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ABSTRACT

This thesis proposes a simple method of distance measurement utilizing phase
difference of two reflected ultrasonic frequencies. To obtain the phase difference, an
alternating signal which contains two sinusoidal signals having different frequencies is fed
to an ultrasonic transmitter. When the transmitted signal is reflected and received by the
ultrasonic receiver, the received signal is first squared. Then, a time shift property of Fourier
transform is applied to the squared signal to acquire the phase difference. The phase
difference is converted to a time-of-flight (TOF) value and turned to be the distance. To
experiment the proposed technique, a DSP TMS620C6713 board is employed to generate
the alternating signal as well as to receive the reflected signal, and process the received
signal by using MATLAB program. The results show that the obtained distance by this
approach has fairly low error, which are only 0.25 centimeters for 750 Hz of frequencies
difference, 0.39 centimeters for 375 Hz of frequencies difference, 0.95 centimeters for 100

Hz of frequencies difference and 2.81 centimeters for 40 Hz of frequencies difference.
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x,(t) =x(T +1) (2.15)
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TnefBunmvedssuy x, (1) gniildinisudasises wla

X (@) = [ x(0)e " dt (2.16)

AILALEIANRVBITEUUNIUTIFIINANRALNEY FD

y()=Bx,(t-t,) (2.17)

WisiiednsvesssuvnyNsuUaisesasla
Y(w)= j Bx.(t—t,)e " dt (2.18)

wWasuduusazla T=t—t,

St=T+tdt=dr

Y(@)=B [ x(r)e""dz

= Be '™ I x,(r)e ' dr

—0

= Be /™ X (o) (2.19)
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= 1 i jwt
F 4 Fy (@)} =—— j Ae™dow = 45(1)

j " dw = 275(t)

—00
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Jjowo = jao © -
= [t =215(w)
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Jja

—0

dlpvhnisuUaaisesvese’™ agla
Fle"}= [ e/ dt = 275(0r- @)
wagyhnsudasisesvese ™ agld

F{e—jwif} — J. e_j(w+a)i)dt = 272'5((04‘601)

jo -jayt

e

Tunsdiii x,(t)=Acos(wit)= A 5 ¢

+ A4

= Ax;, (1) + Ax,, (1)

15
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(2.24)

(2.25)
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H=— | 270(w—w)e’"dw—e '™
n0 =~ j (0= )" do-

_ B T Jo(t—t,)
_E_I S(w—0)e" " dw

B gem(w) (2.26)
y, (1) = ge‘f‘”’d T S(w+ )’ do
4 ge_mi(l_ld) (2.27)
gAVNEY AMNAUNT 2.26 Uag 2.27 ANDINNATBITEUY 1(1) AB Y(£) = ¥, (£) + ¥,(?)
y(t) = g TGN g oot
= Bcos(wt - wyt,) (2.28)

Y @ ' d‘ a & 14 va o v A
wandliiussuunusanaaRaiieuazUsgneulusmenuaut@ddn 2 Usens fe
1. dnsInsvenevziiAnd dmsunnganudesrusenauy

2. M3doumanazulsiunssiuNaausznInaudiuaa il O(w)=—ar,

a ¢

2.4.2 3YnIANLIYT
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o

[

Tunsyanudnlanudyeruneuaussiiniu Msedyqiunsuaussueg1sndslulasu

o

n13fiasanAn®eg1etaaula lagianizi3e9eeAUsenauredyy IutuuiinITeYNIUN
doyaadlaq AauvszneuniaiinduaindyaragUleiiveundgasiisiu anudaisiuuas
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dyeyruidinnuaan A

x,(t)=a,+ Z a, cos(nw,t)+ b, sin(nw,t) (2.29)

n=1
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Tneil
0 =27 f, = 27” (2.30)
1 T
ay = l 1 (@t)dt (2.31)
2 T
a, == j [ (t)cos(nawt)dt (2.32)
0
2 T
by =% j 1 (t)sin(neot)dt (2.33)
0
deo  x,() Ao duaadenunanlan
T Ao AIAIULIAN

2.4.3 nswlasnizes

P
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Wesaneynsuisesagldlunsimssidyyiuanlawunalvidulawuainud

' v
[y = K'Y ] YY)
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A\ WA Wl
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/
—

time

5UN 2.12 nslSeuiiiguserindlamunaiiaglamuniug [11]
Tl x(1) Ao dyarailbifaunadsiudeiinsuanmiSesayla

X(@)= [ x(t)e ™ dt R



18

9 X (w) Ae awnasuvesdyaadlidaunaiuazaniswuanduiesaunsauandlass

GEUARE]

() =—— [ X(@)edw (2.35)
27 2,

AaNUANEAyraInIsUamises anunsawanalanmisei 2.2 gl x(6) <« X (o)

M13199 2.2 Aauantivesgnisudaniises [10]

AMENUR daysynaslulauiaan FeyauradTulawuadnug
[ a 1%
GRRERYICATE ax(t) +by(?) aX () +bY(w)
(4
X()
NISANANIAIAT x(ct),c>0 c
4
NISLADUNNANNA x(t)e™" X(o-w,)
NSEOUNIILIAN x(t—1,) X(w)e '™

2.5 11370 AMURANAIN mwgné’amazmﬁmﬁﬂmﬁ

251 M3

11530 Ao nszurunsUTsufisuUTnailinuavesiulsiuamInsgIuign
Al deierdelotauuulauuunils wansinazvenidudauminvesUTnaunasgu
Taglumafoalifiniesdlotaladiindudfianugnioayiniuaise
msTmieadasiutadeiidf 4 Usens fe
1. fyhmsin asdesiinnuiuasinurlunsltiniesioln uassunmiazin
2. \pesilefldin desegluanmindonazlday
3. UTinaudiayin desaseniseenuuuiBnsin wagnsiesgsinanisin
4. Awndenvaryitnsda Tiun Aunedeunusssund wardanadeaniznsdl wu e

JUNIUIINATNDAI98IAS

2.5.2 AYURANANA

PnsRaNATA (Erron) fie ArnuuansvesAa3siignialumsufditunadilaiannnis
0 IngavinveInuRanaIAAAlaN 3 Wias Ao

1. anuAananiiieanndiyana (Personal error) WuAnuRawaIniinaIngin wwu A
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[

andealun1sin nslldiaviodAny WDudu

2. AruAanaianledainszuy (Systematic error) WuAsRANaAAnIINdALaznslY
w3asllouuuRnds

3. ATURINAINIINAINEeL (Random error) WuAnuRnwaIaTiAnTue 5T TUTf
U Mstasuulasgamgiiognesndy msdu Wudy

TngAnuRananduysal (Absolute error) asnsaA wINlFAN

a U '3 | d' v v} 1 Ql‘ U & 1 a
AUNANAINFNYIOY = ANNEARINNNTIA — ANEBUSUNTDANRSY (2.36)

wazlasUAPNURANAINFIUISaAIUA N

|Aileannmsin — Ffiensurdennass (2.37)
WeswuRnuiinnas = 2. V" g [ x 100
RV IV E LG RRER

2,53 ANQNABY
ANUYNEBY (Accuracy) fia AMLARINNTIATEANNINALALIIUAIASY Beanunsausuen
lateUsgansanuazauamunsavenaielonidlunisin lnelosiwudaiugnsed

ANMUFUNUSAULU DT URANURANANR A

Wasigudaugneaad = 100 - lWesiwudanuRanaia (2.38)

2.5.4 AUNYINTI
a . 9 & 1 ¥ A a [ Zj [
AUTIEINSS (Precision) A Aulinszatevestayaiiiinainnisianalensa 1lu

ANENTOVDATO D TR TUNITEUANY heanElABAINATYINIUAEIA LAY A

2.6 MslguUssaUsTNIaNaRINaa TMS320C6713
2.6.1 MWIWVBIVBIAUITTUIANAFRYEYIUAINDE TMS320C6713
vosaUsvutanadyy ufinea TMS320C6713 [12] iluuasauszuranalunszna
TMS320 Y0UTEW innda duanjiaud s?fqgﬂi%ﬂszmamaé’agzgmiumué’m@mG] LU N9

doans, szuumiuay Wudu Jadnvuzvesvedn wanslangy 2.13
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Line In Headphone
Line Out ‘

=

i
TMS320C .
6713 $

ME:i K .
v gy N
DiP LEDs Reset Config External Hurricane

Port Switches Switch Switch JTAG Header

gﬂ‘ﬁ 2.13 vasaUszananad g 1AInes TMS320C6713 [13]

lnuauautRveIvesn fie

- vl 225 MHz

- codec (AIC23) wunn 16 Un dmiudunauaziendnmeniasn dsldinalulad Fnun-nasi
lunsudasdanaemasnduiinea (ADC) waznsulasdygruninealliusuiasn (DAC)
- pden AU 12 MHz mm%wdué’mmmmmmLﬁaﬂléﬂuma 8 — 96 kHz

