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The accuracy of a new method for measuring ultrasonic backscatter coefficients was tested, using 
narrow-band pulses and well-defined media having scatterers randomly distributed in space. 
Experimentally determined values agree very well with theoretical values for wide ranges of 
experimental parameters, these ranges being applicable in measurements made on human soft 
tissues. An important outcome is that the method yields accurate results for scattering media 
positioned anywhere from the nearfield through the farfield of the nonfocused transducers 
employed. In addition, backscatter coefficients can be determined for a broad range of gate 
durations. 

PACS numbers: 43.20.Fn, 43.20.Ye, 43.35.Yb 

INTRODUCTION 

A new method for reducing echo signal data to obtain 
accurate ultrasonic backscatter coefficients has been report- 
ed.! Other methods for measuring backscatter coefficients 
are carefully reviewed in that article: A detailed comparison 
of the present method with those other methods is also pre- 
sented there. The new method is applied, in the present 
work, to the situation in which an ultrasound transducer 

transmits a pulsed sound beam and detects echo signals due 
to scattering in the medium. The volume of interest is select- 
ed by time-gating the received signal. The method employs 
accurately modeled pressure beam characteristics, com- 
pletely accounts for pulser-receiver instrumentation, and-- 
most importantly--is applied in terms of the actual frequen- 
cy and time domains inherent in the data acquisition. The 
method is applicable for scattering volumes at any distance 
from the transducer surface, for broad ranges of pulse and 
gate duration, and for focused or nonfocused transducers. 
Contained in Ref. 1 is a detailed mathematical description of 
the method and preliminary results testing the accuracy for 
the case of narrow-band pulses. Using phantoms with well- 
defined ultrasonic properties, backscatter coefficients deter- 
mined with the method for frequencies from 1-6 MHz 
agreed with those deduced independently based on the the- 
ory of Faran, 2 the latter requiring knowledge of the physical 
properties and geometry of the scatterers and knowledge of 
the number of scatterers per unit volume. 

These preliminary results are very limited in terms of 
the experimental parameters employed. In particular, the 
pulse and gate durations were restricted to 10 and 25 
respectively, the distance between the transducer face and 
the "center" of the gated region was restricted to 20 era, and 
only one size of glass bead scatterers was involved. 

In the present work, more extensive tests of the method 
are reported. The accuracy of the method is again tested 
using phantoms with well-defined ultrasonic properties, and 
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the results are compared with independent calculations. 2 In 
addition, the claim that the method is independent of trans- 
ducer-to-scatterer-volumes distance and of gate duration is 
tested over a broad range of these parameters. Two different 
phantom materials were used, the size and concentration of 
the scatterers being different in each. 

The expected accuracy of the data reduction method 
results from accounting for the physics of the measurement 
exactly except for one approximation regarding the source 
distribution on the transducer face and three approxima- 
tions regarding the scattering medium. z 

The transducer source distribution is assumed to consist 

of a set of equivalent point sources acting in unison and uni- 
formly distributed over an area corresponding to the active 
element of the transducer. Comparison between this model 
and experiment shows excellent agreement for axial dis- 
tances beyond 3 or 4 cm from the transducer face3'4; thus this 
approximation appears to be an excellent one. 

The three approximations made regarding the scatter- 
ing medium are as follows. First, the wave fronts of the scat- 
tered wave from each scatterer are assumed to be spherical in 
the region of the transducer face. This condition applies only 
if the scatterers arc monopolar or if the scatterer is sufficient- 
ly distant from the transducer face. This approximation is 
applied to facilitate large-scale savings in computer time by 
allowing a double integral to be reduced to a single (numeri- 
cal) integral. Second, it is assumed that the scatterers are 
randomly distributed in space and that the averge number 
per unit volume is small enough that the only (apparent) 
coherent scattering is related to the onset and termination of 
the time gate. Third, for calculational convenience the data 
reduction assumes that all scatterers are discrete and identi- 
cal. 

