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Analytical and experimental comparisons between the
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Denmark
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Electrical and Computer Engineering Department, Worcester Polytechnic Institute, Worcester,
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(Received 7 March 1995; accepted for publication 25 July 1996

In previous publications, a new echo-ranging Doppler system based on transmission of repetitive
coherent frequency-modulatédM) sinusoids in two different implementations was presented. One

of these implementations, the frequency-modulated—frequency-shift measuré¢ridrfsm)

Doppler system is, in this paper, compared with its pulsed-wave counterpart, the pulsed-wave—
time-shift measuremer(PW-tsm Doppler system. When using transmitted PW and FM signals
with a Gaussian envelope, the parallelism between the two systems can be stated explicitly and
comparison can be made between the main performance indices for the two Doppler systems. The
performance of the FM and PW Doppler systems is evaluated by means of numerical simulation and
measurements of actual flow profiles. The results indicate that the two Doppler systems have very
similar levels of performance. @996 Acoustical Society of America.

PACS numbers: 43.80.\[FD]

LIST OF SYMBOLS t(™ =2d"/c, ultrasound round trip travel time for scat-
Bo =f,—f,, frequency excursion of transmitted signal terer at the onset of transmission number
B,.. rms bandwidth of transmitted signal tm measure of rate of oscillations of theh spectral
D nominal range cross-correlation function in the FM—fsm Doppler
AD axial range cell distance defined by signal process- system
ing t{V =t("W—t, difference between acoustic delat")
d™ =d©+»nT,, range of scatterer at the onsetrh and system delayt)
transmission tm time duration of transmitted signal
fo center frequency of transmitted signal; for FM: T, pulse or sweep repetition time
fo=(f1+1,)/2 ts =2D/c, time delay corresponding to nominal range
fy “start” instantaneous frequency of transmitted Ty =2AD/c, duration of time window in tsm signal
sweep signal@t=0) processing
f, “stop” instantaneous frequency of transmitted v velocity component of targéscatterer along ultra-
sweep signal@t=t,) sound beam
Af, =17,Sy, change in position frequency between two vy;,s  aliasing velocity in a psm Doppler system
consecutive fsm spectra a form factor for Gaussian envelope
£ =(t(W—1.)S,, position(or centey frequency of the ag =2(alt,,)?, combined form factor
fsm spectrum B =(c—wv)/(c+v), Doppler compression factor
fu =(2AD/c)S,, width of spectral window in fsm sig- ¥ frequency shift in cross-correlation function
nal processing T =2vT,/c, change in round-trip travel time between
Sy =By/t,, sweep rate of transmitted FM signal consecutive received signals
INTRODUCTION Doppler in which a series of short bursts of ultrasound en-

The noninvasive assessment of blood flow with Doppler€rgy is transmitted. From the Doppler compression of the
ultrasound is, today, a standard technique in hospitals andackscattered signal from the moving red blood cells, the
clinics. It is used extensively for studying cardiac hemody-velocity of the blood can be estimated. This may be done
namics and the flow pattern in arteries and vei@s)., ca- Wwith either the convention&i® technique, based ophase-
rotid artery. The prevailing technique is P\Wpulsed-wave  shift measurementPW—psnf) or with a newer technique,
utilizing time-shift measuremefPW—tsm.*=8
3Electronic mail: wilhjelm@it.dtu.dk However, the use of sound bursts of short time duration
YElectronic mail: pedersen@ee.wpi.edu results in a high peak transmitted power. To reduce this, but
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ST " pya | . ;

transducer

FIG. 1. Sketch of idealized measurement situation. A single scatterer is moving with velgeaiyally along the axis of the transmitted beam in the direction
away from the transducer. It is located at ran® att=0 andn=0. The nominal rangeD, will be introduced in Sec. lIl. To the left, one transmitted signal
with the corresponding received signal is shown.

at the same time maintain the wide bandwidth of the transt. THE TRANSMITTED SIGNAL

mitted signal, several types of coded transmission signals _ .

have been devised, suchmmdom nois&® and pseudoran- The transmitted signal for the FM Doppler system con-
dom noisé“*2A common element in these approaches is thesists of a series of linearly frequency-modulated sinusoids
use ofphase-shift measuremeritsthe signal processing. In (sweeps with a.Gaussi.an envelope func_ti.on that is truncated
contrast, the Doppler system presented here utilizes cohererfnj?, be zero outside tf(\je intervidit, ] .Spgcmcally, a sweepdof
repetitive frequency-modulate&M) signals as transmission 9Uration tm _secr:)n Sh Is transmitted every, sehcon S
signals where the velocity information may be extracted ei{ Tr=tm): Tr is thus the sweep repetition time. The entire
ther with phase shift measuremdfM—psm or frequency- transmitted signal consists of a total bfindividual sweep
shift measuremerEM—fsm).1>14The signal theory and sys- signals, labeled 0 t&.—1. A given transmitted signal and
tems description for these two versions of the FM Dopplercorrespo_ndl)ng received signal are denoted by the
system were presented in two previous papetait was superscrigf?, but as all the individual transmitted sweeps
shown that the FM—psm and FM—fsm Dopplerteéhniques iare identical, then notation is only used for the received
several respects are analogous to the PW—psm and PW_tssfirgnals. In the following derivations, local time—denoted

techniques, respectively. Simultaneous transmission and r&=_iS used, which means thet0 at the onset of each trans-

ception is generally utilized in the FM Doppler system, '[husmitted Sweep. The transmitted sjgnal fgr the PW DOF’P"?r
requiring a dual transducer system system consists of a corresponding series of short duration

In this paper, the FM—fsm technique will be contrastedPUrsts. also with a Gaussian envelope, with a burst interval

analytically and experimentally with the PW—tsm technique,Of T seconds.

as FM—fsm appears to offer unique advantages over FM— For the purpose of deriving analytic so_lutions to the _sig-
psm, such as reduced influence of medium attenuation. Ij&!S and parameters, generated by the signal processing of

addition, the PW—tsm and FM—fsm techniques have the pot_he received signals, Gaussian enveloped signals extending

tential of avoiding the velocity aliasing phenomena, knownCVer the interval —oe;o<[ will be used, so that one transmitted

from psm signal processing. By weighting the transmittecSi9na! can be expressed in the following form:

signals with a Gaussian envelope, closed form expressions o2 t )2

are obtainable for the relevant signals, spectra, and crosg(t)=Re{§¢t)}=Re{ ex;{—z(t— (t— 5"1) }

correlation functions for both FM—fsm and PW-tsm. Fur- m

thermorg, the Gaussian envelop_e gives a fairly _realistic rep- X ex | (2mft+ 7Set2) ]}, (1)

resentation of the electro-acoustic transfer function of actual

broadband transducers. Exploiting the parallelism betweewhere tilde " ) denotes complex variables and R¢ ex-

the FM—fsm and the PW-tsm Doppler systems, it is showrracts the real part. An example of this signal is shown in

that the two main performance indicésnge cell size and Fig. 1. In(), t,, is thetime durationof the truncated sweep

accuracy in the velocity estimatipare comparable. signal used in the actual implementation.d£3, then the
The paper contains the following parts: In Sec. |, thevalue of the envelope function a0 andt=t,, will be

mathematical expressions for the transmitted signal for botk=1.1% of the maximum value obtained tatt, /2. This «

