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ABSTRACT 

For a given input noise level, an imager’s re- 
ceive signal to noise ratio (SNR) can only be 
increased by raising the energy contained in 
its transmit pulse. Given a fixed bandwidth, 
pulse waveform energy can be raised only by 
increasing the transmit amplitude. For a lin- 
ear swept frequency modulated (FM) wave- 
form, both transmit amplitude and duration 
can be increased. For equal bandwidth sig- 
nals and aperture size, the point spread func- 
tion (PSF) of pulse and swept waveforms is 
the same. Because of receiver DNR limita- 
tions, aperture constraints, and transmit 
power regulations, use of swept FM wave- 
forms may not translate into better medical ul- 
trasound imager performance. 

1. INTRODUCTION 

Proof of concept ultrasound imagers using 
linear swept FM waveforms have been re- 
ported, for example in [3] and [4]. Inherently 
superior sensitivity and resolution of such 
imagers is attributed to the potential for a 
much greater time bandwidth product than 
found in imagers using pulse waveforms. By 
comparing the basic sensitivity and resolu- 
tion properties of pulse and sweep wave- 
forms and defining the limitations on their 
use, it is shown that no inherent advantages 
exist. A contribution to the use of sweep wa- 
veforms in ultrasound is not in showing its ba- 
sic feasibility, but in the solving of specific 
medical imager implementation limitations. 
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gp(t) = exP(-JWo)2) (6) 
and a Gaussian shaped linear frequency 
sweep pulse prs(t) of duration T,, at carrier 
frequency 6.1~ with a -6.8dB Gaussian spec- 
trum bandwidth of 1 /To (T,> >To). 

PTSN = A, ~ X P (  j(@ 
+ nt2/ VJO) )) (7) 

gs(t) = exp(-JWs)2) (8) 

Gaussian shaping, complex waveforms, and 
non-causal filter responses are used for 
ease of manipulation. An actual imaging sig- 
nal would have a finite shaping function and 
be the real part of a complex waveform. An 
implementable filter response would be finite, 
with a delay term to make it causal. 

The specific matched filter response for each 
case is derived by substituting (5) and (7) into 
(4), and dividing by the transmit amplitude to 
normalize the filters. 

hp(t) = prp*(-t) 1% (9) 

hs(t) = PTs*(-t) 1 As (1 0) 
The receive processing for other waveform 
coding takes the same form, as (4) makes no 
assumptions about the nature of pT(t). 

111. IDEAL SNR 

The peak receiver output signal power S, for 
a target at z ~ ,  is found by evaluating the pow- 
er in s(t) at ZR, with e(t) set to zero. 

s = S('GR) s*(zR) (1 1) 

S(ZR) = Ida h(0) pR(t-U) I t=lR (12) 

= jdu p~*(-u)/A a R  pr(-u) (13) 

In (13), the exponential phase terms of 
p ~ (  -U) cancel out, and only the real terms are 
left. 

The receiver noise power N is found by deter- 
mining the power in s(t) with pr(t) set to zero. 

N = E[s(t)s*(O)] (1 6) 

(1 7) = en2 Ida h(0) h*(U) 

N = en2 \do (0) g(0) 

= en2 \du p~*(-u)/A pr(-u)/A (18) 

Again, the phase terms cancel. 

The SNR is calculated by dividing (15) by 

SNR = (aR Ida g(u) g(u) (20) 

A more insightful form is derived by recogniz- 
ing the expression for the transmit energy Tx 
contained in the signal pr(t). 

(1 9) 

(19). 

TX = Ida p-r(u) p~*(a) 

= A2 p a  g (4  g (d  

(21 1 
(22) 

Tx normalized by the pulse firing rate is the 
average power delivered to the object field. 
Substituting (22) into (20) 

This is a general result, independent of the 
type of waveform used. Substituting (6) and 
(8) into (22) gives the specific results for the 
pulse and sweep waveforms. 

SNR = aR2 TX / en2 (23) 

Txp = Apqo / J2 

SNR, = aR2 TXp / en2 

Txs = A S W J 2  (26) 
SNRs = aR2 Tx, / en2 

(24) 

(25) 

(27) 
The SNR is the ratio of the medium atte 
nuated transmit energy to the receiver noise 
density. Given that a signal bandwidth 1Tr0 is 
specified, the only way to increase transmit 
energy in the pulse case is to increase the 
amplitude. In the sweep case one has the ex- 
tra degree of freedom to increase the sweep 
duration T,. In either case, the SNR is in- 
creased only by delivering more power to the 
object field. 
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IV. SNR MODIFIED BY DNR shows up around t=O, when the return signal 
of interest is not present. For the sweep case 

The SNR results derived so far assumed *at 
the dynamic range (DNR) Of the receiver in (7), the leakage term adds to the desired sig- 

nal. If aA set to unity exactly maps the pulse 
Figure ' ' is Of no importance. DNR can be 
defined a' the ratio Of the 
tude signal p~~~ that the receiver can pro- 
cess to the e(t) noise level e,,. This can be im- 

achievable with lower p ~ ~ ~ .  