- SDRAM U1 16 MB

- RIYANUTMUULINEY VWA 512 Kbytes (ﬁﬂﬁugfm Ao 256 Kbytes)

- wrasaelvl 5V

_ \Fousesuasufinmesinumenesa USB

2.6.2 1Usunsu Code Composer Studio (CCS)

TUswnsu Code Composer Studio 1ulusunsuiildlunsdenlosmeniinmesiuuess
nIzna TMS320C3x Feazfndesilodmsunisadialin W reulna@esn1vnd | woay
waes Lazdennes

Tavnoulnataosniwiesifuvealisunsufiasiinedae .c iiload1elndvoa
MYUBATLUA Feaevnesie asm ntillndreatozadrinmuiases dsasinedg obj
dsAinef azlnd obj Aulausdiieidudunslunisaradnddalid Ssasinese out

wazlndfazarunsalvantasSuuuuasale
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NANNITINTLYLNINULEUD

3.1 na1u

AnednuSiauduEaNaN1TINTTeLN19eAAUD ARSIl RNneN1SId I uNdAUD

A7}

2 A Tagazadursdaundnnisiiaus nsinsseenismedyiuninug 1 aud 05

STYLNNNNILAMUD 2 AUDBAZNITANRUNITINTZHZNNNILITNSNULAUD

3.2 NIFINTLYSNAIWAYYIUAIUA 1 A21UD

N1snIsEEEnIanIedan s lelinluing 1 dnusatull avayuiudn nsdsdyninny
v A o ) a & 9 =
ANane (81n1¢) Axdedussuye) nils FaUTIFINANRANEY kAU 3.1 Ineseuy
Msrnanuiiaiieude seuudaednnisusiavilouiuivdunmuienaaziivunnsieiu

N = 1 o a £ & a Y] =
NIBDUNTTNUINIANVDIGFU YEUNAVU BIDBUNYANEUNTIIN 2.28

U
1 4 ™
auNA .
eli
x(t)=4,cos(wt) R
A '
. —
o e
eV
12NN
N J

y(t) = 4, cos(wf — ¢,)

5UN 3.1 spuvvesnisinssegnieinedygiadansilelin 1 Al

Tnedyan x(r) Wudygugllsunderiuszneuanudidemsesondt dyaiailuly

Inundsanmdsdansilainfunisinueiniewaznsznuing Juunnvesssuu dauansly

AUN1SN 3.3

x(t) = 4, cos(ajt) (3.3)
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WU NNEENDUNSULTIRITUNT DL IANAVBITEUU p(f) Fwilen

y(t) = 4 cos(wt —4) (3.4)
= 4, cos(wt - wt,;)

neh ¢ =wt, Aoavosdygyrunielasnsnaves ¢, lneiz, Ao szezainaduldlunis

g 7]

WUNNG A9LUIzaIUNsaMANSEaganeausan s lalnlalunisiiunislunauseninedisu

warsaIdans lainlanain

A (3.5)
.

el @, =27/, Fadumnudilauuesnaudanslednuazainaiszeziainaauldaumie

sganusninluAmwamssygnesEniTIngAumsukasfidigansilalin (R) taan

ERTAON, (3.6)

a

lne? v Aeanusilunisiunivesriudansilednlueiniediawiniu 346 m/s gyl

Y

25 9ALYALTYd
4' 6 a -al' Y o |d‘ d' ¥ 1
Luaqa’mLsziuLﬁzjaiaamﬂwﬂﬂwwmaqwmma 40 kHz wagur1na8IN1InIA
~ ~ P ac v a o &/ | A A - A
33EJ5'1/1N:mﬂ‘mqﬁm%mimmmﬁmﬂ%mmaL@Enu AN ¢l. AUMUINYVIEAAD 27 LUB93N

Jupaaegandmnsaduinaazasaduld duulisunuaasivluaunisi 3.6 agla

Ve
2.

1

_ 346(27)
2(2740000)

=43 mm.

& 1% ! Ql' = o Yo = Aa o
piiuladnAsseenanigafianunsainlalaenislddyyinmnud 1 anudidies 4.3

& P 1 {(;J 1 a

fadumsiintu federndumisyegnesntesuin
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3.3 N15IATLYLNI9A8NUEULASNS ITEUUIUNAIIUD 2 A2IUD

v v

=

WoNAzIANTZYEN IS UNTIR e InusHIsE@uenITInTsuE N Iun S IRy Q0

figadusznaumud 2 AU lagsyuulanslagagui 3.2

x(t) = A, cos(et) + A, cos( ) SYUU
- 4 = Y
2UNA 2l
L]
feq
|
| —
J‘l (1) =] BnfirddE0 {
fin5u :
s
19I9NA L )

y()= A, cos(@at — @)+ A, cos(exnt —@,)

3UN 3.2 syuuvesnisinsseemaniedygndansileidn 2 Al

winvinsadsdgin x(t) Auszneulumedygia 2 anududbidudunavesiad

9ANSUNN AIENNIS

x(t) = A4 cos(ayt) + 4, cos(m,t) (3.7)

A () Badudeaufaziioundauaining fe

y(t)=A, cos(wt—@)+ A4, cos(wt —¢,) (3.8)

e ¢ =, wazd, = o.t, AowavoddygIuisass NMeldsnsnaves ¢, ANEINU uay

A o o w & o w 1Y =
devihmsthdaa y(¢) danenfasees aglaaunisfe

V()= A1l +%cos[zwlr 24 ]+ cos(@, + @)t~ ( + )]
(3.9)
+cos[(@, - @)t — (¢ — )] +§cos<2w2r 24}
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PNENN1TN 3.9 i lrausansiuaAusIaavesdyy1atdesla anmend 4 g

o

[
§ & o o

WLefD Ad=d —¢ = o, —ot, Men1Twlaises saluvinlraunsanissesiigi
Y

ARULAUNNGLS ANNAUNIT

_Ag (3.10)

e Aw= o, - o,

1Y

aavneAaztlugnianssesmesenisidsnauiuingiasviounau lafe

vt, VA¢@ (3.11)

ALTUDYAUAINUANAINNDLAZINEVD

Y

L
e
s
N
Qe

1NAUNITA 3.11 NULAT TLeEn19nie

' '
a t4 =

Foyauns Tmeananuaaaudfiadetes svevnsiialanazdandann faunna1eainnsly
[ a a v 5 = @ 1 aa [ LY aa P N
aMAMUARET AILIIRTIRLINIENITInTsznalnenslad gy aidadnud 2 annud

aunsaiuszozndlunsinle

3.4 A1SAIUNISINTLELNIALASNISNULEUD
TunslvoansledninszeenauiIne 1 Tnusl @ unsakandtunounisaduaulang

vhenlnozunsuluguil 3.3

Sine wave
generating

(((. Transmitter || 39-85kHz+40.6kHz
40.125kHz+40.5kHz

MATLAB

I

I

I

I

I

40kHz+40.1kHz |
Object |
I

I

|

I

I

I

40kHz+40.04kHz

Phase Distance
Square |4 FFT | I+

response calculation

Reflected signal

-))) Receiver [+
storing

TMS320C6713 Board

JUN 3.3 UfiealnevunIuveinsinseeen

lnguasausvaianadyyIuATnea TMS320C6713 avimiiniasiadayyruguleung

[y

99AUTENBUANNA 39.85 kHz U 40.6 kHz ﬁm@wmgﬂlmﬁﬁﬁaqﬁﬂszﬂaummﬁ 40.125 kHz
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fiu 40.5 kHz dyaraugulauiiiesdusenouninud 40 kHz fu 40.1 kHzuazdayayagUleuind

v Y

a Y a

99AUTZNBUAINA 40 kHz U 40.04 kHz Fueiallivanae a1u1saassdyyiunianud

[ v 1w

gawazfinnuazdeals antudygradeiiiaiatuesluduneliiudidedanslelinuay

IS 7

Jedgyaalunsznuiuing dygrunozasviounduuiaisu antudyaiuniulaasg

A Y}

WA TEEEN1amslUTUNTH MATLAB Taedayey1ainisudnaggneningaed naaain

1

WudgaradindnazgnuUasyiies (FFT) wazasyilinansvaussmananesduszney

T o

ANUDAIYNATIATU gavineszaznavesinghazaiunsoanalianAinumamad

Y 9

%4

91nUARAlADELNTUANNTALUITURDUN TN SEENIRIENTS I anslaTinlnedayeya

<

caa s

aa N av v g - Y o q‘ A
AU 2 audld 5 Juneu Ao n1saedyyagUleiniiesrusznauaiiud 2 A
nstuAndyaaiasisunduunaning nisidyaraiduinuidiiunisnadinaians
NNIATIVTUNBRDUAUBIVNAUWE LAZNITAIUIIZEZYNY