FM and PW Doppler systems are stated together with exvalue is also used by Harri§ With an appropriate choice of

pressions for the rms bandwidth. In Sec. Il, the receivedy, such as the one used above, the difference betggén

signal for a single scatterer is given, and the FM-fsm Dop-as given in(1), and the truncated.(t), used in the actual

pler system is analyzed and contrasted with the PW-tsimeasurement system, is negligible. The analytical results

Doppler system in Sec. lll. Section IV describes the parallelwill be derived from the untruncateg,(t) where it is as-

between the two systems and argues that the performansemed that each set of transmitted and received signals is

indices are roughly identical. Finally, simulation results andunaffected by thé —1 other sets. For the complex version of

experimental results are presented in Secs. V and VI, respethe sweep signal,(t), it is seen that the instantaneous fre-

tively. guency at=0 is f, and the instantaneous frequency at ,
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is f,=f,+ Spt,,,. These two frequencies are hereafter calledtrated in Fig. 1. A single scatterer, with a frequency-
start and stop frequencies, respectively, as they indicate theindependent backscattering coefficientis moving axially
sweep range in a physical system. Thequency excursign away from the transducer with velocity. The termback-
produced duringt,,, is thusBy=f,—f,. The center fre- scattering coefficienis here chosen to mean the ratio of the
qguency of the spectrum of the signal(i is fo=(f,+f,)/2  transmitted pressure amplitudelane wave to the received
which, in general, is assumed to be equal to the center fregpressure amplitude, at the location of the receiving trans-
quency of the transducer. It is finally noted that a PW exci-ducer. As shown in Fig. 1, the range of the particlel® at
tation signal can be obtained froft) by settingS,=0, re- t=0 andn=0. The propagation speed of sound in the me-
placingf, with f, and using a much smalléy, value, chosen dium between the particle and transducec,sand the me-
to match the PW bandwidth with that of the sweep signal. dium is assumed to be perfectly elastic. The scatterer is as-
The magnitude spectrum of a signal with a Gaussiarsumed insonified with a plane-wave pressure field from the
envelope is Gaussian as w&llThe rms bandwidth8in Hz ~ transducer, the time dependence of which is described)by

of 9,(t), as given in(1), can be found to B For the signal analysis performed here, the bandlimited sig-
T 5 nal, g.(t), is applied to the transducer which is assumed to
B _ \/foc fElGy(f)]" df have a flat frequency response. In contrast, a constant ampli-
FM,ms I7,1G(f )2 df tude sweep signal is applied in the physical implementation
where the shaping of the envelope of the received signal—in
BS a? the paper assumed to be Gaussian—is introduced by the
“\Nozt5322 ) bandlimited frequency response of the transducer. Under the

8a? 272 oy . . . : : : .
, given assumptions, theth received signal is a time-shifted

where G,(f ) is the spectrum of,(t). It is seen that the and Doppler-compressed replica of theh transmitted
bandwidth expression combines contributions from both thesignal®
signal parameterg,, and «, and from the frequency excur-
sion.Bo. - . g§“>(t)=rgt[ﬁ(t—2
From (2), it is seen that the rms bandwidth of a trans-
mitted PW signalB,=0) is where B=(c—v)/(c+v) (B is the reciprocal of the3 de-
1 « 1 1 fined in Ref. 15 is the Doppler compression factor, and

(3  d™=d@+ynT, describes the range of the scatterer at the

onset of thenth transmission. Applyingl) to (7) yields the
wheret,, py is the duration of the transmitted PW burst andreceived signalg{"(t), where it is assumed tha(t) in (1)
tmpw.ms= tm pw/(1/8a) is the corresponding rms duratiéh. ~ only exists in the time interval @t<t,:
To make a valid comparison between the two Doppler tech- Bd™ 1 \2
nigques, the operating conditions must be identical, which, gﬁ’”(t)zRe(r eXF{ﬂXe(ﬂt—Z __m) }

dm
) ) @)

C—v

B = = '
PW.rms V2 tm,PW 4 tm,PW,rms

among other things, requires the same bandwidth of the c—v 2
transmitted signals. Thus applyirBgy ms=Bpw, ms 10 (2) 2g(m
and (3) yields Xexp{j 277f1,8(t— > + 7Sy 8%

—21—= - B3+ — 4 2d™)\?

U Pw 4a” 0 tnem X|t— C—v) ]),
where « is assumed identical for the two systems and
tm pw @nd ty, py are the lengths of the transmitted PW and ~ 2d™ i 2d™ N tm g
FM signals, respectively. For the case when c-v c—v B’ (8)

2

™ 5 1 where the bounds for the time duration is given in the last
12 B> o —, ©)

4a® t2 e line of (8). Outside this time intervalg{"(t) is zero. Note
' that ag=2(alt,)? has been introduced to simplify the no-
tation. When comparingl) with (8), two distinct effects are
2a? seen. First, the received signal is expandedcompressed
tm,PW:W_BO- ®)  whenvis negative so that its duration i$,/8. Due to this
) _ expansion(or compression the start frequency and the
Thust,, for the PW Doppler system will be determined from g\ eep rate have been Doppler shifted as well. These effects
a and the chosen frequency excursidy, for the corre-  paye peen analyzed elsewh&fdhe second effect that can
sponding FM Doppler system. It is assumed throughout thge noted from(8) is that the arrival time of the received
paper thats) is fulfilled and(6), therefore, is valid. signals occurs with an increasing delay, relative to transmis-
sion, as the particle moves away. This corresponds to the

i.e., the contribution fronB, dominates(4) simplifies to

Il. THE RECEIVED SIGNAL Doppler shift of the swe_e.(burslb repehflon time, so that the
new sweep(bursy repetition time isT, = T,/B. For the
The received signal, based on the excitatiorilin will single scatterer, it is this effect that is measured with the PW

now be found for the idealized measurement situation illusand FM Doppler systems, considered h¥r& In the case of

3959 J. Acoust. Soc. Am., Vol. 100, No. 6, December 1996 J. E. Wilhjelm and P. C. Pedersen: FM-fsm and PW-tsm comparison 3959

Downloaded-28-Jun-2010-t0-192.38.67.112.-Redistribution-subject-to~ASA-license-or-copyright;~see=http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



multiple scatterers moving with a uniform velocity, this ef- FM- fsm Doppler: Front end & Preprocessing parts

fect is observed as ahift in the signature of consecutive
received signalsignoring the Doppler expansiofor com- ;@ &
pression of the individual signals, i.e., setting=1 and lin- R e e e
earizing so that—v=c, (8) can be written as A 5

9" ()=Re{r exf — ag(t—t"—t,/2)?] E
xexd j @t (t—t™)+ 7Sy (t—tM)2)]}, é .................................................................
t<t=<tM+t,,, 9) g .............................................................
where 5
2d™  dQ+nyT, 2d? Pl L L
t= =2 = +nry. (10) R S L L =

Cc C C

transducer

In (10), 7o = T, — T, = (2v/c)T, represents the change in
round-trip travel time between consecutive sweeps.