For the pulse case, the receiver has to ac- 

return signal to the PRma constraint of the re- 
ceiver, then a~ hasto be less than unityforthe 
sweep 

portant in practice because the effective e, aAp=1 (28) 
may be greater at high PRmm constraints than a h  f i ~  a~ / aL 

SNR, = aR2 Tx, / en2 

(aR < ad (29) 
This leaves unchanged the pulse SNR (25), 
but adds a term to the sweep SNR (27)- 

commodate the signal range associated with (30) 
the target return at ZR, which has an 
associated attenuation a R .  The largest sig- 
nals present at f=ZR are those of interest. For 
the sweep case the returns from different 
ranges overlap in time and therefore most of 
the signal components present at t=zR are 
not of interest. Returns from shorter ranges 
have less attenuation (coefficients values 
larger than ad. 
A general treatment of this issue is not pos- 
sible since the DNR constraints depend on 
the object field. An example case is shown in 
Figure 2. The model of Figure 1. has been 
modified to include an undelayed leakage 
term aL. This could be due to electrical cross- 
talk or returns close to the receiver. Also add- 
ed is an attenuation factor UA that matches 
the return signal amplitude to the DNR of the 
receiver. In practice, a A  is time varying, and 
maps the decreasing signal level as a func- 
tion of depth to the fixed receiver DNR. 

Object field 9 (1) Receiver 
I 

Figure 2. Idealized single channel imager 
with finite DNR. 

For the case of the pulse waveform in (5), the 
leakage term is not a problem because it only 

SNR, = a R 2  ah2 Tx, / en2 (31 1 
This extra attenuation can offset any SNR 
gains from an increase in the sweep transmit 
power. Alternately, it requires the design of 
the receiver to have higher DNR than would 
be required for the pulse case. 

V. RANGE RESOLUTION 
The model of Figure 1. will be used to 
compare the range resolution for different 
imaging waveforms. The receiver response 
h(t) is left as a matched filter. This is not nec- 
essarily the best selection when resolution is 
the constraint, but for purposes of analysis it 
offers simplicity. The range response around 
the target return at t=ZR, can be expressed in 
terms of the resolution variable fR. 

S(tR) = Id" PT*(-u)/A n(tR-U) 

Sp(tR) = a R  % exp0'%tR) 

fR = t - ZR (32) 
(33) 

For the pulse case, (5) is substituted into (33). 

\do gp(d gp(0 - tR) (34) 
Substituting (6) for gp(u), evaluating the inte- 
gral, normalizing the amplitude to unity, and 
taking the magnitude of the result, gives the 
pulse range response qp(tR). 

In general, q&) is the convolution of the 
transmit pulse shaping function with the re- 
ceive pulse shaping function. 

qp(tR) = exp ( (tR /(,/2T0)) 2, (35) 
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For the sweep case, (7) is substituted into 
(33) - 

ss(fR) = aR As 
~ X P (  b c t R  + d~~ /(TSTo) 1) 
p a  gs(4 gs(a - tR) 
exp(-ib t~ o/(TSTo)) (36) 

Substituting (8) for gs(a), evaluating the inte- 
gral, normalizing the amplitude to unity, and 
taking the magnitude of the result, gives the 
sweep range response qs(tR). 

qs(tR) = exp(-Z(tR /(J2T0))2) 
exp(-a(tR /(,/~Ts))~) (37) 

For Ts>>To, the second term can be ig- 
nored, giving an approximate qs(tR). 

qs(fR) fw exP(-dtR /(,/2T0>)2) (38) 
This states that the range resolution for the 
sweep waveform is the same as for the pulse 
waveform. This is an intuitively correct result 
since the same bandwidth signals were 
transmitted and equal bandwidth receive fil- 
ters were applied. Effects of nonlinearities are 
important here, but will not be presented. 

VI. APPROXIMATE PSF 

An idealized receive array imager is shown in 
Figure 3. It is made up of N transducer ele- 
ments that can be independently apodized 
and delayed before summation. The 
summed signal is filtered by h(t). The output 
s(t) can be detected and displayed. The ele 
ment spacing d is uniform across the array. A 
point target in the objectfield is characterized 
by its range and angle from the array center. 