3.4.1 nsafedysyuguladniesdusznauanud 2 Al

lunmsasidyarugdledmevesauseuiananinea TMS320C6713 Wi Liesanuasin

DSP #dn3in15gudiegvegluyie 8 - 96 kHz dauanudunfigafivesaszaunsaasela

[y

WINAU 48 kHz Fuguaasoans lainildluine 1 fnusauuiyneunguaud 40 kHz way

Altdyey 10 4 dyeyrad A NANENAIND 750 Hz deyqaasiiosnusznauniiudi 39.85

A >

kHz U 40.6 kHz fiR11A19ALE 375 Hz serUsenauauiagilan 40.125 kHz fu 40.5

kHz 1A311819A27318 100 Hz 29aUsenauanunazian 40 kHz AU 40.1 kHz kagfininumng

a0

ALY 40 Hz 29AUSENBUAINNRNALLAT 40 kHz AU 40.04 kHz 1aen1s b aunIsHas19wasy
~ P N A v G P Y] Y] | = =3 a ' P %
WaulAnn1w@LNeliuasn DSP a3 19d1adfInanituun Feaunsiisnan1snlglun1sasig
Fouaausuled Ao

Y

Y(t)=2cosOy(t—1)—y(t—2) (3.9)

HICL)Y; :Zﬂfj'; :2;['—]( (310)

N

Tnef  f Ao Aanudvesdygrasulsindesnisaing

v Y

F. fa dnsn1sdueiegng
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v o 4' ' aa v = o A o Aa 13 a
ARUY LUBLLNUATATIIUONABINTT (f) VI EUEULLINAD mmqmwma\‘]ﬂﬂigﬂ@Uﬂﬁqﬂﬂ 39.85

kHz uag 40.6 kHz LazdnsIN1sgudeene (F) ¥83U0sA DSP @edla1tiiu 96 kHz aslu

aUn157 3.10 agl@n

_27(3985k) _ ) oo

o 96k
0, _ 27(40.6k) _ , (-
96k

wazietnAn g way 6, unuadluluaunisi 3.9 selaaunisnasislunisadedyanagulel

finud 39.85 kHz A 3,(1) wagiieud 40.6 kHz fie z, (1) wansladadl

Y,(#)=2c0s(2.608)y(t ~1)—y(t-2)
=(-1.722)y(t -1)— y(t -2)

z,(£) =2c0s(2.657)z(t —1)—z(t - 2)
=(=1.770)z(¢ - 1) = z(t - 2)

Tunsdldyaradifiesdusznauanud 40.125 kHz uaz 40.5 kHz agld

_27(40.125k) _,

it 96k
s w =2.651
96k

LAYANNITNAMNSUDIAYEUI1UAIAA 40.125 kHz tag 40.5 kHz Ao 1,(¢) wae z,(f) AuaIny

v, (£) =2c08(2.626) y(t — 1) = y(t —2)
= (=1.740)y(t 1) — y(t—2)
2,(£) =2008(2.651)2(t — 1) — z(t - 2)
= (~1.764)z(t - 1)~ 2(t - 2)

nsaldaunlorusznauaud 40 kHz uag 40.1 kHz agla

_27(80) _, 618

¥ 96k

p _2;;(40.1k)_2625
2 96k '
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[

AUz laaunITnan19vesd Yy 1aAINd 40 kHz wag 40.1 kHz A 1,(f) waz z,(?)

AUAIAU

,(1) =2c0s(2.618) y(t 1) — y(t - 2)
= (=1.732)p(t=1) - p(t—2)
2,(t) =2¢08(2.625)z(t - 1) — z(t - 2)
= (-1.738)z(t — 1)~ z(¢ - 2)

nyaldyundesnusznauanud 40 kHz wag 40.04 kHz agld

=220 L 618
96k
6, = 27(40.04k) 25621
96k

(%
YY)

AatuazlaaNnIINan19999d Y INAIND 40 kHz waz 40.05 kHz Aia y,(f) waz z,(1)

AUAIAU

v, () =2c0s(2.618)y(t = 1) — y(t - 2)
= (=1.732)y(t=1) = p(t=2)
z,(£) =2008(2.621)z(t 1) — z(t - 2)
= (~1.735)z(t ~ 1)~ z(¢ - 2)

= (Y

3.4.2 mstuiindyeyrunaziiounduu1andng

[ v 1 v v

Wod1ueanI1leldnniznuNingual dygIuaINa129gasounaunINfiIsu

dansilefin andudugruninaaziudunaliiuuesaussulana eazidiuninesa

Line In Tagluszninanissudygraiiasvioundunn dygrudasgnifudiunliludvives

Tnensdeulfaniunislusunsy Code Composer Studio (CCS) Fufiulusunsuiildsausu

usn DSP uandldwsguil 3.4
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A IC6713 DSKICPU_1 - C671x - Code Composer Studio

Fle ESt  View Project Debug GEL Option Profle Took DSPBIOS Window Hel

&ﬁl‘m"‘“ SR RhaRY S G Wi EE AL
[Adapien ¥ Project Tookar BT EIE-E .S ¥
w Edit Tookar
B 6 advanced Edk Tookar
w Linout Toolbar

i o Stats Bar
S ¥ Debug Tootars

= Phugrn Tockars
B " #include "DSK6713 AIC23.h"

™ - Uint32 f5=DSKE6713_AIC23_FREQ_SEKH!

md - #define DSK6T713_AIC23_INPUT_M!
Regaters » #define DSK6713_AIC23 INPUT_L

Perphersls Uint16 inputsource=DSK6713_AIC23_
#dwfine BUFFERLENGHT 256

ndex=0;
buf fer [BUFFERLENGHT ] :

oin ()

short sample_data:
short sample_datal:
short sample_datall:

FEGLIEE LY
g
£
4

na...] "CiCCStudio_vd. 1~C6000~cgtools bin~clex 2
n

Build Complete.
0 Errors, 0 Warnings. 0 Remarks.
TGt f Jlal} v

W o HALTED Cpant @ TermFracuancy Winddw. g, Cal 25

5U7 3.4 Wswnsu Code Composer Studio

Y

F9A1ANUIMUNNBSAIUITANNUALINNSITULAR Adlandls AD

#define BUFFERLENGHT 2048
int bufindex=0;
int out_buffer[BUFFERLENGHT];

Y
A o

e out_bufferBUFFERLENGHT] agldifmuanusmdvimles shufitmualsiawiniu

[ i

2048 9adayauaz bufindex Ae dvldmuwnusludiasiaznisiinualidwinesiiu

Ay aiiduImMmIswesa Line in aansauansly Ao

input=input_left_sample();
out_buffer[bufindex++]=input;
if(bufindex>=BUFFERLENGHT) bufindex=0;

1@ input_left_sample() Aodgaafisuidnumanesa Line in waziliodayyragniiulu

Y
Unwlosuanfazyinistuiinteyadulnd .dat

3.4.3 nsundyyIiuiinualiunsnsadinaEns

~ (% A (3 ~ o

Wedyaaiasviounduniaininguds dyarudazgniuiinl fidulwd dat e

[ 1 o

Foygradananuaiunismisadaanisielusunsy MATLAB laaisuusndeyginazgn

b Y

o o v = 14 [y 1 a '3 e 1 1
UNNYANTIAIEDY LW@IME‘I']@J’HQG]TN‘\]U?N’J’]@W]’]\‘]L‘V\I?Wl’e]\‘1ﬂﬂi%ﬂ@Uﬂ’J’mﬂ‘U\‘}LUUﬂ’J’]ﬂJm%‘i
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o w o

Audvesdya 2 Anudld andy fyanufignonidsassazgninluudasiFes el
WuaerUsznauresdyaaiinuinie

3.4.4 N13ATIVIUNANDUAUDINILNE

mimaﬁﬁfumamauauaqmqLv\lasuaqéi’fgzgmﬁazﬁauﬂé’uﬁmumﬁaﬂﬁflé’aaaqL.Lé”;ﬁ?u
anunsavilalaenisialusunsy MATLAB waenAwavesdeyaauming

3.4.5 N13ATUIUITLYZN

LYY [J

e uAIPNUAINELALEDY STazniIsaIndIsusans laliniuingausafIuIunile

9

TAgLLBLNUAT v LAY 346 M/s AT NSMAUAIIAIUDYINNUY 750 Hz AdUU Aw

Wiy 272(750) adluaunisdi 3.11 azlé

346A¢

=20 _0.037A¢ m,
2(27*750)