Finally, consider the situation in which a large, but finite
number,q, of scatterers moving with the same velocity are
present in the ultrasound beam. In this case we assume that
the total received signal can be written as a summation of N
individual received signals given {9), i.e., no multiple scat-
tering is considered. The total received signal is

Search Peak PW: T
window detection FM: 9
P
q-1

ggﬂ(t) = 2 ggf‘i)(t), (1D FIG. 2. Block diagram of PW~tsm and FM~fsm signal processing. With the
=0 actual switch setting, the system functions as a PW~tsm Doppler system.
. . L (0) and Ayp denote the estimated location of the global peak of the cross-
where a backscattering coefficiantand an initial rangel] correlation function, within the search window, from which the velocity is

is associated with théth scatterer. The subscript is em-  estimated.
ployed to distinguistlg{’(t) from the received signal due to

one scatterergﬁ”)(t). Note that the model assumes some | hT.) delaved bvr d d lated with
idealizations of the physical reality which increase the COI’-( engthT,), delayed byT, seconds and cross-correlated wit

relation between consecutive received signals and thus irr]ihe subsequent received signal. A search window is next ap-

proves the performance. The most significant of the excludealied to the cross-correlation function, and from the location
effects ardateral variation in ultrasound beam intensiand of the peak inside this search window, the target velocity can

velocity variation within the range celNor does the model be calculated. The width of the search window corresponds

take into account the frequency-dependent attenuation in tH@ one cycle off, with the effect th.at,.with a high probgbil-
medium. ity, only one peak can be found inside the search window.

It is thus assumed that the received signal from bloodThls minimizes the possibilities for detecting a sidelobe in

can be modeled as a summation of the contributions from Hwe cross-correlation function, but the velocity range will be
estricted tO[ — vajiasi Vaiiad, Where vy=c/(4f,T,) is the

large number of such scatterers located randomly within )

plane. Even though the analysis of the Doppler systems tgliasing velocity for a psm Doppler system. The actual axial

follow will be based on one scatterer, the multiscatterer Situ_resolutlon distance for this system is determined by contri-

ation can quite easily be obtained by the use of the principl(?mions_from bOthADPW.:CTV.V/Z and theminimum obtain-
of superposition. able axial range resolution distancAD ;,=c/(2B), where

B is the bandwidth of the transmitted signal.

The FM—fsm signal processing utilizes cross-correlation
of real spectra for extracting velocity information, in a

In this section the FM—fsm signal processing is devel-fashion quite similar to the cross-correlation of real time
oped and contrasted with the PW-tsm method. First, a shogignals in the PW-tsm Doppler system. In previous
description of the PW—tsm method is given. publications'*1® a simpler version of the FM—fsm Doppler

The block diagram for the PW—tsm system is displayedsystem was presented, based on the cross correlation of mag-
in Fig. 2 with the switch in PW position. A burst generator nitude spectra. Greater precision is obtainable with cross cor-
and power amplifier generate the transmitted signal which iselation of real spectra, due to the more narrow peak in the
applied to the single crystal transducer via the transmittross-correlation function. The received signal in the FM—
receive switch. Consider the transmitted signal to be a shofsm Doppler system is basically a linear sweep signal which
burst as described bgl) with S,=0, f,=f,=f,, andt,,  must be preprocessed in order to establish a unique range-
equal to a few cycles dt,, as specified ir{6). The received frequency relationship analogous to the range—time relation-
signal can be bandpass filtered, to remove noise lying outsidghip known from PW excitation. The FM—fsm preprocessing
the spectral range of the signal. Following that, a segment o similar to what is done intime delay spectrometry
the received signal is extracted with the range gate windowTDS).1°

Real or complex

Range-gate
window

Delay 7,

Always complex

Cross-correlation

Ill. FM—fsm SIGNAL PROCESSING
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Magnitude

0 2 4 6

8 10

Time (microseconds)

0.5

pass filter(LP) with gain 2, for the purpose of eliminating
the sum frequencies generated by the multiplication. The
output of the filter is called{"(t). Thus

470 = 2LP(g™ (1T D). 13

For a single particle, the demodulated signal is a tone burst
with Gaussian envelope and duratity. The mean fre-
quency of this tone burst is proportional to the axial displace-
ment of the particle fronD.*® Two consecutive demodulated
signals are shown in Fig.(@ and (e). Next, in the second
step of the preprocessing, the demodulated signal is Fourier
transformed into the frequency domain, with a temporal zero
reference oft=t;. The resulting spectrumG{"(f ), is
called thefsm spectruni* Figure 3f) and(g) show the real
and magnitude parts of two consecutive fsm spectra. As will
be shown, consecutive fsm magnitude spectra are identical in
shape, but shifted in frequency. The phase function changes
from one fsm spectrum to the next, causing the real part of
consecutive fsm spectra to differ both in frequency and in
shape of the spectral waveform. The derivatioﬁstﬁT)(f ) is

Frequency (megaheriz
erey (megaherz) given in Appendix A with the following result:

2

~ T T
GI(f)=r\/— ex;{—— (fV—1)2

e Rde]

(-1 vief?|

(14)

FIG. 3. Signals and spectra of the FM—fsm Doppler systamlransmitted
signal, g(t). (b) and (c) First and second received signat§(t) and
g'?(t), respectively.(d) and (e) First and second demodulated signals,
giP(t) and g{?(t), respectively. Note thag')(t) is further delayed than
g{(t) and that the mean frequency @f)(t) is higher than that o§{)(t).