For a pulse waveform, Wright [2] derived the 
approximate receive PSF p(r,Q), in terms of 
the normalized range variable r and normal- 
ized azimuth variable Q. 

p(r,S2) 2" a, q'(2r - Qn / 24 
0 exp(-jQn) (39) 

The summation is over the N elements of the 
array. The function q'( ) is the pulse range re- 

sponse (%), normalized 
length. 

to units of wave- 

'..q-$ targ4k. 

anW-Tn) - 
d -w 

Figure 3. Idealized receive array imager. 
A key insight offered by (39) is that for broad- 
band waveforms the range response is 
coupled to the azimuth response. This limits 
how much range resolution can be increased 
without decreasing azimuth resolution. 
The approximate PSF for the sweep case is 
(39), with the sweep range response (38) 
used for q'(). This results in the same PSF as 
for the pulse case. This can be seen by mov- 
ing the matched filter h(t) from the array out- 
put to the output of every element. This op- 
eration does not change the signal s(t). Since 
the waveforms out of the moved matched fil- 
ters are the same for both the pulse and 
sweep case as shown by (35) and (38), the 
beamformer portion of the array sees the 
same input signals. 

VII. PSF PLOTS 
The receive imager of Figure 3. is simulated 
to generate receive PSFs. In the simulations, 
the point target is illuminated from an omni- 
directional point source transmitting from the 
center of the array. The intensity at each point 
is computed exactly. The number of array ele- 
ments N is set to 128, and the element spac- 
ing d is set to h/2. The point target is located 
on the array center line (steering angle of 00). 
The apodization profile, which sets the values 
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of coefficients a,, is setto a Blackman-Harris 
window. The pulse waveforms are from (5) 
and sweep waveforms are from (7). The re- 
ceive filter h(t) is matched in each case. The 
displayed PSFs are in terms of the range and 
azimuth variables centered on the point tar- 
get. 

In Figure 4. through Figure 7., a point target 
is placed at a deep range of 256h, where the 
use of sweep waveforms appears the most 
appropriate since at shallow depths sensitiv- 
ity is less of an issue. Two and four cycle 
bandwidth signals are used. A compression 
ratio of 16:l is used for the sweep waveforms. 

The pulse and sweep PSFs are the same for 
equal parameters. With the four cycle pulse 
bandwidth, the -20dB range beamwidth to 
-20dB azimuth beamwidth ratio is 5h/l9h. 
For the two cycle pulse bandwidth the ratio is 
3.5hjl9.531. This beamwidth asymmetry is 
another limit on the benefits of increasing 
range resolution, as the desired PSF shape is 
symmetric. 

A sweep waveform PSF at a lower range of 
128h is shown in Figure 8. Its -20dB range/ 
azimuth beamwidth ratio of 3W0h is also 
asymmetrical. Not shown is the equal param- 
eter pulse PSF, which looks the same. 

Figure 4. One way PSF, pulse waveform, f/4, Figure 6. One way PSF, pulse waveform, f/4, 
To = 4Tc, N = 128, d = hJ2. To = 2Tc, N = 128, d = h/2. 

Figure 5. One way PSF, sweepwaveform, f/4, Figure 7. One way PSF, sweep waveform, f/4, 
To = 4T& Ts = 16T0, N = 128, d = h/2. To = 2T& Ts = 16T0, N = 128, d = h/2. 
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Figure 8. One way PSF, sweep waveform, 
f/2, TO = 2Tc, Ts = l6T0, N = 128, d = hj2. 

VIII. IMPLEMENTATION ISSUES 

Linear sweep FM techniques were developed 
for radar in the 1940’s and 1950’s to over- 
come peak output power limitations of radar 
transmitters [ 11. The object field in most radar 
applications has far field targets with no near 
returns that can decrease the SNR as in (31). 
There are no limits on the delivered power. 

Medical ultrasound has different limitations, 
with transmitter peak output power typically 
not a major one. The power delivered to the 
object field is limited by government regula- 
tions, and the object field has returns from all 
ranges. The imaging situations that might 
benefit from sweep techniques are those that 
have not reached the average power limit and 
have reached transmitter amplitude limit (due 
either to hardware or regulatory peak intensi- 
ty constraints). However, one may not be able 
to justify the increased receiver cost and 
complexity associated with higher DNR and 
processing requirements. The situations 
where more power would be of most use, 
namely at deep depths, are subject to aper- 
ture constraints that limit the benefits. 

One specialized ultrasound application, for 
which sweep techniques have proved useful, 
is transducer measurement [5]. In this situa- 
tion, the object field resembles that found in 

radar. There are no interfering returns, range 
but not azimuth resolution is important, and 
there are no power limits. 

IX. CONCLUSION 
Linear sweep FM waveforms can increase 
the delivered power to the object field without 
increasing the transmit amplitude, while 
maintaining the same spatial resolution. In 
medical ultrasound imagers, because of 
DNR, hardware complexity, aperture, and 
regulatory limitations, this does not neces- 
sarily translate into performance advantages. 
Meaningful contributions to coded waveform 
application to ultrasound have to address 
practical imager implementation problems 
and second order processing effects. Dem- 
onstrations have to show specific advan- 
tages in clinical imaging situations, and not 
basic technique feasibility. As is done above, 
feasibility can be shown from first principles. 
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