NSEIANNAN9ANUAWINAY 375 Hz 9gle

346A4

= 2V _0.073Ad m.
2(27*375)

NSAIANUANNANNAWINAY 100 Hz 9gla

346A¢

=——2F  _0.275A4 m.
2(27*100)

wazlunsainnuma1eauwingy 40 Hz azle

346A¢

=—22% _0.688A¢ m.
227 *40)

nefl Ag Ao ArANUANLWE (15LRBL)
3.4.6 VBULUATDINTITINTZULNY

WIB99INNITINTLEENIAENTTITANANUATNATUINGN DN USULTeINA 1ilp9a7nAN

o
1 [ [ o

ANUAIBNEIINAgaTaunsansdulada1vindy 7 deluinlsseeneninladisses

'
P

Ifalaedaunumanusilaniganansansdulatadluaunisi 3.11 agla
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ASAIAINURNANUDYINAU 750 Hz

__ D 1y5p,
2(27*750)

srEen1uIniananusainlaainnisldainusnaninud 750 Hz Zawvindu 0.115 wung

=Y

= ! dl ! U ! dl dl
NFUAINUANAUALNINY 375 Hz AIT88LNNNUINNEN AB

q

346(r)

=2 _0.23m,
2(27*375)

NIUANNANANUAVINAY 100 Hz Aszeenesiinnian Ao

Rk a LR P
2(27*100)

=

ATMANUANANMUDVIAU 40 Hz ANSZ8ENNALINTIdn A

9

346(x)

=—2% 2 16m.
2(27*50)
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NANT13INNADN

4.1 Aa1dn
luunilagnandmanisunasdlasazuuseandu 10 du Ao nsasauufgiuias
VPEUANNAFILAIELUTINT MATLAB N1591809n159n528en1aelUsunsy MATLAB 13

2ONLUUNITVIAaRIAENsTUTINNANTTInTEee e HansasdyansUleiniesduseney

z:{' ¥ o o

AuA 2 Awd wansTufinuagdudunissadnmansdygyuiiaziounduinaining

nann13nTIaTUNanevausanIanasaelUsLN s MATLAB nan15inszagmiafitiaue

AnnpinanmaassazmaUisuiisuiBnmshiave dnusiumAdeifedes

4.2 mié?ﬂauuﬁgmu,azmaauamagquﬁfwiﬂmﬂsm MATLAB
rouflagrnismaaesinszegnsiewuigeidansiledn Inendnusatuiliinnig

SauuRguLazvaguayigiusenissiaesuulusunsu MATLAB Ssisauufgiulunisin

svogmavesingiensldsanslelinfifinu 2 Ardsilinanuiil 39.85 kHzwag 40.6 kHz

Ineiingiainnandasunazididansnlednduszesnie 0.1 wes Asduainaunsi 3.11

anunsarunnatieaulslunisiuniuainiale Ao

2R _2(0.D)

4 =0.578ms
v 346

LazANANNTT 3.10 ¥lsranansasuasnalnusanavesrauly fe
A0 =Awt, =(27)(40600-39850)0.000578 = 2.724rad

Inendygrandsosnunainmasansilein dandulufseunis

x(t) = cos(2739850¢) + cos(27740600¢)

|
VYa v v v

mnderaunlasuunannsagvoudaiulanmivdanslainilainannis
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() = 0.7 cos(2739850¢ — 0.125) + 0.6 cos(2740600¢ — 2.849)

[

wazgavneinn1seniatanvesdyIn ¥(r) deazlasil

V2 (£) = 0.42[1 +%cos(27r79700t —0.25)+ cos(2780450¢ — 2.974)

+cos(27750t —2.724) + %COS(27Z'8 12007 —2.556)]

wagillavihnsulaseynsuylisesvesdynin y° (¢) iuesAUsENoUvedyyuinudT
750 Hz , 79.7 kHz, 80.45 kHz wag 81.2 kHz fuuansluguil 4.1n Hanauausmiuaras

doyauaudsnaninandlugun 4.1

magnitude response
400 T T T T T T T T T
- -
X075 H : X 80453 X812
Y. 350 ¥ 250
-

w
=]
[=2

W

2

magnitude
o
=3
=3

X797 ! 7
Y1225

1 i 1 ] ] ] ]
i} 10 20 30 40 50 B0 70 a0 an 100
frequency (kHz)

(n)

phase response
T

o

phase{radians)
=
1

1 I | 1 i 1
Q 0 20 30 40 50 60 70 a0 a0 100
frequency (kHz)

@)
5UN 4.1 napeuausmevauazivlaves yA(t) nawnyia FFT
(1) LAAIHANDUALDIVNTUIAYDINNAILA

() UAPINANBUAUBININAVRINNAIIL

[ [y

Toeludne19nusiasni1szeeN1991nAULANANLNE AU lRAudA AU

<

[

95U
Y

(3

QIUNBIAYTZTNBUAINUNAT 750 Hz FILAAINANDUAUDININVUIATULALULAIINDA

€

o

R S\

2n wazilofansanranauauasmamanaunil Fauwanslugui 4.2v wuirlle 2.724 rad

Famsaunvinnseuiuld
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v
LYY <

aetudunstiuduanuigiuinsaiunsainssezniwesingmenisidnnusmamaves

A o A ada ay v
ﬂau@a@]in“(jUﬂV]ll 2 ﬂ'ﬂ']llﬂl@

magnitude response
400 T T T T T T T T T

-
X075
Y- 350

magnitude
b
o
o
1

0 Il L 1 L 1 1 L L Il
0 01 02 03 o4 05 06 or 08 09 1
frequency (kHz)

(n)

phase response
4 T T T T T T T T T

phase(radians)
o b
T
=< =
B o
1

to
T
|

|
[
|
L
[
8
[

 — | - A r ANk A . ¥ =
01 02 03 04 0s 06 07 08 09 1
frequency (kHz)

()
5UN 4.2 nanauausmIuInLazinaved yA(t) waeannyin FFT 91w 750 Hz

(=)

(M) LFAINARDUAUDININVUIA

(V) WAAINANDUAUDIN LN

4.3 A1531809N15IN52EN19A281USINSH MATLAB

foufvgimsinsseymsedansleinlaomsltdyyragdlednianned 2 anud
FEN5VAABIIST 9¥NTEIaInIsinsTer s IENN T nnstaTUswnsY MATLAB tite
wanslifiulsyansnmuewdnnisfiviaue tasazsudenisnaasseendy 4 dw fie n1su
syogyannfgafisyfuanuieauddeiieg nsaldanusienud 50 Hz nsdlldaina
#19A2708 500 Hz wagnsaiauseanud 2 kHz

4.3.1 szwzmeunitgaifisuiuainudianlad
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750 Hz, 375 Hz, 100 Hz k&% 40 Hz

4.8.1 NSAIAUAINAINNNNY 750 Hz

= o
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A1999 4.1 AIRINEIINENTEHENIEEG LEDAMUFNAMUAYIINAY 750 Hz

FLULNINRI ANAMUAILNE (9961)

Gouhwns) | aSefi 1 | aSsfi2 | aSefis | S | aSsdis \ade
1 0.730 1.030 0.653 0.876 0.421 0.742
2 0.921 0.642 0.720 0.760 0.490 0.707
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A1999 4.1 (D) AANAIANENITEEENIRNEY LDANFNAMUAYINAY 750 Hz

FEYLNINIIN ANAUATINE (99A7)
(oufns) | aieli 1 | aSefi2 | aSefiz | adiia | adadi s \ade
3 0.819 0.823 0.794 0.836 0.806 0.816
q 1.028 0.970 1.010 1.160 0.935 1.021
5 1.320 1.365 1.341 1.374 1.420 1.364
6 1.597 1.705 1.582 1.666 1.785 1.667
7 1.843 1.885 1.953 1.933 2.010 1.925
8 2.150 2.182 2.174 2177 2.183 2.173
9 2.450 2.476 2.498 2477 2.424 2.465
10 2129 2.760 2.624 2.834 2.702 2.730
11 2.993 3.004 2.834 2.950 3.271 3.010
12 3.131 3.097 2.931 2.864 3.048 3.014
13 1.796 2.834 2.174 1.644 3.112 2.312
14 2.764 2.075 2.669 3.024 1.887 2.484
15 3.011 2.887 2.561 1.452 2.653 2.513
A151971 4.2 szeEmeitialddlennusnnauduiniu 750 Hz
- srzmeiiald (wuRwns) A
53831:'7\1%50 b o Y d A Y d b o 4 | Howanm
(URMIAT) | AT 1 | AN 2 | ASSNI 3 | ASIN 4 | AT 5 | ade %)
1 2.680 3.781 2.397 3.216 1.546 2724 | -172.40
2 3.381 2.357 2.643 2.790 1.799 2.594 -29.70
3 3.007 3.021 2915 3.069 2.959 2.994 0.19
q 3.774 3.562 3.708 4.259 3.433 3.747 6.32
5 4.846 5.011 4.923 5.044 5.213 5.007 -0.15
6 5.863 6.259 5.808 6.116 6.553 6.120 -2.00
7 6.766 6.920 7.170 7.096 7.379 7.066 -0.95
8 7.893 8.010 7.981 7.992 8.014 7.978 0.27
9 8.994 9.090 9.171 9.093 8.899 9.049 -0.55
10 10.019 10.132 9.633 10.404 9.919 10.022 -0.22




