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ULTRASONIC TRANSIT TIME MEASUREMENTS
USING FAST ANALOG TO DIGITAL CONVERSION
AND A FAST FOURIER TRANSFORM BASED ALGORITHM

by

S.J. Rumble and J.G. Sparrow

SUMMARY

This paper describes the application of a fast (100MHz) analog
to digital voltage converter and a discrete fast Fourier transform
based algorithm to the determination of ultrasonic transit times. The
precision obtained was typically better than 1 nanosecond.

Transit times over a range of frequencies (2-7MHz) have been
measured using a broadband transducer excited by a chopped CW RF pulse.

The frequencies chosen corresponded to those available from the
discrete fast Fourier transform.

Documented listings of the programs used are provided.
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1. INTRODUCTION

The potential of ultrasonic methods to determine residual
stresses has been recognized by numerous workers (1,2,3). In recent years
the availability of improved instrumentation has led to renewed effort
(4,5) to develop practical techniques of ultrasonic determination of
residual stress. The improved instrumentation includes, commercially
available broadband shear wave transducers, EMAT'S (electromagnetic
acoustic transducers), fast analog to digital voltage converters and
associated microprocessor based hardware and software. The acquisition of
digital records of the voltage response of the broadband transducer-sample
system and subsequent computer processing enables the frequency dependence
of ultrasonic transit times to be determined. The digital records will also
help in the development of the theory of propagation of ultrasonic waves in
stressed, textured materials, as they will enable a more detailed comparison
of the theoretical and experimental results to be made. In this paper,
details are given of the application of specific instrumentation and
software to the determination of ultrasconic transit times at various
frequencies.

2. EXPERIMENTAL

A block diagram of the experimental system used is shown
inFigure 1. The transducer was a Panametrics type V157 5MHz broadband shear
wave transducer with an active PZT element of 0.125 inch diameter. The
transducer was excited with a chopped CW RF pulse generated by a HP3314A
function generator. The transducer voltage response was amplified and then
digitized at 10 nanosecond intervals by a Data Precision D6000 digital
waveform analyzer with a Model 620 100MHz 8bit $1.28V range plug-in. The
Model 620 plug-in could acquire up to 30000 points with a 10 nanosecond
interval between points, which corresponds to an elapsed time of 300
microseconds. Both the D6000 and HP3314A had remote computer control
capability and were interfaced to a HP86 desktop computer via an IEEE-488
bus.

The D6000 has extensive programmable record handling and
data manipulation capabilities. In particular, it was able to perform
discrete fast Fourier transforms (DFFT) on any part of a digital record.
The HP86 was used as the controlling computer on the IEEE-488 interface
bus. The D6000 was initialized so as to be triggered by the transducer
exciting pulse, and to take sufficient samples to encompass all return
echoes with an adequate signal-to-noise ratio. Typically, for a 10mm
thick 2024T4 aluminium alloy sample, the shear wave transit time was 6400
nanoseconds and, with the broadband transducer used the signal to noise ratio
was falling rapidly past echo 4. An example of a digital voltage record
for a 10mm path in 2024T4 aluminium alloy and at 4.69MHz is shown in
Figure 2.
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The ultrasonic transit time was obtained from the digital
record by determining the corresponding points of the same phase (to
within an integral multiple of 2H) in the return echoes of interest. 1In

the measurement of transit time, a precision of 0.1 to 1 nanoseconds was
required to determine the stress level to 1MPa. The matching of corresponding
points in different echoes is complicated by the frequency dispersion of

the ultrasonic velocity and Papadakis (6) has noted that care needs to be
taken to ensure that the transit time corresponding to the phase velocity

and not the group velocity is measured.

In the system described here, the transit time was determined
by initially selecting from the digital records the small regions within
the record which contained the echoces. The number of sample points, and
hence the time, of these regions, and the time at which these regions
started were parameters in the main contrelling program on the HPB86. These
parameters were subsequently sent by the HP86 to the D600 as part of the
D6000's controlling program.

Using the terminology introduced by Allen et al (5), the
time between these start points is referred to as the "coarse" transit
time. A fine transit time adjustment was calculated by first performing a
DFFT on the individual echo regions. The phase for the appropriate
frequency calculated by the DFFT for each of the two echoes was subtracted,
and, this difference, on multiplication by the angular fregquency was the
fine transit time. The transit time was then the sum of the coarse transit
time and the fine transit time.