(f) and (g) Real part( ) and magnitudd:--) of first and second fsm
spectraG{(f ) andG?)(f ), respectively. Note that these spectra oscillate
at different rates and occupy different frequency ranges. The parameters are:
fo=5 MHz, By=5 MHz, t,,=40ffo, ag=2(3k,)?, fs=20f,. The ordinate
is a relative scale from-1 to 1.

t
xexp{qur(tg””r Em

where

=t —t,
Specifically, in the preprocessing, a given received )

sweep signal is demodulated by using a reference sweep, and F = g5 = (t(M—t )Sozz(d —D) S

the demodulated signal is subsequently transformed into the 2 d s c

frequency domain. The resulting spectrum is called the fs

spectrum-* This fsm spectrum, as will be shown later, is

analogous to the received signal due to PW excitation and is ~ ¢f” = 7t{" (2 f;— Spt{"). (16)

proc_ess_ed in_ roughly the same fashion. The transmitted Sigl'he frequency value‘,g”), defined in(15), is called theposi-

nal_ Is given in(1) wherety is much longer tha_n for PW. ion frequency’ of the fsm spectrum. This frequency is pro-

t)_/p|_ca| values range from 50 to ZQES T_he following analy- portional to the difference between the actual range of the

sis is based on one scattefaroving axially away from the

, . ) e particle,d™, and the nominal rangé®.
transducer with the velocity, as illustrated in Fig. 1 When the FM Doppler system is implemented to pro-

vide a velocity profile, the velocity for a set of nominal
' : . rangesD;, must be found. In the implementation presented
The first step of the preprocessing consists of quadrature 9 : P P

demodulation of the received sweep signals as shown in thgl this paper, each range must be treated individually, requir-

block diagram in Fig. 2. A numeric example of the transmit-Ing anewD andFT per velocity estimate or range cell. More

ted sweep signal is illustrated in Fig(} while two con- efficient approaches can be envisioned, but these are beyond

. : . . X the scope of this paper.
secutive received signals from one moving particle are

shown in Fig. 8b) and(c). The quadrature demodulation is
done by multiplying each received signal with the following g petermination of the spectral cross-correlation
reference signal which is a delayed analytic version of theynction

transmitted signal, except that the amplitude is constant, not
Gaussian:

ref(t) =exf j (2mf1(t—tg) + mSp(t—t5)?)],

—oo<t<<o,

(15

A. FM-fsm preprocessing

When G (f ) in (14) has been obtained from the re-
ceived signal, the preprocessing is completed. Further pro-
cessing is done along the same lines as for the PW-tsm
12 Doppler system: A segment arouiie-0 of width f,, is iso-
lated from the fsm spectrung{”(f ), and then cross corre-
wherets=2D/c and D is the nominal rangeor range of lated with the subsequent fsm gpectn@@’,‘”’(f ). Differ-
interest The multiplier output is filtered with an ideal low- ent components o&{"(f ) andG{"*V)(f ) may be chosen
3961 J. Acoust. Soc. Am., Vol. 100, No. 6, December 1996
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for the cross-correlation. In our previous papéRefs. 14  derived. In Appendix B, this complex-valued cross-
and 19, only the cross-correlation of the spectral magnitudecorrelation function has been found to be
was considered, whereas—as will be described—the empha- 2
sis in this paper is on cross correlation of the real compo-  Cnn+1(,)— A ex;{ - (Afa_ y)?
nents of the spectra. From the location of the peak in the 2
cross-correlation function, the velocity in the range cell is
estimated.

The axial range resolution distance is considered firstwhereAc = r?\/7/2ag and
The relation between spectral window widff),, and corre-

xexp[—mﬂm(m —M+ied], (22

. . . . . (n) (n) _
sponding axial extent of the range cell in the mediufi is ¢c’=mro[ Sop(2ty" + 70) 2 f4]. (23
¢ f,, The factort(" in (22) determines the “rate of oscillation” of
ADgy= > (17)  the cross-correlation function whet§)/2 is in cycles per
S’ hertz:

which is analogous to the axial range resolution distance,
ADpy=(c/2)T,,, for the PW—tsm Doppler system.

Before continuing with the cross-correlation function, The result in(22) is a complex sinusoid with a Gaussian
some observations concernifitd) must be made. It is seen envelope. The real part ¢22) is
from (15 and (10) that consecutive magnitude fsm spectra

) =t 4+t -2+t =2t + 7o+t (24)

are displaced by an amount CarY(y)=Re[CHM ()}
(n+1)_ 5(n) 2vT, =A~ ex —i(Af — )2
Afa:fa _fa :? So:’TOso. (18) C 26( a_ 7
The spectral shiftAf,, is equal to the time shift between xcog —mty(Af,—y)+od], (25

consecutive received PW signataultiplied with the time to

) - o which is identical to the cross-correlation of the real part of
frequency conversion facto,. Specifically, it is seen that

consecutive fsm spectra. A good approximation to the global
GO+ ) =G (f—Af 19 maximum of the cross-correlation function (B&5) has been
IGa™ (F)l=]Ga"( ol (19 derived in Appendix C for the case when the velocity is

while below the aliasing velocityy,jj,s=C¢/(4f4T,); this maximum

- - is given as

G ()G (f—Af,). (20

The latter inequality is due_to the fact that the time signals  yy=—
from which G(f ) and G{"*)(f ) are generated are ¢
shifted both in frequencynd in timecausing the phase of 4T, f,

GI"(f ) to be shifted relatively to the phase 6"* 1)(f ). =— — . (26)
This can be observed by comparing pld} with plot (e) in
Fig. 3. Also, note that the rate of oscillation of the real parts ~ An estimate ofy,, based on actual data, is found as
is changed by only a small amoutihe relative increase is (nn+D)

(4v/)T,It,). This means that the unique waveform signa- 7= argmaxXC{h" ()} (27)
ture present in received PW signals at a given range is not 4

preserved in the real or imaginary part®§”(f ). However, Using (26) and (27), the estimate of the particle velocity is
as will be shown, this does not remove the possibility for ~

velocity detection from the real part of the cross-correlation e Y _ C\/gatm,rms - 29)
function. Whr%reas the result of the cross-correlation of mag- (4T, Ic)(folty) 4T, f, v

nitude spectra can be interpreted directly by usifg8), the
result of cross-correlating real spectra is influenced by addlWhere the relation betwee, and rms duration ofy,, i.e.,

_ 18

tional factors; nonetheless, peak detection based on the mo 8a I.mvfmfs’ has bteen used..c,jA Qu.mle:r'lc jximplthf tvvgh

rapidly oscillating real spectra is likely to be more precise. ::rt])nsecu ve ST ts'pe(‘} ra Its' pr%\”t edin thlg. ’Bog]ether Wi
The cross-correlation function for one scatterer will now "¢ Cr0Ss-correiation unction between them. 5o € mag-

be considered. In this case, the range-gate window can k{gtude cross-correlation function and the complex-valued

ignored which makes it possible to write the complex crossCross- -correlation function are shown. The locations of their

correlation function of two consecutive fsm spectrdlid) as respective peaks are indicated. . .
follows: The spectra in Fig. 4 were generated with the following

system parameter§;=3.5 MHz,B;=5 MHz, T,=133.3 us,
t,=0.8T,=106.7 wus, and S,=46.87 GHz/s, vy
1 _ 1)* m r alias
C(n ()= f . (n)(f )G(M (f+y)df, (21) =c/(4f,T,)=0.8 m/s. The velocity of the scatterer was
v=0.7v,;,=0.56 m/s. The peak of the magnitude function is
where* denotes complex conjugation. Insertity) for n  at 2vT,/cS=4.68 kHz, while the peak of the real function is
andn+1 into (21) allows an analytical solution t21) to be  at 2vT,/c(Sy+2 f,/t,,,) =6.56 kHz.