I. THE METHOD OF DATA REDUCTION 

This section is a summary of the method of data reduc- 
tion for determining the backscatter coefficient r/(oJ o) at fre- 
quency r.o o. 
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One of the principal relations involved is 

It'<co)lt2 =(T;) f drlt(co,r,l 

where co is the angular frequency and I I (co } I I is the modu- 
lus of the Fourier transform of the echo signal I z, (t). [ The 
bar over the left side ofEq. ( 1 ) denotes taking the average of 
many realizations of I I (co) I ILl • is the gate duration; A is 
the volume of the scattering medium: 

J(co,r,t)•fj • rico' T(co')Bo(co')W(co') 
X sine (-(co -- •')r.• • (r,co') ß (2) 

T(co') is the complex receiver transfer function;/to(co') is a 
complex superposition coefficient defining the pressure 
pulse in terms of the complete set of functions Ae(r•') cor- 
responding to the transducer geometry3.4; and • (co') equals 
<b•,, (8) at 0 = lg0 •, where (D•, (8) is the angle distribution 
factor described on p. 426 of Re•. 5 in terms of the asympto- 
tic form of the scattered pressure wave amplitude p, (R,0). 
In particular, •, (½) --- (•/A )e - •'*p, (R,e), where • is 
the (large) distance from the scatterer to the field point, •/is 
the amplitude of the incident plane wave, co' is the angular 
frequency, and k' • k(co') is the complex wavenumber. 

Also, sinc x•sin (•rx)/Orx). The sinc function in Eq. 
(2) is the Fourier transform of the rectangular gating func- 
tion 

il, -- •/2•t<•/2, g(t) = O, otherwise, 
evaluated at angular frequency co -- co'. Notice that J(co,r,r) 
is a convolution in frequency of the sinc function with the 
remainder of the integrand. The importance of accounting 
for this convolution in determining accurate backscatter co- 
efficients was pointed out previously. 6 

Equation (1) states that the square of the measured 
echo signal spectrum is composed of two parts [neglecting 
the common factor (r/2•r)•]: 

.•a(co) =.•f f ;drllJ(co,r,r)l, • (3a) 
A 

and 

I? [' •b(co) = • (co,r,r) (3b) 

The first part, Na (co), is proportional to the average number 
of scatterers per unit volume (N) and is the result of incoher- 
ent scattering from the random distribution of point seat- 
refers throughout A. The second part, •b(co), is propor- 
tional to the square of the average concentration of 
scatterers. It describes the coherent scattering contribution 
to u, (t) due to the onset and termination of the time gate. 

(See the Appendix ofRef. ! for a discussion of why coherent 
scattering is expected to occur at the onset and termination 
of the time gate. ) Notice that although a(co) and b(co) look 
similar, they are quite different in that the phase of J is in- 
cluded in the volume integration for b (co), whereas only the 
modulus of the complex function J(co,r,r) is involved in 
a(co). 

When sufficiently long gate durations and pulse dura- 
tions are used to acquire backscatter waveform data, 
J(co,r,r) will peak strongly at coo, the center frequency of the 
pulse. Two new functions can then be defined from Eq. (2) 
and Eqs. (3a) and (3b): 

•a(coo)• [l•(coo)ll•a'(coo) 
and 

I I(coo) I '(coo). (3d) 
Thus we restrict ourselves in the following discussion to gat- 
ed echoes following the transmission to narrow-band pulses. 
The backscatter coefficient •7(coo) is defined as the differen- 
tial scattering cross section per unit volume at a scattering 
angle of 180 •. For a single scatterer having spherical symme- 
try, the differential scattering cross section for scattering an- 
gle •, d• (O)/dl•, is defined to be the power scattered per 
unit solid angle (far from the scatterer) divided by the inci- 
dent plane-wave intensity. If.4 is the incident pressure wave 
amplitude, the incident intensity is lid I le/(2pe). Also, the 
power scattered per unit solid angle is 

da 
Therefore, 

do'• ( O) = R l[P,(R,O)11 = i1%o(0)11 ' 
where (Do• (t9) was defined above. Also, for 0 = ISG', we in- 
troduced the following definition above: •(coo)-•(D•(8). 
Thus &% (O)/dfl = II(coo)ll:. The backscatter coeffi- 
cient for spatially random distributed scatterers then 
comes 

(coo)ll(coo)11 = = II(coo)11 (r/2rr) [a'(coo) + •b '(COo) ] ' (4) 
where • is the mean number of scatterers per unit volume. 
Computation of the quantifies ofa' (coo) and b' (coo) requires 
determination of the product T( co)B o (co) over a sufficiently 
large band of frequencies about coo. This requires recording 
the echo from a reference reflector. 