The DFFT required that the number of points be a power of
two. Because of windowing effects the region was chosen so as to encompass
the entire echo. This constraint, along with execution time constraints, :
put a limit on the number of RF cycles in the chopped CW RF pulse. For the _;
frequency range possible (2-7MHz) and for a 256 point DFFT, 5 or 6 RF cycles
could be used. As the time length of the DFFT record determined the
frequency resolution, the choice of a 256 point DFFT with 10 nanosecond
sampling time, constrained the frequencies that could be used to integral
multiples of 0.391MHz.
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3. DESCRIPTION OF COMPUTER PROGRAM

The main controlling program on the HP86 prompted the
user to enter the following parameters: the length of the DFFT in sample
points, the start points of all the regions within the record, and the
number of records per frequency to be averaged. The program determined
the appropriate integer for the start and finish frequency, given the DFFT
length, and assuming 10 nanoseconds sampling time, from which the frequency
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resolution could be calculated. It then initialized the HP3314A and .
initialized and programmed the D6000. When this was completed, the e
D6000 was requested to acquire a recoxd and to run its program, which
selects and performs DFFT's on the required regions. The HP86 waited

for this program to finish, and then accessed the phase information for each
echo at the appropriate frequency, and checked to see if it was valid.

The phase differences were calculated and converted to fine transit times,
which was followed by the updating of the running sums for the calculation
of the average and standard deviation. The cycle of acquisition of data
record, DFFT's by the D6000, transfer of phase data to HP86, and

calculation of fine transit times for each echo pair was repeated the
requested number of times for each frequency. The program concluded by
printing all the relevant information. A documented listing of the HP86
program and the D6000 program is contained in Appendix 1.

4. RESULTS

The technique detailed above, has been used to investigate o
the frequency, temperature and stress dependence of the ultrasonic transit
times in a extruded 10mm 2024T4 aluminium alloy sample. The results of
these investigations are reported elisewhere (7). An example of the output 2
of the program is given in Appendix 1. Examples of plots of the actual o
data in a region encompassing an echo and overplots of sinusodial curves of
the phuase calculated by the DFFT and with the frequency of the exciting pulse
are shown in Figures 3,4, and 5.

5. DISCUSSION

The standard deviation of the mean of the transit time
measurements have typically been below 1 nanosecond for echo 1 to 2 and
echo 2 to 3. This precision allows determination of stresses to the order v
of 1MPa. However, for later echo pairs, the standard deviations can increase -
to above 1 nanosecond. At this stage the transit times are not corrected i
for diffraction effects (6,8), and any 2l errors (8) are corrected by hand.
The effect of diffraction is to produce different transit times between
echoes 1 and 2 to those between echoes 2 and 3 etc.. The diffraction
corrections calculated by Allen show that the transit times between the e
early echoes are too short, but the correction quickly reduces to zero for \
later echo pairs. However, even after the addition of these corrections,

Allen (8) has observed that the transit times between the various echo pairs .
are often different. -

In the results obtained using the above technique, there was
a significant variation in the transit times between the various echo pairs,
which could not be explained by the diffraction effect calculated by Allen(8).




There are a number of other factors which could cause these transit time
variations. These include, interference from shear to longitudinal
mode~converted-waves, interference due to echoes from side walls, generation
of incompletely linearly polarized shear waves by the transducer, complex
interactions arising from the texture in the sample and the transducer/
sample bond, and incomplete damping within the backing of the broadband
transducer. The multiplicity and complexity of the possible factors
involved, highlights the advantages of having a complete digital record

of the transducer/sample system. This is because it will enable computer
optimization of the various parameters of any theoretical model by
comparison with the experimental determined digital records. Further
experimental and theoretical study will be carried out to attempt to
resolve the above problems. Currently experimental work is being performed
with the aim of completely utilizing the broadband nature of the transducer.
In this system, the transducer is excited by a very fast rise time pulse.
The generated ultrasonic pulses have significant energy over a broad range
(2-7MHz) of frequencies, and after Fourier analysis, the phase of the
various frequency components can be determined. In this way, the transit
times at a number of frequencies can be determined simultaneously. The
results of this work will be reported in due course.

