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Bandwidth and Resolution Enhancement
Through Pulse Compression

Michael L. Oelze, Member, IEEE

Abstract—A novel pulse compression technique is devel-
oped that improves the axial resolution of an ultrasonic
imaging system and provides a boost in the echo signal-to-
noise ratio (eSNR). The new technique, called the resolu-
tion enhancement compression (REC) technique, was val-
idated with simulations and experimental measurements.
Image quality was examined in terms of three metrics: the
eSNR, the bandwidth, and the axial resolution through the
modulation transfer function (MTF). Simulations were con-
ducted with a weakly-focused, single-element ultrasound
source with a center frequency of 2.25 MHz. Experimen-
tal measurements were carried out with a single-element
transducer (f/3) with a center frequency of 2.25 MHz from a
planar reflector and wire targets. In simulations, axial reso-
lution of the ultrasonic imaging system was almost doubled
using the REC technique (0.29 mm) versus conventional
pulsing techniques (0.60 mm). The �3 dB pulse/echo band-
width was more than doubled from 48% to 97%, and maxi-
mum range sidelobes were �40 dB. Experimental measure-
ments revealed an improvement in axial resolution using
the REC technique (0.31 mm) versus conventional pulsing
(0.44 mm). The �3 dB pulse/echo bandwidth was doubled
from 56% to 113%, and maximum range sidelobes were ob-
served at �45 dB. In addition, a significant gain in eSNR
(9 to 16.2 dB) was achieved.

I. Introduction

Coded excitation and pulse compression were first used
in radar to significantly improve the echo signal-to-

noise ratio (eSNR) over conventional pulsing techniques
[1]–[3]. The increase of eSNR through coded excitation
comes about by increasing the time-bandwidth product
(TBP) through longer time signals than conventional puls-
ing techniques. The increase in eSNR increases the detec-
tion range of radar without appreciable loss in resolution.

Coded excitation techniques have been adapted success-
fully to ultrasonic imaging for the purpose of increasing
the eSNR without increasing the acoustic pressure [4]–[6].
The improvement of eSNR allows for deeper penetration
of ultrasonic waves and improved image quality.

Use of higher excitation voltages with conventional puls-
ing techniques to increase acoustic pressure is another
means to improve eSNR. However, increased acoustic pres-
sures carry with them greater potential for ultrasound-
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induced bioeffects, and as a result, greater patient risk [7].
One important benefit of using coded excitation to im-
prove eSNR, while maintaining lower acoustic pressures, is
that the possibility of bioeffects caused by higher-pressure
ultrasonic waves can be reduced.

One detriment to implementing pulse compression tech-
niques into ultrasonic imaging is the introduction of side-
lobes [4], [8], [9]. Depending on the coding technique, side-
lobes with levels as high as −13 dB can occur, e.g., coding
with linear FM chirps without tapering, significantly re-
ducing contrast resolution and image quality. One author
[6] suggested that ultrasound medical imaging requires
sidelobe levels less than −45 dB for acceptable image qual-
ity. Much attention has been paid to the filtering of signals
and choosing appropriate coding techniques in order to
reduce sidelobe levels using pulse compression [4], [6], [8]–
[12]. As a result, pulse compression techniques look promis-
ing for improving the eSNR and depth-of-penetration for
clinical ultrasonic imaging devices. However, the improve-
ment in eSNR through coded excitation often comes at the
expense of axial resolution.

Pulse compression using FM chirps and pulse-
modulated (PM) codes also were examined recently in the
context of advanced ultrasonic imaging techniques. One
advanced ultrasonic imaging technique that has made use
of pulse compression is ultrasound strain imaging. Liu and
Insana [12] and Liu et al. [13] adapted coded excitation and
pulse compression techniques to improve strain imaging.
Strain image noise was reduced significantly using Golay
complimentary codes and chirps, and the effective depth-
of-focus for strain imaging was doubled.