Many practical situations exist in which • is not easily 
defined (e.g., soft tissues) or not known at the time of mea- 
surement (e.g., studies in tissue phantoms). It has been 
shown, • however, that for sufficiently long gate durations •-, 

.•b ' ( coo) /a' ( coo) -+ O . (5) 
r lar•e 

For measurement conditions in which Eq. (5) holds, Eq. 
(4) can be reduced to 

v(coo) I I ,(coOlIV[ (;'/2rr):a'(coo) ] ß (6) 
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FIG. 1. Histogram of the diameter distribution of the glass bead scatterers 
in sample 1. Measurements were done using an optical microscope with a 
calibrated ocular micrometer. 

It is convenient to define the quantity 

II v,(coo) 112/[ (r/2•r)2a'(coo) 1, 
applying for any r, and to write Eq. (6) in the form 

•(coo) • •/(coo)- 
• sufficiently 

large 

One of the objectives in the work reported is to determine 
combinations of pulse duration and gate duration (J') for 
which •(coo ) = V (coo)- 

II. MATERIALS 

Two samples consisting of glass bead scatterers random- 
ly distributed in agar were used to test the accuracy of the 
data reduction analysis. In sample 1, the glass spheres exhib- 
it a strong peak in their diameter distribution at 40 p. The 
mean concentration of scatterers is N = 46 scatterers per 
mma. The scatterers in sample 2 are spheres of the same type 
of glass, also having narrow diameter distribution with a 59- 
p mean diameter. The mean scatterer concentration for sam- 
ple 2 is N = 7.7 scatterers per mma. Measurements of the 
diameter distributions were done using an optical micro- 
scope with a calibrated ocular micrometer. Histograms for 
the diameter distributions are shown in Fig. 1 (sample 1 ) 
and Fig. 2 (sample 2). Mean concentrations of scatterers 
were found by counting the number of beads in a thin slab of 
the material, the mass of the slab and its density also having 
been determined. 

Measurements of speed of sound and attenuation coeffi- 
cients were made using a through-transmission technique ? 
at 20 øC at five discrete frequencies between I and 7 MHz. 
Curve fitting was done assuming that the attenuation coeffi- 
cient a(,D is proportional to a power of the frequency 
fxt(f) = Ctof" , where ao and n are constants andf is the 
frequency. For sample 1, a o = 0.052 dB cm- • MHz- L• and 
n = 1.5. For sample 2, a o = 0.055 dB cm -• MHz- L4 and 

Backscatter coefficients for th•se samples were comput- 
ed independently using the theory of Faran. 2 Required pa- 
rameters for the glass beads were the density (2.4 g/cm3), 
Poisson's ratio (0.21), and the longitudinal speed of sound 
(5570 m/s). The agar was taken to be waterlike with the 
density of 1.00 g/cm 3 and a speed of sound of 1525 m/s (our 
measured values). Faran's theory accounts for both longitu- 
dinal and transverse waves and has been found to agree with 
experiment for direct measurements of differential scatter- 
ing cross sections over a broad range of scattering angles and 
frequencies. s Assuming incoherent scattering only, the cal- 
culated, or "theoretical," backscatter coefficient (defined as 
the differential scattering cross Section per unit volume for a 
180 ø scattering angle) is given by Vta•o• (coo) 
= •da/dO, 1180 ø. Because the backscattered intensity for 
small scatterers is a strong function of scatterer diameter, 
V•h•orv (COo) for each sample was calculated as a weighted 
average using the histograms in Figs. 1 and 2; i.e., 

L 

(COO) = (COo), 
i--I 

where f• is the number fraction of scatterers (particles) in 
the ith bin and ni (COo) is the calculated backscatter coeffi- 
cient corresponding to the diameter of the scatterers in the 
ith bin. 