14

2(fo—3
2Tr<80+2_f1)yzﬂ(so+ (fo Bo>)

tn tm
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FIG. 4. Two consecutive fsm spectra and their cross-correlation function in the FM—fsm Doppler Spst@na(b) Real part(- ), imaginary par{:--)

and magnitude ) of first and second fsm spectr&{"(f ) and G{"*1)(f ), respectively. Note that the real part 6{"*Y(f ) is both shifted in
frequency and modified in form, relative to the real part ®f"(f ). (c) Real part, imaginary part and magnitude of cross-correlation function,
E(F”M””)(y), between the complex waveforms(@ and(b). Themagnitudecorresponds to the result of cross-correlating the magnitude spec¢gjaaind (b).

The peak is located at ¢&,/c)S,=4.68 kHz and indicated ifc) with a vertical dotted line. Theeal part corresponds to the result of cross-correlating the
real parts of(a) and(b). The peak is here located at«®,/c)(S,+ 2 f,/t,,) =6.56 kHz, also shown with a vertical dotted line.

IV. COMPARISON BETWEEN PW—tsm AND FM—fsm PW signal,|g"(t)], is shifted on the time axis just as the
DOPPLER SYSTEMS fsm spectrumenvelope |G{"(f )|, is shifted on the fre-

Based on the description of the two Doppler systems irfluency axis. Both these axes thus represent range in their
Sec. IlI, their relative performance will now be compared. Asrespective Doppler systems. Second, ADpy=cT,/2
mentioned earlier, the performance of a Doppler system issADgy=cf,/(2S), it can be shown analytically that the
evaluated by the size of the spatial resolution cell, and byesulting axial range resolution distance is identical for the
how precisely the velocity is found within this resolution two systems.
cell. The performance of the peak detection of the cross-

It is assumed that the rms bandwidttBp,, s and  correlation function can be evaluated by comparing the input
Bemms Of the transmitted PW and FM signals, respectively,signals to the cross-correlation and the cross-correlation
are identical. Also, the mean transmitted energy and thé&unction itself. With the above stated assumptions, analytical
noise signal power level at the receiving transducers are agnalysis of the signal-to-noise rati8NR) reveals that the
sumed identical in the two Doppler systems. The validity ofSNR for the input signals in the PW—tsm Doppler system is
these assumptions in practice is discussed at the end of thidentical to the SNR for the input spectra in the FM—fsm
section. Doppler system. Finally, consider the behavior of the cross-

Therange cell sizéspatial resolutionis determinedat-  correlation functions. In addition to the aforementioned val-
erally by the beam dimensions amadtially by the bandwidth  ues forADp,, and ADy, assume that a search window is
of the transmitted/received signahd the window length applied to the cross-correlation functions, such that only ve-
(defined byT,, or f,,, for PW—-tsm and FM—fsm, respec- locities in the range oft v,;,c can be detected. It can then be
tively). In this paper, only the axial resolution distances areshown analytically that the cross-correlation functions with
compared, as the lateral dimension is determined mainly bhigh probability will contain exactly one cycle within the
the transducer geometry and aperture size, i.e., transducsearch window, even though the real input waveforms to the
dimensions measured in wavelengths. cross-correlator behave differently for the PW—tsm and the

When the received signal in the PW Doppler systemFM—fsm Doppler systems. Thus there is very little risk of
gﬁ”)(t), for one scattereis compared with the fsm spectrum, detecting a sidelobe in the cross-correlation function. The
G{"(f ), for one scattererseveral similarities and parallels results show that performance of the two Doppler systems
are seen: First of all, when the scatterer is moved along thehould be roughly the same.
acoustic axis of the transducer, the envelope of the received In a practical implementation, the operating conditions
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of the PW and FM Doppler systems may differ in several 1

aspects. Due to the relationship between bandwidth and peak
power in pulsed system@ssuming constant mean power 08
PW Doppler systems may not be able to utilize the full band- FAREAN
width afforded by the transducer whereas the bandwidth )
limitation of the FM Doppler system can be assumed to be \E;O'G
that of the transducer; these factors may give the FM Dop- 3
pler system a better axial resolution and improve the velocity §°'4'
estimate. In the measurement situations where a peak power
limitation is encounterede.g., due to cavitation and/or non- 0.2
linearitie9 before a mean power limitation, the FM Doppler
system can operate at a higher mean power level, thus giving ) :
an improved SNR relative to the PW Doppler system. 0 &0
(a)
V. SIMULATION COMPARISONS 1
In order to provide a limited evaluation of the perfor-
mance of the two Doppler systems, a few simulation results 0.8/ o
are presented. =
A 2-D flow situation, simulating parabolic flow in a £0.6
rigid tube, was modeled. The received signals were calcu- %
lated from a large number of scattering particles, according 20.4}
to (11), randomly distributed inside the region from where =
backscattered signals would be received. The niddet 0.2
cludes bothlateral variation in ultrasound beam intensity
and velocity variation within the range cellThe scattering 0 . .
coefficient was chosen to be frequency independent. 0 20 40 60
The parameters common to both systems were as fol- Depth (mm)
lows: f4=5 MHz, B, =1.06 MHz, a=3; D,,,=0.075 m: ®)

Tr=2le.a)jC.=109 KS; Vaiias=0.75 m/s. The maximal flow FIG. 5. Mean velocity profile- - - --) shown with+ one standard deviation
velocity in direction of the beam was;,,=0.853jas=0.64  (.....) obtained with simulation model. The true velocity profile, T¥R),
m/s.L=2 and SNR=20 dB. The shapes of the mean spec-(knowna priori) is shown together with the velocity profiles obtained with
trum of the signal and the mean spectrum of the noise werée PW—tsm Doppler system {&) and the FM—fsm Doppler system ib).
identical (Gaussia)l The parameters for the PW Doppler The res_ults are ot_)talneq from 3000 independent pr_o_flles, each estimated
. with a signal-to-noise ratio of 20 dB. See text for additional parameters.
system weret, py = 637 ns=3.2ff, [obtained fromB,s
= al(V27lty pw) . Tw=8/fy, givingAD=cT,/2=1.2 mm.
The specific parameters for the FM Doppler system wereA. Description of experimental setup
Bo=9 MHz [obtained fromB,,=By/(\/8a)] which yields An experimental Doppler system has been developed for
f1=0.5 MHz andf,=9.5 MHZz;t, gy = 0.8T, = 80 us. the purpose of making both FM—fsm and PW—tsm Doppler
The result of 3000 independent repetitions of the simumeasurements. The measurement system is shown in Fig. 6
lations is given in F|g &) and (b) which shows the mean and consists Of(]_) a DOS-based Computer) an arbitrary
Ve|OCity prOfi|eS together with+1 s.d. for the PW and FM function generator(AFG)’ LeCroy 9100’ generating the
Doppler systems, respectively. It was verified that doublingransmitted signal in analog forn(3) a power amplifier
the number of repetitions and doubling the scatterer densitypp), Amplifier Researctb0A15, driving the transmitting
did not change the results noticeably. As seen from thesgansducerf4) a focused dual element annular array ultra-
results, the two systems function nearly identically. Thesonic transducetEcho Ultrasound for simultaneous trans-
slightly better performance of the PW-tsm Doppler systempjssion and reception of ultrasound:; a5l a digital storage
may be due to sidelobes in the fsm spectrum. oscilloscope(DSO), LeCroy 9400, with which the received
signal was digitized and transferred to the computer.
Discrete representations of the transmission signals
VI. EXPERIMENTAL COMPARISON (sweep signals for the FM and burst signals for the PW Dop-
pler, respectively were generated in the computer and
This section presents the experimental system and thieaded onto the AFG with a sampling frequency of 25 MHz.
measured velocity profiles for the PW and FM Doppler sys-The signal from the AFG was subsequently amplified to an
tems. Note that the experimental results to be presented aeppropriate level for the transducer. The transducer had a
included to give a mainly qualitative experimental proof of nominal center frequency of 3.75 MHz, a diameter of 14.7
concept and should not be seen primarily as a verification ofnm and produced an extended focal region between 32 and
the analytical results. 65 mm. In all the experiments, the annular array uses one
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FIG. 6. The experimental system. A centrifugal pump is circulating a mixture of water and corn starch. The pump is controlled by a variable voltage to
achieve different flow rates. The transmission signal is generated by the arbitrary function geg@ér&owvhich sends the signal to the power amplifieA).