6. CONCLUSION

This work has demonstrated the potential of digital
analysis techniques in the ultrasonic determination of residual stresses.
The method described here has enabled ultrasonic transit times to be
determined to a precision of typically 1 nanosecond over a range of
frequencies. The transit time measurements obtained with this method have
shown that further theoretical and experimental work is required before the
effect of diffraction, mode conversion, texture and frequency, among others,
are fully understood.
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APPENDIX 1

Listing of the main controlling program on the HPB6,
the program on the D6000 and typical output from the HP86 program.
The output is for a 10mm transit path in 2024T4 aluminium alloy. Note
that the transit times are not corrected for 2] errors. The date
in the fourth column in the output are calculations of the standard
error of the mean.

HP86 program name : TTIME. By




LA ek Al nadl mad Sl Sl Ak el Guft el fed Sl Aot i Bt gt

10 DIM PH(S,20) ,FINETM(5,20) ,ES(S) . DIFF(S).TIM(S) "

20 REM PHI, D) CONTAINS THE PHASE FOR ECHO 1., RECORD J .
F0 REM FINETT(I.J) CONTAINS THE FINE TRANSIT TIME RETWEEN ECHO I+1 AND w
40 FREM ECHO 1 FOR RECORD J

S0 REM ES(I) CONTAINS START IN DATA POINTS OF Ith ECHO REGIONS

60 REM IN DATA RECORD ON D&OOO N
70 REM DIFF(I) CONTAINS PHASE DIFFERENCE FOR ECHO PAIR I+i AND I o
8¢ REM TIM(D) CONTAINS TOTAL TRANSIT TIME FOR ECHOC FAIR I+1 AND I -

90 DIM DAT$CS1,ANGLESIS], TEMP$[5).STRESS$[61 -
100 REM STRING VARIAELES USED TO STORE DATE, ANGLE OF TRANSDUCER.TEMFERATURE S
110 REM AND STRESS ~
120 STARTF=2.73 ' STARTING FREQUENCY IN MH:z

130 ENDF=5.86 ' FINAL FREQUENCY IN MH:z

140 DISF "ENTER LENGTH OF FFT (POWER OF TwO) "

150 INPUT LENGTH

160 DELF=100/LENGTH ' FREQ RESOLUTION IN MHz ASSUMING 10 NANOSECS

170 NST=FNRD(STARTF/DELF.0) ' LOCATION OF DATA FOR STARTF IN FFT OUTFUT %
180 NEND=FNRD (ENDF /DELF.0) ' LOCATION OF DATA FOR ENDF IN FFT QUTFUT -
190 DISF "INFUT NUMEBER OF RECORDS FEF FREDQ FOR AVERAGING®

200 INFUT JMAX -
210 ERRNUM=JMAX/2 ! NUMEER OF INVALID RECORDS ACCEFTED BEFORE USEF IS -
220 REM FROMF TED
270 FEM FROMFT FOR RUN INFORMATION -
240 DISF “ENTER DATE , ANGLE AND TEMF.STRESS" -
250 INFUT DAT$.ANGLES,TEMPS$,STRESSS -
260 FRINT DAT$&" CALCULATION OF MEAN ANC S.D OF FINE TRANSIT TIMES FOR":JMAX:" F~
ECORDS" -
270 FRINT "USING FUNCTION GENERATOR--ROTATION OF TRANSDUCER “&ANGLE$L" DEGREES"
280 PRINT “SAMPLE TEMFERATURE "&TEMF$%" DEGREES"

290 FRINT “STRESS ",STRESSS -
00 PRINT @ PRINT "ECHO#","FREQ (MHz)","MEAN (NANQSECS)","STD DEV/ ("iJIMAX:")".S"
310 I=1 8
320 REM FFOMFT FOR STARTING POINTS OF ECHO REGIONS WITHIN DATA RECORD -
330 DISF "INFUT STAFT OF ECHO#":I:" (~1 TO FINISH)"

40 INFUT ES(IY 5

&S0 IF ES/I)<» =1 THEN I=I+1 & GOTO 330 .
360 NUMECHO=I-1 ' NUMBEFR OF ECHOES ENTERED :u
IX70 REM CHECK TO SEE IF Do600O0 REQUIRES INITIALIZATION AND FROGRAMMING o
380 DISF "ENTER 1 IF DFeOOO ALREADY SETUFR" &