IlL EXPERIMENTAL PROCEDURE 

A block diagram of the equipment used to obtain scat- 
tered echo signals from the sample is shown in Fig. 3. The 
sample was placed in water at a specific distance from the 
transducer. Nonfocused 13-mm-diam transducers were 

used to transmit narrow-band pulses and receive the back- 
scattered echoes. The pulse repetition frequency was adjust- 
ed such that echoes from the entire sample were received 
before the next pulse was transmitted. From these echo sig- 
nal waveforms, axial regions of interest were selected via 
time gate positioning. Using the Biomation 8100 transient 
recorder, 25 time-gated echo signal waveforms were then 
recorded, each corresponding to a different position of the 
transducer beam axis through the sample. These different 

2O 

NOMNAL 5B •n DIA ETER 
GLASS BEADS 

• III 

15 

40 45 50 55 60 65 

DIAMETER (,/•m) 

FIG. 2. Histogram of the diameter distribution of the glass bead scatterers 
in sample 2. Measurements were done using an optical microscope with a 
calibrated ocular micrometer. 
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positionings were accomplished by translating the sample 
perpendicularly to the beam axis in a raster fashion. The 
Fouier fransforms of each of these 25 waveforms were then 

computed yielding values of I•, (coo) contained in the numer- 
ator of Eq. (4). The mean value of the square of the moduli 
of these Fourier transforms then yields the numerator of Eq. 
(4),viz., iIv,(o)ll 

To account for pulser-receiver characteristics for each 
set of experimental parameters, a recording was made of the 
echo signal waveform due to reflection from a planar Lu- 
cite9-to-water interface placed at half the transducer-to-sam- 
ple distance. This reflector position was chosen so that the 
echo pressure wave received most closely represents that in- 
cident on the involved scatterers. m This echo waveform al- 

lows the determination of the (complex) function 
Bo(co ) T(co). Care was taken to maintain the same transmi.q- 
sion and reception conditions for recording the plane reflec- 
tor signal as those for recording the scatter signals from the 
sample. 

All data acquisition and storage in these measurements 
were under control via an LSI 11/23 microcomputer.• The 
data sampling rate of the transient recorder .was 20 MHz. 
Further details regarding experimental techniques can be 
found in Ref. 12. 

IV. NUMERICAL METHODS 

All data reduction was done on a PDP 11/23-PLUS* 

computer configured with an array processor. 13 Discrete 
Fourier transforms of echo signal waveforms were comput- 
ed according to Bracewell. TM 

• TRANSDUCER 

J C• BURST 
TRIG J G•ERATOR 

OICIE 

Nq:•LIFIER J 

VARIABLE 

ATTENUATOR E ] 

GAT RECEIVER ,U•PLIFIER 

•T C•.. BIO•TION •SCOPE 
J LSl ll/2• •ISK 

The quantity 

œ(coo) = [ I J v"., (coo) JJ•/(r/2•r)2a '(oo) ] 
was determined for each measurement; thus values ofb' (co o ) 
shown in Eq. (4) were never needed. Recall that 
g(coo)--,•/(coo) for sufficiently large gate duration t. 

Numerical integrations over volume and frequency 
were done to determine values ofa'(coo) which has the form 

a' ( coo) = dco'T( co') Bo( co') 

The trapezoidal rule was used throughout. Computing time 
was minimized without compromising accuracy by judi- 
cious choice of integration limits and intervals. It was found 
that the frequency integral converges when the lower limit of 
integration is less than co o --Grr/t and the upper limit is 
greater than coo + 6rr/t, where r is the gate duration (time). 
This range of frequencies includes the five mainlobes of the 
sinc function. Thirty-one frequency values were necessary 
for convergence of the frequency integral. Considerable sav- 
ings in computer time resulted from introducing a Taylor 
series expansion of the expression for .4 o (r•o) about coo- 