AN5199 4.2 (fi) TN InlaiaAUA1IIALDYINAY 750 Hz
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Awv Yy a
S2uLNNINte (WURLUAT)

- A1
FLYLNNDI -
A Y o g d g d Y o Y d 4 | HAWAIA
(wupwns) | AsN 1 | ASe 2 | aSan 3 | AseN 4 | Aa9 5 | 1ade %)
Yo
11 10988 | 11.028 | 10.404 | 10.830 | 12.008 | 11.052 -0.47
12 11494 | 11.370 | 10.760 | 10.514 | 11.190 | 11.066 7.79
13 6.593 10.404 7.981 6.035 11.425 | 8.488 34.71
14 10.147 7.618 9.798 11.102 6.927 9.118 34.87
15 11.054 | 10.599 9.402 5.331 9.740 9.225 38.50
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' ¢ ¢ a ~ ) a Yo a & 1 o
LLazmL‘Uaimummmm@wmmmsunuazszmwsqmmaaLLamimmgﬂw 4.29 LLRAUIN
FEYLNAILG 3 WwURunsTulUaswusanuianatndanlndifes 0 auiassaen19iiy

YDUIRVINITIANEATNNTT LU UARANAINAZTIANLN
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'
=

SWUAPIURANAIALRAY

(2

s

o

LHLN9959 (U.)

gﬂﬁ 4.29 N5INANUAUNUSTEIINITZHZNNIINUU DS UAANURANAINNTIAINUA

AUAWINAY 750 Hz

4.8.2 NIAIAUAINAMNAIINAY 375 Hz
nsailldyruaziiosAusznouaiug 40.5 kHz way 40.125 kHz lawszaznienuin

Ngafaunsaiala fe 23 wufwns laeagrinisiiudeyan1sinszoeneiaue 1 - 25

LURLIAT FIAIAUAI N EILLAATIUATTIN 4.3 LAZANTZZNINALLAANILUANSTIN 4.4

A9199 4.3 AIAINFANENTZUENANLDANANANAYINAY 375 Hz

FELYLNINIIN ANAUATILNE (99A7)

Goufns) | asaii 1 | adeiiz | adeis | adifia | adadi s \ade
1 0.188 0.127 0.420 0.311 0.254 0.260
2 0.280 0.280 0.273 0.315 0.305 0.291
3 0.430 0.420 0.433 0.372 0.575 0.446
q 0.555 0.486 0.520 0.522 0.488 0.514
5 0.605 0.619 0.682 0.730 0.631 0.653
6 0.760 0.759 0.736 0.762 0.801 0.764
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A19199 4.3 (siD) ANANAILINETNITZEZN19AN99) LHDANAINANDYINGY 375 Hz

FLUTN9DIY ANAUATNE (29A1)
(auhwns) | asefi 1 | aSsfi2 | aSefi 3 | eSefia | adedi 5 \ady
7 0.956 0.929 0.920 0.985 1.075 0.973
8 1.188 1.108 1.039 1.129 1.094 1.112
9 1.133 1.185 1.223 1.141 1.295 1.195
10 1.369 1.263 1.222 1.333 1.486 1.335
11 1.479 1.458 1.458 1.369 1.547 1.462
12 1.562 1.588 1.614 1.611 1.521 1.579
13 1.721 1.797 1.854 1.634 1.665 1.734
14 1.950 1.906 1.932 1.871 1.953 1.922
15 1.980 2.184 2.096 1.835 2.324 2.084
16 2.123 2.161 2.117 2.255 2.135 2.158
17 2.349 2.378 2.312 2.356 2.462 2.371
18 2.474 2.486 2.510 2.401 2.531 2.480
19 2.634 2.584 2.624 2.688 23555 2.617
20 2.614 2.711 2.734 2.697 2.655 2.682
21 2.882 2.811 2.808 2.982 2.979 2.892
22 3.024 2.993 2.961 3.032 3.112 3.024
23 3.071 3.043 3.107 3.122 2.902 3.049
24 3.024 2976 3.118 2.765 3.001 2977
25 2.768 2.538 3.067 1.864 2.553 2.558
A151971 4.4 szezmsitialddleninussnuAwiniu 375 Hz
- seaeneiidnld (auRiung) A
53831:"1%1’5\1 Y d Y d Y d Y d Y d 4 | Fewam
L UANT) | AT 1 | AT 2 | ASIN 3 | AT 4 | AT 5 | 1afe %)
1 1.378 0.931 3.084 2.283 1.865 1.908 -90.83
2 2.059 2.056 2.002 2.313 2.239 2.134 -6.68
3 3.157 3.086 3.180 2.729 4.224 3.275 -9.18
q 4.077 3.565 3.817 3.830 3.580 3.774 5.65
5 4.440 4.543 5.006 5.360 4.633 4.796 4.07




54

AN5199 4.4 (5iD) STazneNInlaliaAUANANNDYINAY 375 Hz

- spezainld (wuRnsg) A
5383‘1:!’1\‘1‘\1‘50 o & J & J Y o o 5 | Aewam
(WufRg) | AN 1 | AN 2 | AN 3 | ASSN 4 | AN 5 | Lade %)

6 5.580 5.571 5.403 5.595 5.881 5.606 6.56
7 7.021 6.819 6.754 7.231 7.893 7.144 -2.05
8 8.723 8.135 7.629 8.289 8.033 8.162 -2.02
9 8.319 8.701 8.980 8.378 9.508 8.777 2.48
10 10.052 9.273 8.972 9.787 10911 | 9.799 2.01
11 10.859 | 10.705 | 10.705 | 10.052 | 11.359 | 10.736 2.40
12 11.469 | 11.660 | 11.851 11.828 | 11.168 | 11.595 3.37
13 12.636 | 13.194 | 13.613 | 11.997 | 12.225 | 12.733 2.05
14 14318 | 13994 | 14.185 | 13.738 | 14.340 | 14.115 -0.82
15 14.538 | 16.036 | 15.390 | 13.473 | 17.064 | 15.300 -2.00
16 15.588 | 15.867 | 15.544 | 16.557 | 15.676 | 15.846 0.96
17 17.247 | 17.460 | 16.975 | 17.299 | 18.077 | 17.412 -2.42
18 18.165 | 18.253 | 18.429 | 17.629 | 18.583 | 18.212 -1.18
19 19.340 | 18973 | 19.266 | 19.736 | 18.760 | 19.215 -1.13
20 19.193 | 19.905 | 20.074 | 19.802 | 19.494 | 19.694 1.53
21 21.161 | 20.639 | 20.617 | 21.895 | 21.873 | 21.237 -1.13
22 22.203 | 21976 | 21.741 | 22.262 | 22.849 | 22.206 -0.94
23 22548 | 22343 | 22.813 | 22923 | 21.307 | 22.387 2.67
24 22.203 | 21.851 | 22893 | 20.302 | 22.034 | 21.857 8.93
25 20.324 | 18.635 | 22519 | 13.686 | 18.745 | 18.782 24.87

WIUNANTE YL NN EAANNA199 4.4 mwé‘ammwﬂ%uaﬂﬂﬁﬁqgﬂﬁ 4.30 Ingaziiula
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! PN 1 a Y Y a a |
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11NNIIANTZHLNIVBUAN AU TR LI A8ATNNTE UUAD SLEEN1UINATT 23 LYURLIAS
AL LN NNTR LAz IlA1M1991NTL L9959 aziilauUasisudainulanatnuInaaaL ey
UTEEEN19TUanlAfagun 4.31 lngiszaen1s 1 lwudwnsasiivesiguianuianain
[~ I a = v ya 1 a PN 1