290 INFUT SETFLAG i

400 IF SETFLAG=1 THEN 610

410 NL=Dn -
20 FOF I=1 TO NUMECHOQ .

470 REM INITIALIZE DATA RECOFDS QN DenO0 oo

440 CALL "MAKE" ( “ECHO"&VALS® (1) LENGTH,O,,00000001,1,0,1.28,0 ) <

4%0 FEM SEND PROGRAM TO D&NHOD e
460G FEM SELECT ECHD REGIONS FROM DATA RECORD .
470 CALL “"SEND" ¢ VALS (INL)E" ECHO"WVALS (D) &"=RUF, A1 ("LVALS (ES(I) e "&VAL S
(ESII)+255 8y )

480 FEM FERFORM DFFT ON ECHO REGIOM -
490 CALL "SEND” ( VALS (IFNL+10'8" MAGS"LVALS (I)L"IFMHAS"LVALS (I1)&"I=FFT (ECHO"® <
VALS (DY, e, 0.0, 12" ) N
=0 NEYT 1

€10 FEM INITIALTZE HFTX14A FUNCTION GENERATOF

520 OUTRUT 307 ¢"RCS" ' RESTORES HFTZ14 TO STATE STORED IN MEMOFY = X
&0 REM ‘MODE= N CYCLE

540 REM CAMFLITUDE = 10,00 VOLTS ~ 3
=50 REM 'NUMEER OF CYCLES = % A
560 REM 'TRIGGEF =INTERNAL

£70 FEM INITIAL 12E Dennn -
€60 Call "SENDY « YFRAMFT=T:EFFM=T: TEGM=1:DAFMIEsErON=1: " -




590 CALL "SEND" ( "DSPM=1:3Y0OFF=6.0uS: TRGLEVY=1.27VINFTS 1 1) =40F6: FERICD (1 =10n5"
600 REM LOOF FOR EACH FFEQUENCY FROM NST TO NEND T
610 FOF N=NST TO NEND e

620 REM LOOF FOR EACH ECHO PEGION R
630 FOF I=1 TO NUMECHO -
640 REM INITIALIZE VAFIABLES USED FOF MEAN,.STD. DEYV. AND ERFOR COUNTS X
650 X(I)=n @ X2(1)=0 & ERRCNT (1)=0 o
660 NEXT I