The pressure field has axial symmetry so that the vol- 
ume integral in Eq. (7) was reduced to two dimensions: radi- 
al and axial. The volume integration limits extend over the 
entire sample volume A. However, a smaller integration vol- 
ume, A' having lateral margins extending through the first 
sidelobe of the pressure field and containing at least 80 points 
over that radial distance, was used with no loss of accuracy. 
Axially, A' must have a length of at least L = c, (t/T)/2, 
where cs is the speed of sound in the scattering medium and 
T is the pulse duration. The distance d between the trans- 
ducer face and the proximal end of A' must be no greater 
than 

d =d•, + (cs/2)(to• - T- 2d•,/c•,) , 

where d•, is the water path distance from the transducer to 
the sample, c•, is the speed of sound in water, and t• is the 
onset time of the dectronic gate relative to a zero time corre- 
sponding to the beginning of the emission of the pulse from 
the transducer. The distance between the distal end of A' and 
the transducer face must be no less than d + L. In fact, A' 
should be extended over a somewhat larger axial extent than 
that defined here to account for the fact that the boundaries 

separating scatterers contributing from those not contribut- 
ing are not simply planes perpendicular to the axis of sym- 
metry of the beam.•'6 An axial integration increment of less 
than 22 o (where/to = 2rres/coo) was found to be sufficient to 
maintain accuracy. 

V. RESULTS 

In Fig. 4 are plotted values of 

œ(coo)----[ 
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for various gate durations t between 4 and 20 Its, all other 
parameters being fixed. Sample 1, containing 40-it-diam 
beads, was used in this study; the center frequency •o o was 
2.00 MHz, and the pulse duration was 5its. The transducer- 
to-scattering-volume distance was maintained at 10 cm. The 
horizontal dashed line corresponds to the theoretical value. 

In Fig. 5 are shown values of•(•Oo) where •- is again the 
only variable, the latter varying between 6 and 30 Its. All 
other parameters are the same as those corresponding to Fig. 
4 except that the frequency in this case was 5.00 MHz. 

In Figs. 6 and 7 are shown determinations ofbackscatter 
coefficients for cases in which the varying parameter is the 
distance of the scattering region from the transducer. Sam- 
ple 2 was used in this study. The frequency was 2.00 MHz in 
Fig. 6 and 4.00 MHz in Fig. 7. Again, parameters other than 
the distance from the transducer were held fixed in both 

cases, the pulse duration having been 5 Its and the gate dura- 
tion, 10 Its. 

In Tables I and II are shown comparisons of measured 
backscatter coefficients and the Faran values for eight fre- 
quencies between 1 and 6 MHz. Table I corresponds to sam- 
ple 1 (40-it-diam beads) and Table II corresponds to sample 
2 (59-it-diam beads). All measurements involved pulse du- 
rations of at least 5 Its and gate durations of at least 10 Its. 

All error specifications, shown in the form of error bars 
in Figs. 4-7 and numerically in Tables I and II, correspond 
to the standard deviations of the means. •5 

VI. DISCUSSION 

As argued in Ref. 1 and summarized in Sec. I of this 
re_port, the coherent term in the denominator of Eq. (4) 
[Nb '(•Oo) ] becomes negligible for large enough gate dura- 
tion, •-: i.e., 

IIVoo)11 
•'(O•o)•- • •/(O•o) ß 

(•/2•)•a'(•o) 
l•ge • 

•e of the major objectiv• in the work re•ed is to 
g•n • insight into the dependence of •(•o) on the gate 

1 

40.•m 2 MHz 
PULSE DURATION: 5 As 

I I I 
5 10 15 20 

GATE DURATION (/•s) 

FIG. 4. Plotted values of•(•ao)•[ Iv,(]•-W•/(½/2z.)Za'(•Oo)], deter- 
mined with the data reduction method on sample I at •o o = 2 MHz and at 
various gate durations. The pulse duration was maintained at '5 ps. The 
horizontal dashed line corresponds to the theoretical value (via Faran, Ref. 
2). The tram?d. ucer-to-seattering-volume distance was 20 cm. 

T E 1.5 

5 10 15 

5MHz 40 ,.Um t PULSE DURATION : 

20 25 30 

GATE DURATION (•s) 

FIG. 5. Plotter values of •(•Oo)• [ [[ V, (•ao)llz/O'/2•r)2a'(a•o) ], deter- 
mined with the method of data reduction on sample I at •o ---- $ MHz and at 
various gate durations. The pulse duration was maintained at 5/•s. The 
horizontal dashed line corresponds to the theoretical value (via Faran, Ref. 
2). The transducer-to-scattering-volume distance was 20 cm. 