WWUAIRAAU Mu18895288N19NIAbadAININNI1ITLEENI95 AT NTLEEN19UINNTT 23

wuRlesiUesisudauiana1ndziimunidoniniiureuunssegnvaEaiaansainld
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4.8.3 NIAUANUANAMUDIIMNY 100 Hz
nsflildyaasiiesdusenauadIud 40 kHz uag 40.1 kHz lagszegni1anungnii

a1u1503ale Ao 86.5 wuRwas lagagriinisiiutayanisinszesniefaue 5 - 100

WURLAT FIA1ANUAILNAITUAASIUNITIN 4.5 LagAIEYENINRLLENIIUA1S 19T 4.6

M990 4.5 AIAUFUNETTZHENIAIEG 1LDAMUANANUAWINAY 100 Hz

FEYLNINIIN ANAUATLNE (99A1)

Goufmns) | aseii 1 | aSefi2 | adefis | adifia | adadi s \ade
5 0.233 0.183 0.231 0.188 0.198 0.207
10 0.446 0.392 0.368 0.468 0.297 0.394
15 0.543 0.568 0.542 0.615 0.503 0.554
20 0.846 0.786 0.738 0.725 0.843 0.788
25 0.883 0.907 0.821 0.863 0.904 0.876
30 1.081 1.195 1.156 1.038 1.160 1.126
35 1.298 1.266 1.279 1.360 1.344 1.309
40 1.480 1.489 1.321 1.468 1.762 1.504
45 1.638 1.577 1.636 1.644 1.628 1.625
50 1.806 1.817 1.843 1.851 1.863 1.836
55 2.023 1.831 2.036 1.999 1.843 1.946
60 2.178 2.033 2.153 2.171 2.152 2.137
65 2.412 2.405 2633 2.357 2.442 2.390
70 2.467 2.548 2.450 2.463 2.541 2.494
75 2.798 2.759 2.729 2.802 2.756 2.769
80 2.894 2.967 3.020 2.946 2.905 2.946
85 3.040 3.134 3.087 3.090 3.020 3.074
90 2.764 2.412 2.116 2.601 3.021 2.583
95 1.942 2.564 2.667 2.941 1.765 2376
100 3.124 2.732 1.250 2.112 3.117 2.467
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AN5199 4.6 SEeEN9RIRlALlaANNAI9ANURWINAY 100 Hz

- seazneitiald (wuRiuns) A
5383‘1:!’1\‘1‘\1‘50 o & J & J Y o o 5 | Aewam
(WuRWng) | AN 1 | AN 2 | AN 3 | AN 4 | AN 5 | 1ade %)

5 6.415 5.039 6.360 5.176 5.452 5.688 | -13.769
10 12.280 | 10.793 | 10.132 | 12.886 8.178 | 10.854 | -8.538
15 14.951 15.639 14926 | 16.922 | 13.849 | 15258 | -1.717
20 23294 | 21.642 | 20.331 | 19962 | 23.211 | 21.688 | -8.439
25 24315 | 24973 | 22.605 | 23.762 | 24.891 | 24.109 3.564
30 29.764 | 32903 | 31.829 | 28580 | 31.939 | 31.003 | -3.343
35 35739 | 34.858 | 35.216 | 37.446 | 37.005 | 36.053 | -3.008
40 40.750 | 40.998 | 36.372 | 40.420 | 48.514 |41.411 | -3.527
45 45.100 | 43.421 | 45.045 | 45265 | 44.825 | 44.731 0.597
50 49.726 | 50.029 | 50.745 | 50.965 | 51.295 | 50.552 | -1.104
55 55.701 | 50.414 | 56.059 | 55.040 | 50.745 | 53.592 | 2.561
60 59.968 | 55.976 | 59.280 | 59.776 | 59.253 | 58.851 1.916
65 66.411 | 66.219 | 64.236 | 64.897 | 67.237 | 65.800 | -1.231
70 67926 | 70.156 | 67.458 | 67.816 | 69.963 | 68.664 1.909
75 77.039 | 75.966 | 75.140 | 77.150 | 75.883 | 76.235 | -1.647
80 79.683 | 81.693 | 83.152 | 81.114 | 79.986 | 81.125| -1.407
85 83.703 | 86.291 | 84.997 | 85.079 | 83.152 | 84.644 | 0.419
90 76.103 | 66.411 | 58.261 | 71.615 | 83.179 | 71.114 | 20.984
95 53471 | 70.597 | 73.432 | 80.977 | 48.597 | 65.415| 31.142
100 86.015 | 75.222 | 34.417 | 58.151 | 85.823 | 67.926 | 32.074

LWUNASLEEN9NRNNA15199 4.6 mwé‘ammwwr\wl,l,amié’ﬁqgﬂﬁ 4.32 99219U70
SLELN WAL LULI 5 — 85 bauURLUASHANINALASITUTZEE NI4T kAbUT9 90 — 100
WURLLATTUTUTZEENITAUANNANTALUNTIAM835N5T Seeen1afleaziianlinsadiu

SLYLNINTY
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4.8.4 NSAUAINAINAINAYINNY 40 Hz

o) 7 (3

nsaltldeyeynaziiesrusenauadnud 40 kHz wag 40.04 kHz lagszesn1eiiunfignii

o

¥

ausadald Ao 216 wuhwas tagazvinnisiiudeyanisinszesn1esiue 10 - 230

WURALAT FeA1ANUAIUNEzLEATlUANTIN 4.7 LagASTENITLandluns19n 4.8

dl U 1 dl U d‘ 1 dl ! U
f19199 4.7 mmmmqmamzasmqmm LBAIUAINAIUALNIAY 40 Hz

FEYLNININ ANANUATINE (9977)

Goudmns) | aSefi 1 | aSefiz | adefis | adifia | adadi s \ade
10 0.193 0.073 0.125 0.152 0.149 0.138
20 0.255 0.286 0.237 0.311 0.243 0.267
30 0.401 0.366 0.554 0.445 0.563 0.466
40 0.573 0.506 0.588 0.668 0.565 0.580
50 0.650 0.723 0.852 0.647 0.792 0.733
60 0.802 0.940 0.876 0.837 0.980 0.887
70 =G5 1.087 1.001 1.053 1.095 1.058
80 1.319 1.180 1.152 1.134 1.087 1.174
90 1.317 1.266 1.333 1.326 1.398 1.328
100 1.435 1.413 1.435 1.425 1.410 1.424
110 1.315 1.566 1.462 1.584 1.672 1.520
120 1.812 1.764 1.861 1.735 1.795 1.793
130 1.902 1.979 1.977 2.054 1.924 1.967
140 1.981 2.158 1.990 2.097 2.143 2.074
150 2.187 1.806 1.755 2.204 2.152 2.021
160 2.045 2.371 2.410 2.244 2.213 2.257
170 2.533 2.428 2.505 2.465 2.587 2.504
180 2.695 2.628 2.590 2.664 2.653 2.646
190 2.704 2.523 2,727 2.755 2.816 2.705
200 2.925 2.701 2.841 3.215 3.017 2.940
210 3.128 2.854 3.115 2.840 3.104 3.008
220 2.905 3.124 3.004 3.016 2.975 3.005
230 3.109 2.461 2.220 2.374 3.108 2.654




AN5199 4.8 SEeEnanInlaLlaANUAN9ANURWINAY 40 Hz

60

- seazneitiald (wuRiuns) A
5383‘1:!’1\‘1‘\1‘50 y d & J Y 4 y d  J 5 | Wewann
(WuRWng) | AN 1 | AN 2 | AN 3 | AN 4 | AN 5 | 1ade %)

10 13.29 5.01 8.60 10.46 10.26 9.53 4.75
20 17.58 19.69 16.32 21.41 16.73 18.35 8.27
30 27.59 25.21 38.13 30.63 38.75 32.06 -6.87
40 39.44 34.82 40.50 4597 38.89 39.92 0.19
50 44.76 49.75 58.63 44.55 54.49 50.44 -0.87
60 55.17 64.72 60.33 57.58 67.42 61.05 -1.74
70 72.62 74.82 68.90 72.48 75.37 72.84 -4.06
80 90.79 81.22 79.30 78.06 74.82 80.84 -1.05
90 90.65 87.14 91.76 91.27 96.23 91.41 -1.57
100 98.78 97.26 98.78 98.09 97.06 97.99 2.01
110 90.52 107.79 100.64 | 109.03 115.09 | 104.61 4.90
120 124.73 121.42 128.10 | 119.43 12356 | 123.45 -2.87
130 130.92 | 136.22 136.09 | 141.39 132.44 | 135.41 -4.16
140 136.36 | 14854 | 136.98 | 14435 | 147.51 | 142.75 -1.96
150 150.54 | 12431 120.80 | 151.71 148.13 | 139.10 7.27
160 140.77 | 163.21 165.89 | 15446 | 152.33 | 155.33 2.92
170 174.36 167.13 172.43 | 169.68 178.07 | 172.33 -1.37
180 185.51 180.90 178.28 | 183.37 182.62 | 182.14 -1.19
190 186.13 173.67 187.71 189.64 | 193.84 | 186.20 2.00
200 201.34 | 185.92 19556 | 221.30 | 207.67 | 202.36 -1.18
210 21531 | 196.45 | 214.42 | 19549 | 213.66 | 207.07 1.40
220 19996 | 215.04 | 206.78 | 207.60 | 204.78 | 206.83 5.98
230 214.01 169.40 152.81 163.41 | 21394 | 182.71 20.56