670 FREO=DELFIEN ' CALCULATE ACTUAL FREDUENCY IN MHz .
680 REM ROUND FREQ TO TWO DECIMAL FLACES . o

690 FREQ=INT (FREQSI1OO0+,.5) 7100
700 REM SET FUNCTION GENERKATOR TO REQUIRED FREDUENCY -
710 QUTFUT 307 1 "FR="LVALS (FREQ)L"MZ" )
720 FEM LOOF FOR THE RERUIRED NUMEEF OF RECORDS TO EBE USED FOR AVEFRAGING .
730 FOR J=0 TO JMAY-~1 o
740 REM ACOUIRE DATA RECORD AND RUN FROGRAM ON D&OOG
750 CALL "SEND" ( "ARM" ) L
760 CALL "SEND" ( “DISAFM" ) .
779 CALL “SEND" ( "RUN" ) -
787 REM LOOF TO SEE IF PROGRAM HAS FINISHED :
793 CALL “GETVAL" ( "FPGMST".PGMST ) 5
800 IF FGMST=2 THEN 790 -
817 REM LDOOF FOR EACH ECHD REGIDN -
820 FOF I=1 TO NUMECHD -
820 FEM GET Nth POINT IN RECORD "FHAGS", WHICH CONTAINS THE PHASE R
240 CALL “SEND” ( “M=FHAS"LVALS (1)&"("RVALS (NIZ")*" ) B
850 CALL “GETVAL" ( "M" M )
860 IF M>0 THEN M=3&0-M & GOTOD 890
870 M=-M ' CONVERT TD POSITIVE DEGFEES TO FIRST FEAr PAST T=0
880 REM STORE PHASE DATA
890 PH(I,J)=M
00 NEYT 1
910 FEM LOOF FOR EACH ECHO PAIK
920 FOR I=1 TO NUMECHO-1
%O REM COMPUTE DIFFEFRENCE IN PHASE
940 DIFF (I =FH(I+1,J)=PH/T D}
‘oS0 REM CHECH TO SEE IF RECORD WAS VALID
S4 REM ONLY CHECk DIFFERPENCE BRETWEEN ECHD 1 AND ECHO 2
Q@70 IF 1= 2 THEN 11870
98n FEM STORE DIFFERENCE IF IT 1S THE FIRST RECORD
990 IF J=a THEN DIFFCH (1) =DIFF (1>
1000 REM ACCEFT RECOFD 1F VARIATION FROM FIRST RECOFD DIFFERENCE 1S ¢« OF = 40
1010 IF ABS (DIFF(1)-DIFFCH (I). = 40 THEN 1185
1020 FEM ACCEFT RECORD IF AFTER A 2F1 ALJUSTMENT. THE VARIATION FROM THE
1030 PEM FIFST RECORD DIFFERENCE IS ¢+ OF = 20
1040 IF ARS (DIFF (1) +R&O=~DIFFCH (I>) = 27 THEN FH 1+1,3 ' =FH 141, 3 +T7a0 & DIFF (I =
DIFF (1Y +%60 & GOTO 1180
1050 1F QRS (DIFF (T =Z60-DIFFCH (J1 1 = D0 THEN FHiT+f Ji=FH(l+(,J)-T¢0 @ DIFF(Jv= -,
DIFF(IY-T60 & GOTO 1180 s
1060 RFEM FECORD REJECTED INCREASE ERFOR COUN. By ONE =
1070 ERRCNT 11 =ERRCNT 1) +1 s
1ME REM IF ERFOR COUNT 1S LESS THAM LIMIT THEN OETRIN @ NEW RECOFD
1090 1IF ERRCNT (I = ERFNLIM THEN 7%
117 FEM ERROFR COUNT GREATEFR THAN LIMIT. INFORM USEFR <.
1110 DISF “MOFE THAN ":ERFNUM:" FECOFDS DUT OF ":J:" FECORDS HOVE Mol FHASE DIFF .

Cen !‘. ‘.."'..".."..'.vl".‘ K}

ettt
y e

(-0 .'.
1120 DISF “GFEATEF THAN 10 DEGREES FROM THE INITIA. FHASE DIFF" -
1130 DISF “"EETWEEN ECHOES “:sI: ANMLD ":l+! .
1140 DISF “ENTEF I TO STOF .1 TO INCFEASE ERROF CHECH#. 0 TO GET NEW CHECH DIFF" .

1150 INFUT TFLAGE IF TFLAG=D THEN STOF
110 IF TFLAG=" THEN &7

1170 DISF “ENTEF NEW ERFOFR CHECH NUMEEE" & INFUT ERENUM g
1180 NEYT I Ry
1190 FEM URDATE RINNMING SUME OF FHASE DIFFS QML FHASE DIFFS SOURKRED FOF -

1207 FEM GECEFTED RECORTS :
1210 EOR T=1 TO NIMECHO-1 B




| A

1220

1270

1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1X40
1350
1360
1370
1380
1390
1400
141
1420
1430
1440
1450
1440
147C
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
174
1750
1760
1770
1780
1790
1800
1810
1820
1870
1840

X11)=xXcI)+DIFF (1,

¥211)y=¥Z(I)+DIFF(IY¥DIFF(I)

NEXT 1

REM

NEYT J ' LOOF FOR NEXT RECORD

REM

REM CALCULATE MEAN AND STANDARD DEVIATION OF MEAN. AND CONVERT DEGFREES
REM TO NANOSECS

FOR I=1 TO NUMECHO-1

X(I)=X (1) /IMAX

Y(I)=X(1)/(.26¥FREQ)
Y¥2(1)=X2(1) /(. 1296¥FREQXFRED)
SD(IN=X2{(1)-IMAXEX(I)>¥X(])
SD(I)=(SD(D) /7 (IJMAX-1))". 5

FRINT @ PRINT

REM ROUND VALUES AND PRINT

¥=FNRD(X(I).,1) @ S=FNRD(SD(I)/IMAX".5,2)

PRINT I:" AND ":I+1,FREG,.X.S

FINETM(I  NY=X{]I)