duration and frequency for some reasonable pulse duration. 
The results of the gate duration studies shown in Figs. 4 and 
5 (2 and 5 MHz, respectively) indicate that, for 5-its pulse 
durations and the ranges of gate durations employed, there is 
negligible dependence of •(•Oo) on gate durations. Thus a 
pulse duration of 5 Its and gate duration of 6 its or higher are 
adequate to ensure that •(COo) is a good approximation to the 
backscatter coefficient •/(a•o). This criterion was used in set- 
ting •(•oo) equal to 7/(tOo) in the results displayed in Figs. 6 

6 

I 
00 5 

DISTANCE 

5S/Am 2 MHz 

t I I I 
10 15 20 25 

FROM TRANSDUCER (cm) 

FIG. 6. Backscatter coefficients for sample 2 at 2 MI-Iz for various distances 
between the transducer face and scattering volume interrogated. The pulse 
and gate durations were maintained at 5 and 10/•s, respectively. The hori- 
zontal solid line corresponds to the mean value of these experimental deter- 
minations and the horizontal dashed line corresponds to the theoretical val- 
ue based on Faran (Ref. 2). 

1234 J. Acoust. Sec. Am., Vol. 79, No. 5, May 1986 Insana et al.: Backscatter coefficients 1234 



•2- 

o 
o 

DISTANCE 

i I I I 

59.,P. m 4 MHz 

I I I I . 
10 15 20 25 

FROM TRANSDUCER ( cm ) 

FIG. 7. B•ckscatter coe•cients for sample 2 at 4 MHz for various distances 
between the tnmsducer face and scattering volume interrogated. The pulse 
and gate durations were maintained at 5 and 10 ps, respectively. The hori- 
zontal solid line corresponds to the mean value of these experimental deter- 
minalions and the horizintal dashed line corresponds to the theoretical val- 
ue based on Faran (Ref. 2). 

and 7 and Tables ! and I1. It is very important to note that the 
ratio of the coherent term to the incoherent is proportional 
to •. Thus the result that •(•o) is not approximately equal 
to •/(rdo) will be more likely observed for larger A r. A study 
employing considerably larger values of • than used in the 
present study is under way. 

In Tables I and II, good agreement between theory and 
the results of our data reduction method is shown to exist for 
both samples over the frequency range from I to 6 MHz. 

Perhaps the most important result of the present work 
has been the demonstration that hackscatter coefficients de- 
termined using our method of data reduction are nearly in- 

TABLE l. Theoretical and experimental backscatter coefficients at eight 
frequencies for test sample I in which the nominal scatterer diameter is 40p. 
The theoretical values were cornpuled using the theory by Faran (Ref. 2). 

Backscatter coefficient (st-' cm -•) 
Frequency 

(MHz) Theory Experiment 

1.0 2.64X 10 -6 (3.35 + 0.64) X 10 -6 
!.2 5.45X 10 -6 (5.85:1: 1.15) X 10 -6 
2.0 4.10X 10 -s (4.45 + 0.88) X !O -z 
2.5 9.79X 10 -:• (9.98 4- !.93) X 10 -s 
3.0 1.98X l0 -4 ( 1.50 q- 0.26) X l0 -4 
4.0 5.84X 10 --4 (5.48 q- 1.02) X 10 --4 
5.0 1.31X 10 -3 ( 1.09 q- 0.22) X 10 -3 
6.0 2.44X 10 -3 ( 1.80 q- 0.36) X 10 -3 

TABLE II. Theoretical and experimental backscatter coefficient• at eight 
frequencies for test sample 2 in which the nominal scatterer diameter is 59 p. 
The theoretical values were computed using the theory by Faran (Ref. 2). 

