency of the lransmlued burst. 

25. An. apparal111 !or sonic measurement of phyaical conditions within a liquid, 
comprising: 

transducer mea.ns for tran1mitting a sinusoidal bursi of known period T and 
phase for 1 predetermined duration: 

reflector meana for reflecting the transmiued burst back toward the sourec 
transducer as a renectcd burst; •nd 

signal processor means ror: 

repetitively measuring the value ·of the instantaneous amplitude or the reflected 
energy at lhe source transducer tor a duration of c:T, where c ls an integet, &be 

1' values of the in&tantaneous amplitude or the renected eneru bein1 ropraentccl by 
v x • x· + , where n + l represents the total number or values measured and ... i' i + 1 ' • • I I D 
n+ 1 = cm, where m equala the number of samples taken during each period T; and 

-----

determiaing the phase angle e between the transmitted burst and the renected 
burst by the equation: . 

e :c tan-1 

l+u 

ExJstn(c.>t} 
j•i 

l•• 
L XfOS( Cr,) tj) 
J•i 

where t. represents the time when the value x. was measured and w m; 2rcff J J 
is the radian frequency or the transmitted burst. 

-------- ------

I lllllll llllll lllll lllll II llll · 
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'26. A method er analyzing the propagalion of a 1inusoldal burst from 

a source transducer lO a reflecling surface and back to the source transducer, 

comprising the steps of: 

trammluin1 a sinusoidal burst of known period T and phuc Crom a 

source transducer for a predelc:rmined duration, the transmincd burst being 

approximated by the equulion: 

y l = k cos( (IJl), 

where y t is lhe inaLantaneou& inlensily of tbr: transmitted bur1t aL time t, 

('1 = 2tcff is the frequency or lhe transmiucd burst. and le is a modulating 

JD function that is :iero untiil the start of the bur&l, increases in amplitude over 

the next several cycles, remains cort1U•nl (er the duration or lhe buist, and 

\hen relurns lo zero; 

rcnecLing al leasl par~ or lhe transmilled bunt back toward the source 

lransducer from a reneclive surrace as a reflected b~rst; 

1 s repetitively measuring the value of the instantaneous amplitude of the 

reflected bual al the source transducer, the values of the .reflected burst'• 

instantaneous amplitude being represented by xi' xi+l' •.. , "l+n' where n+l 
represents the totaJ number oC value:& meuuredi and 

determining the phase angle e between the transmitted burst and lhe 

JO rellected burst by the equation: 

l+D l•D •• i+a 

I • '-'-' 

E xpin( wtJ) E cos2(<1ltJ) :Exfos(wt~ E sin(w~)cos(Ca)tJ) 
j•i e ;:: tan-I l•l i•l J•l 

l+D l+D , .. , .. 
L XfOS~ (a)tj) E s1n2cea>tJ> - :E xpin( c.>tj) E sin(c.>tfOS(C.lt~ 
j•l j•l J-i j-i 

where t, represenls lhe time when the value x. was measured and ci> = 2arr 
J J 

js the radian frequency or lhe trammilled burst. 

27. The melhod oC claim 26, further comprising the Collowlng additlonal 

step: 

determining lhe quadranl of 8 from Lhe signs o[ lhe numerator and 

denominator in lhe equation. 

28. The method of claim 26, further ccmpri1ing Lhe Collowing additional 

JO steps: 
---·-----·---------·-

· 111111111111111111111111111111 
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determining the quadrant or a from the aigns or the n1Jmera~or and 

denoininalor in the equaiion used to determine lhe phase angle: 

determinina the number oC integral pc:rioda T which elapsed from the 

first peak of the transmitted energy lo the first peak or lhe reOectcd energy, 

J the number of intearal periods being designated as P: and 

calculating the propagation tirne or the output signals by the c:quallon: 

t = TCP +81211:). 
p 

I •t...I 

29. The method of claim 27 wherein the propagation time t Is 
p 

10 determined for m"ltiple consecutive reflected bursu. that are reflections, from 

multiple reflective 1udaces1 or a single transmiued burst. 

30. A melhod or analyzing the propagation of a sinusoidal bunt from 

a sour~ transducer lo a reDct=ting surfa~e and back lo the 1oun:;e tran1dueer, 

l' comprising &he steps of: 

transmitting a sinusoidal bunt or known period T and phue Crom a 

5ource transducer for a predetermined duration, the transmitted bunt bein1 

approximated by the equalion: 

yl == k cos(wl), 

20 where yt is the instantaneous intensity or the tl'ansmiued burst at time t, 

W = 2"1r.(f is the frequency Cf the transmitted burst. and k ii I modulating 

fune&ion that is zero unliil the start of the burst, Increase• in amplitude over 

the next several cycles, remains ~nslanl ror the duration or the burst, and 

then returns to zero; 

25 reOecllna al ·least part or the transmitted burst back toward the source 

transducer Crom a refiec:tlve surf ace as a rc:necled bunt; 

repetitively measuring the value or. the instantaneous amplitude or the 

renected energy at the sourec lransducer for a duration of cT, where e is an 

integer, lhe values of the inslantaneou1 amplitude or the rcnected energy being 

Jo represented by xi' xl+t' ••• , xi+n' where n+t reprcsenll the total nu111ber 

or values measured and n + 1 = cm, where m equals the number o[ samples 

taken during each pericd T; and 

repetitively measuring &be value of Lhe instantaneous amplitude or the 

reOecled ener11 at the aource transducer for a duration oC cT. where c ls an 

3$ integer, the values or the instantaneous ?mplitudc or lhc reflected energy being 

//f l/ll////l// 111////l/l ///II/ 
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represented by xi' xi+l' •.. , "i+n• where n+l represents tbe total number 

of values measured and n+l = cm, where m equals the: number of samples 

taken during each period T; and 

determining lhe phase angle e between the transmitted bunt and the 

reflected burst by the equation: 

e = tan·1 

l•D 

E xjcos( ra>t~ 
J·l 

where t. repraents the time when the value x. was measured and c.. = 2atr 
J J 

is the radian frequency of the trans:miUed burst. 

31. The method of claim 30, furLher compri1ing the following additional 

10 step: 

determining lhe quadrant of e from the signs or the numeralor and 
denominetor hi the equation. 

32. The 111cthod of claim 30, rurthcr comprising the [olJowing addllional 

IS steps: 

determining the quadrant or 8 rrorn the 1igns or the n1i1mer1tor and 

denominator in the equation used lo determine the phaac angle; 

determinina the number or integral periods T which elapsed from the 
first peak of lbe lransmiUed energy lo the firs& peak of lbe reOcoted enerl)'t 

20 lhe number or integral periods being dcsignaled as p; and 

2S 

calc:ulating the propagation lime or Lhe output si1nals by the equation: 

tp = T(P+812n). 

33. Tha method of claim 31 whetein lhc propngation lime t is 

d ~ I b • P determine 1or mullip e consecutive rcnccted 1u1t1 lhat are reficct1ons1 Crom 
muhipJe reflective surraccs, or a single lronsmilled burst. 

I lllllll llllll lllll lllll II llll · 
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