NEXYT 1

REM

NEXT N ' LOOF FOR NEXT FREQUENCY

REM

REM FRINT FINAL RESULTS

PRINT

PRINT

PRINT “OVERALL TRANSIT TIMES BETWEEN ECHOES AND DIFFERENCES"
PRINT @ FPRINT "ECHOES","FREQ//FERIQD(NS)","TRANSIT TIMES(nS) ", "DIFFEFENCES"
FOF N=NST TO NEND

DELF=100/LENGTH

FOR I=1 TO NUMECHO-1

REM COMFUTE TRANSIT TIMES FOR EACH ECHO PAIFR
TIMII)=(ES(I+1)-ES(I))¥10+FINETM(I N}

NEXT 1

FOF I=1 TO NUMECHO-1

FREQ=NRDELF

Se=" "

IF T<NUMECHO-1 THEN S$¢=VAL$ (FNFD(TIM(I+1)-TIM(I), 1))
FER=FNRD/10ODO/FRED, 1)

REM FOUND AND PRINT

FRED=FNRD(FREQ.2) @ T=FNRD(TIM(]I), 1)

FPRINT I:"AND":I+1,FREQC.T

FRINT " “",PER,” ",S%

NEXT I

NEXT N

REM FROMFT USEFR FOF NEW FARAMETERS 1F REQUIRED
DISF "ANOTHER RUN (1,0 "

INFUT FLG

IF FLG=C THEN STOF

DISF "ENTER NEW ANGLE.NEW TEMF, NEW STRESS"
INFUT ANGLE$.TEMF$,STRESSS

DISFP “"ADJUST FRINTER FRESS < CONT: TQ CONTINUE"
FAUSE

GOTQ 240

STOF

REM

REM

FEM SUBRFOUTINE TQ FOUND PARAMETEFR IN "VALUE" TO "FLACES" FLACES
DEF FNRD(VALUE.FLACES)

VALUE=INT (VALUES 10 FLACES+.%) 710" PLACES
FNRD=VAL UE

FN END

END
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10 SUE "GETVAL" (NAMES.VALUE)

20 REM GETVAL OERTAINS THE VALUE OF THE PARAMETER ON THE D6OOO
IO REM WHOSE NAME 1S CONTAINED IN THE STRING NAMES

40 OUTPUT 315 :NAMES

S50 ENTER 1S5 : ANSWERS
60 ENTER 315 : Bs

70 VALUE=VAL (ANSWERS)
B8O SUBEXIT

0 SUBEND




DA AEFA AN S-S A S artea A kS i A Tk vl e Sudb Bl Al e

10 SUR "MAKE" (NAMES$,LENGTH,XOFFSET, XPERPNT,XUNIT,YOFFSET.YFSD.YUNIT)

20 REM CREARTES A DATA RECORD ON THE D600GO

30 REM CONSULT D60OO USERS MANUAL FOR EXFLANATION OF PARAMETERS

40 CALL “SEND" ( "PROMPT=3I;ERRM=3" ) ! INITIALIZES PROMFT AND ERRCOF MODE
50 CALL "SEND" ( "TRCSRC(1)=RUF.A1" ) ! SETS TRACE ON SCREEN TO BUF.At

60 QUTPUT 315 :"NPTS(1)" ' PROMPTS D&60OCO TO SEND NUMERER OF POINTS
70 ENTER 1S : E$ ' IN DATA RECORD BUF.A1
80 LTH=VAL (B$) ' NUMEEF STORED IN LTH

90 ENTEF 315 : R$ ' RECEIVE PROMPT
100 CALL “SEND" ( "NFTS(1)="&VALS$ (LENGTH) ) ! ALTER LENGTH OF BUF.At
110 XDFF=XOFFSET/ (LENGTHIXFERPNT) ! CALCULATE VALUE TO BE SEND TO D&OOO FOR