The transmitting part of the transducer is connected to the power amplifier, while the receiving part is connected to the digital storage ogbi@cope

Both the AFG and the DSO are controlled from a personal computer via a GPHE-488 bus.

ring for transmission and one ring for reception. By means ofunction, which also degraded the estimate. The “true” peak
the DSO, 32 000 eight-bit samples of the received signain the discrete cross-correlation function was estimated from
were subsequently recorded and stored. The sampling fre three-point parabolic fitaround the peak value in the dis-
guency was set of 12.5 MHz, limiting the total observationcrete cross-correlation function.

time, T,,s, t0 2.56 ms. The signal processing scheme was

done exclusively in the computer. A stationary echo cancele
(SEQ was included to remove stationary echoes.

The flow phantom is also shown in Fig. 6. A centrifugal In Sec. IV, the two Doppler systems were compared and
pump circulated a mixture of water and corn staf2%—-5%  the performances were found to be roughly identical, assum-
vol.) from a reservoir. The water in the reservoir was stirreding the same bandwidth of the transmitted signal and the
with a magnetically driven stirring device in order to avoid same signal-to-noise ratio.
aggregation of the corn starch. The pump was controlled by In the experimental system, the bandwidth of the trans-
a variable voltage to obtain different flow rates. The tubemitted signals was evaluated and found to be slightly larger
segment, where the measurements were taken, consistedfof the FM Doppler system than for the PW Doppler system.
heat shrinking tubes of various diameters, suspended insideFaurthermore, the spectra of the transmitted FM signals devi-
water-filled scanning tank. The tube diameters were selecteated significantly from a Gaussian shape. Consequently, the
in such a way that they correspond to larger human arterieeompensation/conversion parameter use@8) is not valid.

The tube was suspended vertically to achieve a symmetrid correction factor was empirically found to be 1.4, such
velocity profile and the flow was measured in the lower endhat the velocity estimates found fro(88) had to be multi-
of this tube. plied with 1.4 to yield the correct result.

The systems parameters common for the two systems The signal-to-noise ratio depends on several factors: The
are:T,=80 us, D ,,,=60 mm,L =32 (number of transmitted level of energy transmitted, the background noise level, and
signalg, andc=1500 m/s. The parameters for the transmit-the dynamic range of the digitizing equipment. The back-
ted signal for the PW—tsm Doppler system were as followsground noise level was identical in the two Doppler system.
fy=3.5 MHz,t,,=4/f, vyi.=Cc/(4f,T,)=1.33 m/s. The pa- The transmitted energy, however, was much higher for the
rameters for the transmitted signal for the FM—fsm Doppler=M Doppler system than for the PW Doppler system. How-
system weref;=2.75 MHz, f,=4.75 MHz,f,=3.75 MHz,  ever, as the background noise level was quite low, this ad-
t,=60 us, andv,;,=c/(4f,T,)=1.25 m/s. In both systems, vantage in transmitted power did not carry any performance
a rectangular envelope was used for the transmitted signaisiprovement for the FM Doppler system over the PW Dop-
sent from the AFG to the ultrasound transducer. The rangpler system. Furthermore, the FM Doppler system had a se-
cell size wasADp,=ADgy=2 mm for a total of 29 range rious drawback due to significant electric cross-talk in the
cells. Both larger and smaller resolution cells were tried intransducer which combined with the received signals from
the signal processing, but without obtaining more precisdhe flow region. As a result, the output of the digital station-
velocity estimates. Specifically, increasing the axial resoluary echo canceldiSEQ was represented by only a few bits,
tion distance (increasing T,,) yielded a poorer cross- specifically, 7 bits for the PW Doppler system versus only 3
correlation function estimate as the range cell in this caséits for the FM Doppler system. The corresponding signal-
contained a larger velocity variation. On the other hand, low+o-noise ratio® were approximately 44 and 20 dB, respec-
ering T,, gave shorter input signals to the cross-correlatiortively. These findings are consistent with the results in Table

é. Performance of measurement system
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TABLE |. Flow values for the experimental results. Angle between flow 0
direction and ultrasound bearf=60°. Tube diameted,=2 cm and corre-
PW-tsm
FM:fsm

sponding cross-sectional ardg=3.14 cntf. v and v, are the particle ve- . 025
locities in the direction of the tube and in the direction of the ultrasound
beam, respectivelyh..siS average of the cross-correlation coefficient over
the tube. The density of the fluid was 1000 kd/nd the dynamic viscosity
was 0.001 Ns/rh

[

ity (m/s)

0.15

Veloc

v vy Re PW  FM
Figure (m3s) (m/s) (mls) Pmeas Pmeas

005

7(a) 9.3 X10°° 0.3 0.15 6000 0.95 0.73
7(b) 2.2 x10°4 0.7 0.35 14 000 0.96 0.80 0

7(c) 3.16x10°% 1.0 05 20 000 0.97 0.85 0 0m 0.02 o 004 005 0.06
Depth (m)

(a)

| which shows the cross-correlation coefficiepheas in the 0
actual situation. The level gf .,is much lower for the FM

case. Note that the cross-correlation coefficients at the peak 04
value of the cross-correlation function;, in the absence of
cross talk and noise, are roughly identical in the two Doppler
systems, as the measurement situationsluding PW and
FM beam shapgsvere roughly the same.