Backscatter coefficient (st -• cm -I) 
Frequency 

(MHz) Theory Experiment 

!.0 3.74• 10 -6 (3.32 q- 0.54) • 10 -6 
1.2 7.69X 10 -6 (7.844- [.40) X 10 -6 
2.0 5.63 x 10 -3 (5.31 4- 1.21 ) • 10 -3 
2.5 1.32 X 10 -4 ( 1.30 + 0.25) X 10 -4 
3.0 2.58 X 10 -4 (2.92 q- 0.58) X 10 -4 
4.0 7.08X 10 -4 (6.20 q- 1.12) X 10 -4 
5.0 1.44X 10 -3 (1.45 q- 0.24) X 10 -3 
6.0 2.37X !0 -• (2.03:1: 0.33) X I0 -• 

dependent of transducer-to-scattering-volume distance. The 
results at 2 MHz for five distances from 5-25 cm agree with 
one another and with the theoretical value. The mcan experi- 
mental value, shown as the solid horizontal line, is about 6% 
below the theoretical value, shown as the dashed horizontal 
line. In Fig. 7, the results for 4 MHz also show reasonably 
good agreement over the same range of transducer-to-scat- 
tering-volume distances, their mcan value (solid horizontal 
line) being about 13% below the theoretical value (dashed 
horizontal line). 

The general accuracy for the method of data reduction 
investigated also creates promise for the development of 
quantitative operator and instrument independent ultra- 
sound grey scale imaging. In our data acquisition, an elec- 
tronic time gate was employed. It is quite reasonable, how- 
ever, to record the entire echo waveform corresponding to 
transducer-to-scattering-volume distances of, say, 5 through 
25 cm. A time gate can then be applied computationally, 
selecting out any desired transducer-to-scattering-volume 
distance in that range. The possibility then presents itseft to 
gather a sufficient number of independent waveforms in or- 
der to compute a mapping of backscatter coefficients as a 
function of position in the interrogated medium. This proce- 
dure will require concomittant determinations of attenu- 
ation coefficients; such determinations can be included in 
the data reduction as will be shown in subsequent reports. If 
the capacity to generate accurate quantitative grey scale im- 
ages eventually can be achieved, this will represent a consid- 
erable advance of ultrasound imaging particularly in that 
such images would be operator and instrument independent. 

Finally, some discussion of the accuracy of the calculat- 
ed theoretical values for backscatter coefficients is appropri- 
ate. Values for the density, compressibility, and Poisson's 
ratio for the glass beads are parameters in the calculations. 
The accuracy of these three quantities provided by the man- 
ufacturer is difficult to ascertain, particularly since micro- 
scopic bubbles were observed in about 30% of the spheres. 
These bubbles are presumably gaseous as indicated by the 
apparent large difference in (optical) index of refraction 
between the material compasing the bubbles and the glass. 
Even if the density, compressibility, and Poisson's ratio em- 
ployed in the Faran calculations are correct mean values, the 
applicability of the Faran theory may be somewhat cornpro- 
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mised since it presumes two homogeneous materials only, 
that of which the spheres are composed and that of which the 
surrounding medium is composed. However, in view of the 
extensive good agreement between theoretical values and 
our mean experimental results, we believe that both our val- 
ues and the Faran values are accurate to within 10% or 15 %. 

VII. CONCLUSIONS 

Backscatter coefficients were measured for a well-de- 

fined scattering medium using a new method of data reduc- 
tion described in Ref. 1. The results of measurements using 
narrow-band pulses agree very well with theory for a wide 
range of time gate durations and transducer-W-sample-vol- 
ume distances, demonstrating the accuracy and flexibility of 
this technique. 

For pulse durations of at least 5/rs and gate durations of 
at least 6/zs, we have found that the quantity 

•(coo)-•- l] V, (o0)l}2/[ O-/2•r)2a ' (COo) ], 

introduced at the end of Sec. II, is a good approximation of 
the backscatter coefficient •/(COo), where COo is the center fre- 
quency in radians per unit time. Thus coherent effects relat- 
ed to the onset and termination of the rectangular time gate 
for these pulse and gate durations arc negligible in determin- 
ing the backscatter coefficient. 

On the basis of the results presented in Tables I and II 
and in Figs. 6 and 7, we also come to the most important 
conclusion that the determination ofbackscattcr coefficients 

using the method of data reduction employed is accurate 
over broad ranges of frequencies (1-6 MHz) and trans- 
ducer-to-scattering-volume distances (5-25 cm). This re- 
suit also opens up the possibility for development of quanti- 
tative, operator, and instrument-independent grey scale 
imaging. 

Finally, we remind the reader that only narrow-band 
pulses were involved in the study and that only nonfocused 
transducers were employed. Investigations using broad- 

band pulses and/or focused transducers are the subjects of 
future reports. 
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