120 REM AN OFFSET OF XOFFSET

130 CALL “SEND"” ( "TEMF1=BUF.Al" ) ' CREATE A TEMFORARY FILE THE SAME SIZE AS
140 REM BUF . A1

150 CALL "SEND“ ( “TEMFI1(0,"&VALS$ (LENGTH-{)&")=0.0" ) ' ZERO ALL VALUES

160 CALL "SEND" ( "TEMP2=UNIT(TEMP1,0,"4VALS (XOFF)&", "&VALS (XPERFNTIL" “LVALS
(XUNITY&") " )

170 REM ALTER X OFFSET AND X UNITS PER POINT

180 CALL "SEND" ( NAMES%"=UNIT(TEMPZ,1,"&VAL$ (YOFFSET)&",“&VAL® (YFSDIL“, “&VAL S
(YUNITO &) " )

190 REM RENAME RECORD AND ALTER Y OFFSET AND Y F.S.D

200 CALL "SEND" ( “DEL TEMF1:DEL TEMF2Z" )

210 REM REMOVE TEMPORARY FILES CREATED

220 CALL "SEND" ( “NFTS(1)="&VALS$ (LTH) )

230 REM RESTORE LENGTH OF EBUF.A1

240 CALL "SEND" ¢ "LOCAL™ )

250 REM RESTORE LOCAL CONTROL OF D&OOO

260 SUREXIT

270 SUBREND
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10 SUBR “SEND" (A%)

20 REM SENDS STRING IN As TO D&0OOO

30 REM SEND ASSUMES THAT D&0O0OO HAS BEEN INITIALIZED TO SEND A *
40 REM PROMPT ON ACCEFTANCE OF MESSAGE

] S0 REM INITIALIZATION IS PERFORMED BY CALL “SEND" (“"PROMFT=Z")

. 60 DISF As

70 REM DISFLAY STRING SENT ON HFB6 SCREEN

80 OUTPUT Z1S A%

90 REM 315 = DEFAULT ADDRESS OF D&00OC ON IEEE-488 INTERFACE BUS
100 ENTER 315 : B$

110 IF BRe{11=">" THEN SUBREXIT

. 120 DISP Es$

- 130 REM DISFLAYS ON HFPB86 SCREEN ANY MESSAGE SENT BY D6OOC IN RESFONSE TO STRING
A 140 GOTO 100

13¢ SUBEND
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ECHO1=BUF . Al (630,885

MAGS1 [FHAS1 I=FFT(ECHOL..6,0.0,12)
ECHOZ=BUF , A1 (1260,1515)
MAGST(PHAS2)I=FFT(ECHO2..6,0,0,12)
ECHDZ=BUF. A1 (1890,214%5)

MAGS I PHASXI=FFT (ECHOZX, ,6,0,0,12)
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&/2 CALCULATION OF MEAN AND S.D OF FINE TRANSIYT TIMES FOR 10 RECORDS

: USING FUNCTION GENERATOR--ROTATION OF TRANSDUCER O DEGREES
. SAMFLE TEMPERATURE 23 DEGREES
STRESS 0
ECHO# FREQ (MHz) MEAN {NANOSECS) STD DEV/( 10 ),
1 AND 2 2.73 35.9 .09
2 AND 3 2.7% 102.7 .36
1 AND 2 3.132 9.9 .1
2 AND 3 .13 89.1 ST
1 AND 2 7.52 8.8 .07
S AND T .52 -18%.4 .27
1 AND 2 3.91 42 .12
2 AND T 3.9 -152.4 .28
1 AND 2 4.7 204, 4 .17
2 AND = 4.3 140,77 .26
1 AND 2 4,69 L NI
2 AND T 4,649 175.1 .19

i artin 2 g, ne ) .4




A 2 AND 3 5.08 -13.4 .17

3

.

- 1 AND 2 5.47 6.2 .14
2 AND I 5.47 -.9 .17
1 AND 2 5.86 11.8 .14
2 AND 3 5.86 13.9 .25

OVERALL TRANSIT TIMES EBETWEEN ECHOES AND DIFFERENCES

ECHOES FREQ//FERIQD (nS) TRANSIT TIMES(nS) DIFFERENCES

1 AND 2 2.7% 6335.9

365.7 66.8
2 AND X 2.73 &402,7

T65.7
1 AND 2 3.13 6239.9

220 49,2
2 AND = 3173 6789.1

20
1 AND 2 x.52 677B.8

284.4 ~-228.2
2 AND T .52 6110,6

284.4
1 AND 2 3.91 6742

256 ~194.4
2 AND = 3.91 &147 .6

256
1 AND 2 4.7% 6085, 6

2T2.7 45,1
2 AND &a40, 7

.7

1 AND D 4,49 &T0e

217,72 1es&.d
2 AND 3 4.£° 6475 .1

217.F
1 AND 2 SR &ETO0
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