PW-tsm
Adnsll

FM-fsm
A e

5

Velocity (m/s)

C. Velocity profiles a4

oo 002 0.03 004 005 0.06

Since measurements on phantoms can never be accu- Depth (m)

rately simulated, one fundamental problem arises: There is (b)

no reference velocity profile to which the experimental re-

sults can be compared. In order to be able to estimate the o8

shape of the velocity profiles, the phantom was optimized 07 PW-tsm

mechanically to minimize flow perturbation. The velocities s

were chosen to represent typical velocities in the major ar-

teries; this resulted in Reynolds numbers greater than or

equal to 6000 for all the flow velocities in the experiments. It

is here assumed, and supported by simple viscosity measure-

ments, that the corn starch only produces minimal change in 02

viscosity. Whereas Reynolds numbers in the region from 01

roughly 2500 to 600Qthe upper limit is dependent on the .

tube smoothness and other experimental parameteyduce 0 oo 00 De;;’f(m 004 005 008

the so-called transition region flow which is chaotic and

whose profile is not readily predictalf&flow at higher Rey- : ()

nolds numbers is characterized by a mean velocity profile

which is approximately flat, although the corresponding in-FIG. 7. Measured velocity profiles for PW-tsm and FM-fsm Doppler sys-

stantaneous velocity profile exhibits significant random locafems. See Table | for parameter values.

fluctuations. The eXperimental results represent a mean ve- All the measured Ve|0city proﬁles exh|b|t a reasonab'y

locity profile, as they are based on the average of 32 sweepgood agreement with the directly measured volume flows. As

corresponding to a time average over 2.56 ms. the Reynolds numbers in all cases far exceed the limit for
In Fig. 7(@)—(c), velocity profiles are presented for the |aminar flow, the mean velocity profiles are approximately

three different flow velocities listed in Table I. The velocity flat, except near the tube walls, and with rapid local fluctua-

profiles are power-gated, i.e., when the power, after stationtons, as has also been demonstrated with laser Doppler ve-

ary echo canceling, in a given range cell falls below a pre-sefpcimetry and with bubble visualizaticit. With respect to

threshold value, the detected velocity is set to zero for thaghe width of the flow profiles, relative large variations could

range cell. The flow measurements were all carried out witthe seen near the location of the back wall which possibly

the use of a simple stationary echo canceler. To investigaigay be due to attenuation by very small air bubbles across

possible differences in behavior for PW and FM signals, wehe tube. This variation makes it more difficult to verify the

have modeled the transfer function of the stationary echgnean velocity.

canceler as a function of flow velocity and bandwidth of the

excitation signal, for both the PW and FM Doppler signals.V!l- DISCUSSION AND CONCLUSIONS

The results showed that the transfer functions are very simi- In this paper, a velocity profiling system based on the

lar, albeit not identical, when realistic bandwidths are usedtransmission of coherent repetitive frequency-modulated

n

Velocity (m/s)
=
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sweep signal has been analyzed analytically, compared to ttPPENDIX A: DERIVATION OF C:‘(a”)(f )
PW Doppler system utilizing time-shift measurements, and ) _ )
evaluated with simulations and experiments. A specific ad- I this Appendix, the demodulated signgla™(t), and
vantage of the FM Doppler system is the much lower peak!S spectrumG{V(f ), are derived. Froni13) we have for a
power relative to the conventional PW Doppler systemsSingle scatterer that

This FM—fsm Doppler system is based on cross-correlation 0] g“)(t)=2LP{g$“)(t)’§ref(t)}

of the real parts of consecutive so-called fsm spectra, analo-

gous to the cross-correlation of consecutive received signal _ - t) 2
segments in a PW—tsm Doppler system. The flow velocity is =r expg —ag| =t~ >
estimated from the peak location in this cross-correlation

function. As the peak can occur anywhere in the function, X 2LP{Re{exrj(2mf,(t—t™)
the PW—-tsm and FM—fsm Doppler systems do not suffer _+(n)y2
- +S(t—t'")9)]}
from the aliasing phenomena, known from Doppler systems
using phase shift measurement. On the other hand, under X ex j(2mf (t—ts) + wSo(t—ts)?)]},

poor SNR conditions these new systems risk detecting one of

the sidelobes in the cross-correlation function as the peak,

thus providing an erroneous result. This problem may beSetting

circumvented by only searching for the peak in the region

that corresponds exactly to the aliasing-free velocity range in ~ r= 2wty (=t + mSp(t—t"), (A2)

a psm Doppler system. However, in this case, the cross- g _—27f,(t—tg)+ wSy(t—tg)2

correlation-based Doppler systems function in the same way ] ) .

as the psm Doppler systems. we can write the terms being processed by the ideal low-pass
The factors determining the performance of the two sysilter as

tems were found to be very similar, arguing for a similar 2| pfeifrer Refei?rl}

performance of the two systems. This is supported by the

tW=st<t™+t,, (A1)

preliminary simulation results which show that under  =2LP{el%e cog6,)}
matched conditiongbandwidth and SNR the two systems exti( Gt 0.)1+exd i( O 6
perform very similarly. =2LP( Id:l( ref r)] 5 F[J( ref r)]]
The feasibility of measuring flow profiles with the FM
and PW Doppler systems on a simple flow model under  =exgj(6,— 6,)], (A3)

semirealistic conditions has been demonstrated. In order to
validate the applicability in the area of medical diagnosticSC that

ultrasound, experiments with a soft tissue-like coupling me- t\2 t
dium andin vivo experiments must be carried out. gw=r exp[ —ag| P+ |t + ?m —Z(t(n)+ ?m t“
Considering that the experimental system suffered from
severe cross-talk for the FM—fsm measurements and there- xexd jm2 f1(tM—tg) + So(t2— (t™M)?)
fore had insufficient dynamic range, combined with the fact
+2S(tM—tt]], tM=t<tM+t,,. (A4)

that the shape of the transmitted signal envelope was very
different from a Gaussian shape, the profiles obtained wittro simplify the notation ofA4), the following terms will be
the PW and FM Doppler systems nevertheless agree quilgefined:

well. The PW—-tsm and FM—fsm profiles appear reasonable (") o)

and the reproducibility was quite good. This indicates that td =t~ —ls,

the flow phantom and the measurement system, as such, t
functioned properly. ag;)\)(t)zexp{—aGter 20| tM+ Em t},
£)2 (A5)
AN =r exp{—ae t<”)+7m }
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ing G{(f ). In other words, the spectrum Gf{(t+t,) is _ =
to be found where GIV(f )= —B " exdj <p‘”)]ex;{ ag
G

t) 2
w3

§ 5t t) = AP agt+ toexelj2m St (t+to) 2 t
o xexq’——(f‘a’”—f V24| 2w )+
tiea 'l (A7) ac
Before doing that(A7) will be simplified further. Through X(FV—f ) (A14)
straightforward arithmetic manipulation, it can be shown that a '