WinATEEENelaINm3N 4.7 Indennswazuandlanaguil 4.34 laeannsu
ALUINTZOLNNUDENT 100 WURLIAT A1T28ENNTIAledAN INALAEI I USZELN19939 du
Tue19 110 - 210 WwuRATSEEEN PR lAlszazn1aRaNa ANty Lelugg 220 -230

LURUATTIAUVDUIANITIASLHLNITUY 528ENNIALPLAIRANAIAUIN
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Wanldlunsadredyaleidsussn TMS302C6713

#include "DSK6713 AIC23.h"

Uint32 fs=DSK6713 AIC23 FREQ 96KHZ;

#define DSK6713 AIC23 INPUT _MIC 0x0015
#define DSK6713 AIC23 INPUT _LINE 0x0011
Uint16 inputsource=DSK6713 AlC23 INPUT_LINE;
#define BUFFERLENGHT 256

int bufindex=0;

int out_buffer[BUFFERLENGHT];

void main()
{
short sample_data;
short sample datal;
short sample datall;
register float y3,y2,y,2,22,73;
comm_poll();
y=1200;
z=1200;
while(1)
{
y3=y2;
y2=y;
y=(-1.75*%y2)-y3+10; //Bsumanunuafidesnns
z3=72;
z2=7;
z=(-1.77*22)-z3+10; //ABuAmanudfideinis

sample_data=(y+2)*10;
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output_left sample(sample_data);

input=input_left_ sample();
out_buffer[bufindex++]=input;

if(bufindex>=BUFFERLENGHT) bufindex=0;
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Taan g lun1swaninanavduawmwnanelusunsy MATLAB

% signal fie dyanaiBunesnunannisifiulng dat
L=length(signal);
all=fft(signal);

P2 = abs(all/L);
P1 = P2(1:L/2+1);
P1(2:end-1) = 2*P1(2:end-1);

Pd=angle(all),
P3 = P4(1:L./2+1);
P3(2:end-1) = P3(2:end-1);

f = fss*(0:(L/2))/L;

subplot(2,1,1);
plot(f,P1,'k’);
xlabel(frequency (Hz));
ylabel('magnitude’);
xlim([0 1000]);

subplot(2,1,2);
plot(f,P3);
xlabel('frequency (Hz)");
ylabel('phase (radians)’);
xlim([0 1000));
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Ultrasonic Frequencies
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Abstract—This paper proposes a simple method of distance
measurement utilizing phase difference of two reflected
ultrasonic frequencies. To obtain the phase difference, an
alternating signal which contains two sinusoidal signals having
different frequencies is fed to an ultrasonic transmitter. When
the transmitted signal is reflected and received by the
ultrasonic receiver, the received signal is first squared. Then, a
time shift property of Fourier transform is applied to the
squared signal to acquire the phase difference. The phase
difference is converted to a time-of-flight (TOF) value and
turned to the distance. To experiment the proposed technique,
a DSP TMS620C6713 board is employed to generate the
alternating signal as well as to receive the reflected signal, and
to process the received signal. In the experiment, two
sinusoidal signals having frequencies of 39.85 kHz and 40.6
kHz are used. The results show that the obtained distance by
the presented approach has fairly low error only 0.15
centimeters compared to the actual distance.

Keywords-component; distance measurement; ultrasonic;
Phase difference; phase shift

I. INTRODUCTION

In distance measurement, most sensors, such as radar [1],
laser [2] and infrared [3], are used. However, for short
distance measurement, an ultrasonic sensor is a preferable
option because of its cheapness, availability, high accuracy.
In addition, the ultrasonic sensor has lower side effect to
humans than some sensors using electromagnetic wave.

To measure distance based on an ultrasonic sensor, either
a time-of-flight (TOF) method [4-7] or a phase-shifting
technique [8-10] is applied.

For the TOF approach, time travelling from the ultrasonic
transmitter to an object and bouncing off the object back to
the ultrasonic receiver is measured. After the TOF value is
acquired, the distance between the object and the ultrasonic
receiver is computed. Although the TOF technique is simple,
the actual reflected signal is difficult to detect. Besides, the
TOF scheme is not applicable in noisy environment as the
reflected signal level is low and sensitive to noise [11].

On the contrary, the phase-shifting method measures the
phase difference between the transmitted signal and the
received reflected signal. Then, the phase difference is
calculated the distance. By wusing the phase-shifting
technique, the influence of noise interference is lessened. In
[8], the phase-shifting approach is combined with the

978-1-5386-6349-3/18/$31.00 ©2018 IEEE

amplitude modulation (AM) to enhance the accuracy of the
measured distance. Nonetheless, the phase-shifting technique
can detect the phase difference only 2pi. With this drawback,
the distance can be measured in a short range. To resolve this
problem, calculating phase difference from two sinusoidal
signals having different frequencies has been presented [9].
Hence, the length of the measured distance is longer than
that of employing the traditional phase-shifting method.
Later, the phase-shifting method is slightly enhanced by
using an alternating signal having multiple frequencies [10].
With slightly improvement, the measured distance is
increased due to the phase difference can be detected in a
wider range. Even though the techniques of [8-10] improve
the measured distance but these methods require the
transmitted signal as the reference signal to determine the
phase shift. Thus, the transmitted signal needs to be kept.
More memory is needed.

In this work, the distance measurement by using phase
difference of two reflected ultrasonic signals having different
frequencies is proposed. To reduce the complexity in phase
shift calculation in [8-10], the received reflected signal is
first squared. Then, a time shift property of Fourier transform
is applied to the squared signal to get the phase shift. By
using the presented technique, the reference signal (the
transmitted signal) is not needed to be stored in order to find
the phase shift. All of the processes are performed on DSP
TMS620C6713 board.

This paper is organized as follows. In section II, the
proposed technique is described. Next, the system
implementation is provided in section III. Section IV
illustrates the experimental results. Lastly, section V is
devoted to the conclusion.

II. PROPOSED TECHNIQUE

In modern signal processing, the principles of signal and
system play an important role to describe any response signal
that happens or some response signals that have not been
clearly studied especially the components of those signals.
Generally, any periodic signal containing frequency
components is assumed to generate from combined
sinusoidal signals which have different amplitude, different
frequencies, and different phases. To understand the
frequency components of the periodic signal, the
mathematical model of Fourier series is described. The

periodic signal, £(¢) , with a period T is expressed as
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f@&)=a,+ ian cos(nat) +sin(nawt) (1)
where
_2z
I’ (1a)
=2zf
a, :%jf(f)df (1b)
a, = EJT‘ f(®)cos(nawt)dt
Ty (lc)
b, = %':[ f (@) sin(nwt)dt (1d)

For a non-periodic signal, the frequency components of
the non-periodic signal are also explained by Fourier
transform. The non-periodic signal, x(z) , is modelled by

X(w) = j x(H)e ' dt Q)
where X(w) is the spectral density of the non-periodic
signal.
In this work, three important properties of Fourier
transform namely, time-scaling, frequency shifting and time-
shifting are focused, as shown in (3)-(5).

x(ct) <L>i X&) Q3)
el e

x(t)e’ <L X(0-w,) (4)

x(t—t,) <> X (w)e ™™ 5)

To use the given Fourier transforming properties, the
distance measurement is presumed to be a linear non-
distortion system. When a signal, x(¢) , is transmitted from a
transmitter through air to hit an object (see Fig.1), the
reflected signal , x(r—7,) , received at a receiver is

manifested by (6).

y(t) = Ax(t—1t,) (6)

From (6), y(¢) is the received signal which is the
multiplication of the reflected signal, x(#—¢,) , which is

delayed by ¢, , and the attenuating gain, 4 , generated by the

air. Later, (6) is transformed to a frequency domain using (5).

(6) is rewritten as (7).

Y(w) = AX (w)e /™ (7
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The relationship in (7) shows that the system having no
distortion consists of two important properties as follows.
First, gain is constant in every frequency component. Next,
phase shifting is directly proportional to the multiple of
frequency and the delayed time as shown in (8).