2 It is readily seen fromA9) that B{" exp[ag(t{" +1,/2)?]
evaluates to the reflection coefficient,We can thus finally

write (Al14) as

t
ot + ?m

APVaM(t+tg)=r ex;{

t
xexp — agt?+2ag| t\V+ —|t|. m m?
‘{ #et Tede|Td T GI(f )=r\/— exp — — (fV—f )2
ag ag
(A8)
By defining the following two new terms: XeXF{J’ZW(té”)"‘ jm (f"—f )ﬂ%n)}-
t 2
BV=r ex;{—aG £+ Em (A15)
APPENDIX B: DERIVATION OF THE COMPLEX
and (A9 CORRELATION FUNCTION CUL7+1)(4)
etV=mtV(2f,—St"), The formulation of the cross-correlation function is

the complex spectrum of this signé,g“)(f ), can be found given in(21) as follows:

as (nn+l)( )_j G (f )G(n+1) (f+y)df. (B1)

~(n) _ F (n) —j2xft
Ga (1) f_xg a (tFtge dt Inserting the result fronfA15) gives

o - P = 2
=B§)n) eXn:j QDE,n)]j_OC 9X4 —aGt2 ngr']\thrl)( 'y):rzf7OO a—G exp{ _ a_G (fgn)_f )2}
| t _
—j2m(Sety" — f )} ] XexF{JZﬂ- ty+ Em)(fé”)—f )+J¢gn>}

Al10 2
(AL0 X\/lexp{—w—(fg”“)—f—y)z}
ag e

A closed form solution tdA10) can be obtained from the

t<“>+ fm

ZCYG

following integral solutiorf? t
. XEX[{—J'ZW tg”)+7-o+?m
- ) s Vo [y
expl— Bx— yx)dx= —- ex 252/ Re B)>0.
o B B FOHD )i (D) g
(A11) X (fy Y)~i¢p , (B2)
Using (A11), (A10) can be written in analytical form as where 7,=t"*Y—tM=(2,T)/c is introduced, giving
p- tD—t =t{V+7,. Here, 7, represents the change in
'G"gn)(f )=Bg“>w/—exp[j<pg”>] round-trip travel time to the scatterer from one emitted
%G sweep to the next.
[—2a6(t{V +1,/2) — j2( St — )72 Introducing Afa=fg“+1)—fg”)=21;TrSO/c=TOSO, as
X ex 2 _ defined in(18), y'=Af,—y, andf’=f{" —f allows (B2) to
@G be written as

(Al2) ~ ,
Ci Y(afa—y")
Collecting terms and introducing

2 2
T aGT, T
2(dM—D) =12+ /—2 ex;{ (; 0 ex[{—_z 2
=t'S=(t" - tgH=—""""%, (A3 e e
xex —j m (2t + 7oty +j (o — o).

which is the center frequency of the spectrian the so-
called position frequency of the fsm spectrummakes it
possible to write(A12) as Define

(B3)
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() () 4d9+2p(2n+1)T, 2A it
ty =2ty '+ o+t = c 2t +ty ma E(Afa_ Yo) =ﬁma)(Afa— Yo)
B4
o T X _ T 009, (C5
and “2a22f, 42~ 0% (9

A2 /L exd ag 2.2 /l 5 The following approach is used in evaluatingC5):
c— 2ag 2 0|7 2ag’ maxAf,—y)<max(Afy) = (2T, Sy/C) vajias= (So/2 f_O)! )
where the term maaf,—1y,) represents the maximum dif-
where the last approximation is valid for all realistic veloci- ference between the peak locations in the magnitude and real
ties (i.e., |¥|<5 m/9. In addition, define part of the cross-correlation function. In additioBgy=f,
and a=3. From(C5H) it is seen that the upper bound of the
o=V — oV =mrg[Sp(2t{V+ 7)—2f1].  (B6)  argument is sufficiently small foiC4) to be linearized. This
means thatC4) can be approximated to

Equations(B4), (B5), and (B6) make it possible to write

B3) as 2A
&9 B(Afa— 7o)~ C=— 2 (Afa= o) )
2
~ r
ClM D) =Ac exp[—z— (Af,—y)? giving
ac
jrtV(Af oM. (B7 = Be
xexd —jmty (Afa—y)+jec’]l.  (B7) ’)’ozAfa_m- (C7
APPENDIX C: LOCATION OF PEAK IN C(F’;;'”“)(y) Af, is the spectral shift observed in the magnitude spectra,

thus the term BC/(2A+B?)” gives the correction to this
In this Appendix, an expression is derived for the loca-spectral shift. By using thafV =2tV + 7o+t =2tV +t,,,
tion of the peak in the real part &' 1)(y) which isthe (@s 2<c and t,=T,) and that Syrp—2f,
complex cross-correlation function of consecutive fsm spec= (7o/tm)Bo—2f,=—2f; (as n/t,,<<<1), the following

tra. The real part OE(FT\hnH)(?’) is simplification can be made:
il 2 BC _ Wt(an)cpg])
Re{[CIM Y (9)}=Ac eXF{—E (Afa—y)? 2A+B% " 7Y ag+ (mt)?
x cod — (M (Afa—y)+ o], _ (2t + ) mo(2Soty” — 2 1) s
1) T (2tP 4t %+ ag
For ease of notation, the following terms are introduced: By further assuming that
1 2 Bo Jtd"] <1 2|t5’n)| <1 <1 (C9)
~ T — <1, 2—/—<1; 75<I1,
f(y)= o ReCRI (N} A=5—, fi tm tm 247
c ¢ (C8) can finally be simplified to
B=mt", C=¢, (C2)
BC 2f12v_|_ ©10
;/vherecpg‘) is given in(B6). Equation(C1) can now be writ- 2A+B2~  t, ¢ "
en as By use of(C10), (C7) can be written as
f(y)=ex —A(Af,—y)?]co§ —B(Af,— ) +C]. 20T, 21,
(C3 Yo= — (C1))
c t,
Let y, be the value ofy at which f(y) has a maximum, or .
equivalently,f()=0. Settingf (y,)=0 yields Eventually, the velocity can be found fro(€11) as
~ Yo
2A = . (C12
B(Af,— yo)—C=—arcta+E (Afa—y0)]. (C4) (2T /c)(Sp+2f1/ty)

In order to quantify the error committed with the two

In order to solve and simplifyC4), several approximations levels of approximations, a simulation program was used to
must be made. To justify the approximations, the errors asfind the correct peak frondC1) and compare this with the
sociated with the approximated expressions for the peak lawo results in(C7) and (C11). Using the following param-
cation will subsequently be evaluated, based on the correeters: «=3; c=1500 m/s;D;,,,=0.1 m; T,=2D,,/c=113
peak location specified ifC1), and shown to be acceptably us; D=D,,/2; d=D; f,=3.5 MHz; By;=5 MHz;
small. t,=0.8T,, resulted in a relative error that was less than

The first approximation is a linearization ¢€4). The 0.1% and 1.65% for(C7) and (C11), respectively, when
maximum value of the argument to the arctan function is evaluated ovelr— vas: Vaiiad- These figures are much smaller
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