9(60) = —C()[d (8)

If the signal, x(7) , is an input monotone signal expressed
by (9), the output, y(¢) , produced by the non-distortion
system is recast in (10).

x(t) = 4 cos(wit) 9)
(10)

is the time travelling of the

y(t) = 4, cos(a ~ ot

According to (10), ¢

d
ultrasonic signal from the transmitter to the receiver. If 7, is

detected, the distance of object can be calculated. Using the
monotone signal can measure distance in a short length, and
require a reference signal to compare the phase difference
with the reflected signal. To resolve the mentioned
drawbacks, an alternating signal, x(¢) , consisting of 2

frequencies written in (11) is transmitted instead of
employing only one frequency signal. At the receiver, is the
output of the system (the reflected signal from the object)
yielded in (12).

x(¢) = A cos(wyt) + A cos(a,t) (11
(12)

From (12), ¢ =wt, and ¢, = w,¢, are the phases of

w(t) = A cos(awyt — @)+ A, cos(ant —¢,)

those two signals relating to the effect of 7, , respectively.

To compute the value of the delayed time, ?, , (12) is
squared producing (13).
2 2 1 &N
v (t)=4 {1+ Ecos[2a)1t -24]

+cos[(@, +@,)t — (4 +$,)]

+cos[(a, —w,)t — (¢ — ¢,)]
+ %cos[2a)2t -2¢,1}

(13)

SYSTEM

N\

INPUT OBJECT]

TRANSMITTER
Sy

RECEIVER

OUTPUT

J
Figure 1. The system of distance measurement using ultrasonic.
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Figure 2. Block diagram of the system.

As can be observed in (13), the phase difference of the
two signals is revealed at the third term on the right side

which isAg =@ — ¢, = wt, —w,t, . By using the Fourier
transform, a value of time of flight (delayed time) is
calculated by

V44

t
“ Ao

(14)
where Aw is @ —, . Lastly, the distance of the object
and the transmitter is computed from the time of flight as
shown in
R _ A
2 2Aw

15)

where v is ultrasonic velocity travels through the air which is
approximately equal to 340 m/s.

III. IMPLEMENTATION

The distance measurement system using two frequencies
of ultrasonic is shown as a block diagram in Fig.2. This
paper uses a digital signal processing board TMS320C6713
to generate an alternating signal containing two sinusoidal
signals at the frequencies of 39.85 kHz and 40.6 kHz. Then,
the generated alternating signal is fed to the ultrasonic
transmitter as an input. When the transmitted signal bounces
off the object, the transmitted is reflected back to the
ultrasonic receiver. After that the received signal is squared
by the DPS board. Next, the phase response is detected at the
low frequency component by taking a fast Fourier transform
(FFT) to the squared signal. Finally, the distance between the
object and the ultrasonic receiver is calculated from the
phase difference.

IV. SIMULATION AND EXPERIMENT

A.  Simulation

To verify the proposed technique, the environment
settings are simulated in MATLAB. In the simulation, the
measured distance is set to 0.2 meters. According to (15), the
time of flight travelling through the air is calculated as (16).

, 2R _2(02)

” =1.18ms (16)
% 340

By substituting (16) into (14), the phase difference of the
two transmitted frequencies is pre-computed in (17).

AG=Awt,
= (27)(40600—-39850)0.00118 (17)
=2.419rad

Next, the transmitted signal is simulated using (18).
x(¢) = cos(27£39850¢) + cos(2740600¢) (18)

Later, the attenuation in the air is arbitrarily randomized.
Hence, the reflected signal at the receiver is expressed by

(19).
¥(£) = 0.7 cos(2739850¢ —0.1445)

19
+0.6cos(2740600¢ —2.563) (19)
Lastly, y(¢) in (19) is squared giving (20).
V() = 0.42x[1+ % cos(2779900¢ —0.289)
+cos(2780450¢ —2.708)
(20)

+c0s(27750¢ —2.419)

+%cos(27r81200t—1.984)]

After squaring y(¢), (20) is transformed to a frequency

domain by FFT. The frequency components of the received
signal, which are 750 Hz, 79.9 kHz, 80.45 kHz and 81.2 kHz,
are illustrated in Fig. 3a. Also, the phase response of the
reflected signal is depicted in Fig.3b. In Fig.3¢c shows that the
phases of the frequency components at 39.85 kHz and 40.6
kHz equal to 0.1455 rad and 2.563 rad, respectively. By
subtracting 2.563 rad by 0.1455 rad, the phase difference is
approximately 2.418 rad which is close to the pre-computed
phase difference in (17) indicating that the proposed method
is usable.

However, in this research, the distance is calculated from
the phase difference of the frequency component at 750 Hz
because its phase response is 2.419 rad matched with the pre-
calculated phase difference.
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Therefore, the simulation is proven that the distance of
the object can be calculated from the phase difference of two
reflected ultrasonic frequencies.

B.  Experiment

The experiment is set according to the block diagram of
system which is shown in Fig.2. The TMS320C6713
generates the alternating signal having two sinusoidal signals
at frequencies of 39.85 kHz and 40.6 kHz. This generated
signal is fed to be the input of the ultrasonic transmitter as
exhibited in Fig.4. The blue signal is the transmitted signal
and the red signal is the received signal. By comparing the
transmitted signal from DPS board with Fig.5 which is the
simulated transmitted signal in MATLAB, it is seen that
those signals are similar. Thus, the generated signal from the
DSP board is proven to be correct.

magnitude response
400,
X075 X: 80.45 |
@ 300 Y:3 ¥: 350
3
= 7 X: 812
€ 200 X797
y-1225 || Y- 250
100 1 -
1) =
0 10 20 30 40 50 60 70 80 90
frequency (kHz)
(a)
phase response
4 BT = —— E Tt T T
@2 ! 1
z N
g0 1
T |l
o
£\ _
4 | i i i i i
4] 10 20 30 40 50 60 70 80 90
frequency (kHz)
(b)
magnitude response
400 T T T T T T
| X075
300 Y: 350

magnitude
]
Q
(=]

(=]
=]
ol s B

o

! L
0.2 03 Q04 0.5 06 Q7 0.8 09
frequency (kHz)

©

phase response

o
o

4
4

2 X:0.75 1
Y:2.419
0.

phase(radians)

)
T

b

o

01 02 03 04 05 06 07 08 08 1
frequency (kHz)

(d)

Figure 3. Magnitude and phase response of y2 (¢) after applied FFT:

(a) Magnitude response of every frequency,
(b) Phase response of every frequency,
(c) Magnitude response at 750 Hz and

(d) Phase response at 750 Hz.
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Figure 4. Generated signal from TMS320C6713 board.
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Figure 5. Simulated signal from MATLAB.

After squaring the received signal, the frequency
components of the squared signal are computed by applying
FFT. To reveal the frequency components of the squared
signal, a Code Composer Studio (CCS) program is utilized.
The CCS is the program used run on the DSP board to plot a
signal spectrum. By using this program, the components of
the generated signal at 39.85 kHz and 40.6 kHz are
illustrated on the right side of Fig. 6. At the same time, the
desired component at 750 Hz (Aw) is appeared on the left of
Fig. 6.

The phase difference composed by CCS which leads to
the distance calculation is shown in Fig.7. With the resulting
phase difference in Fig.7, the measured distance from 3 — 10
centimeters is calculated and shown in Fig.8. From Fig.§8, the
relationship between the distance and the phase different
from the experiment is written as

R, =03A¢ @D

where A¢ is the phase difference and R is the actual distance.
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Figure 6. The frequency components of the squared received signal from
Code Composer Studio program.
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Figure 7. Phase difference from Code Composer Studio program.
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After that, the measured distance is computed from the
phase difference. Fig.9 manifests the comparison of the
actual distance and the measured distance from the
experiment. By contemplating Fig.9, it is observed that the
measured distance at each length is close to the actual
distance. From Fig. 9, the measured distance and the actual
distance is formed the relationship in

Ra = 1 * 1]em (22)

where R is the distance measured by the presented technique

and R is the actual distance.

V. CONCLUSION

This paper proposes a simple method of distance
measurement. The phase difference of two reflected
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ultrasonic frequencies is applied to measure the distance. The
system uses TMS620C6713 board to generate an alternating
signal having two sinusoidal signals with different
frequencies of 39.85 kHz and 40.6 kHz. This signal is then
fed to the ultrasonic transmitter as the input. After the
transmitted signal reflects from the object to the ultrasonic
receiver, the received signal is squared and a FFT takes on
the squared signal. Then, the phase difference of different
frequency component at 750 Hz is detected. Finally, the
distance of the object is calculated from the phase difference
value. In the experiment, the distance from 3 to 10
centimeters is measured. The experimental results show that
the error of the measurement is only 0.15 centimeters which
exhibits the efficacy of the proposed method. The advantages
of the presented technique are as follows. The reference
signal of the transmitted signal is not needed. Thus, no extra
memory is required. Also, the proposed approach uses only
the DSP board which provides the simplicity.
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