Other advanced ultrasonic imaging techniques will ben-
efit from coded excitation techniques. Quantitative ultra-
sound (QUS) techniques that parameterize the backscat-
tered power spectrum, i.e., estimation of scatterer proper-
ties from radio-frequency (RF) signals, could be improved
by increasing the eSNR. Larger eSNR may result in de-
creased variance of QUS estimates, larger useable band-
width, and increased depth-of-penetration for obtaining
estimates. The useable bandwidth is defined in this study
as the portion of the backscattered power spectrum that
is 6 dB above the noise.

Further improvements in accuracy and precision of scat-
terer property estimates would occur if coded excitation
techniques could be used to increase the available band-
width of the imaging system [14], [15]. Studies by Chatu-
verdi and Insana [14] indicated that the variance in QUS
estimates (i.e., scatterer size) was inversely proportional to
the bandwidth of the imaging system. Larger bandwidth
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leads to reduced variance in scatterer property estimates.
Reduced variance in turn leads to better diagnostic ca-
pability in QUS imaging techniques and a greater ability
to measure smaller differences between different kinds of
tissues based on their scatterer properties. One way to
increase the useable bandwidth is to increase the eSNR,
which is achievable through coded excitation techniques.

Alternatively, increasing the useable bandwidth of the
imaging system also may be accomplished through special-
ized FM chirps and pulse compression. Raman and Rao
[16] and Venkatraman and Rao [17] suggested that spe-
cialized FM chirps could be formulated, which under pulse
compression could yield improved axial resolution and in-
crease the −3 dB bandwidth of the imaging system. In that
study, the frequency response of the source was assumed
to be approximately Gaussian. An inverse Gaussian boost
function (inverse of the frequency response) was used to
create a pre-enhanced FM chirp that could be used un-
der pulse compression to effectively increase the −3 dB
bandwidth of the received signal. The pre-enhanced FM
chirp was created by weighting a linear FM chirp function
with the inverse of the approximate frequency response
of the system. Pulse compression was accomplished by
taking the autocorrelation of the measured waveforms (a
matched filtering approach). The technique increased the
−3 dB bandwidth of the source by 40–50%, but with some
increase in the sidelobe levels. Another possible effect of
using preenhanced chirps is the heating of the transducer
because frequencies are being transmitted with higher am-
plification when the transducer is less efficient in convert-
ing voltage to ultrasound.

The purpose of the present study is to evaluate the use
of pre-enhanced FM chirps to improve the axial resolution
and effectively increase the −3 dB pulse/echo bandwidth
and the useable bandwidth of the ultrasonic imaging sys-
tem using a mismatched filtering scheme. A technique is
developed to construct optimal pre-enhanced FM chirps.
Furthermore, the new technique, called the resolution en-
hancement compression (REC) technique, enables the en-
hancement of axial resolution in the imaging system with-
out large sidelobe levels. The −3 dB bandwidth is dou-
bled using pre-enhanced chirps with minimal range side-
lobes (experimentally determined to be less than 45 dB be-
low the mainlobe). The REC technique offers four distinct
novelties over the techniques introduced by Raman and
Rao [16] and Venkatraman and Rao [17]. First, the pre-
enhanced chirps are constructed using convolution equiv-
alence and the impulse response of the actual source. In
the context of the REC technique, convolution equivalence
states that the impulse response of the source convolved
with the pre-enhanced FM chirp is equal to the desired
impulse response of larger bandwidth convolved with a
simple linear FM chirp. Second, pulse compression is ac-
complished through mismatched filtering in the frequency
domain as opposed to autocorrelation of the measured
waveforms. Third, the REC technique makes use of con-
volution equivalence to decrease sidelobe levels over the
approach by Raman and Rao. Finally, by using the convo-

lution equivalence, the shape of the compressed waveform
can be controlled better and to a limited degree shaped to
the user’s application. For example, Raman and Rao were
able to increase the bandwidth by 50%, but the REC tech-
nique enables the bandwidth of the source to be doubled.

II. Theory

Consider an ultrasonic imaging system with shift-
varying impulse response, h(nT,x), that is used to measure
the echo from a three-dimensional, random-scattering ob-
ject, f(x) with time sampled on the interval T with integer
n. The nth echo sample, g′[n], measured with the source
is given by the continuous-to-discrete integral transforma-
tion [12]:

g′[n] =
∫ ∞

−∞
h(nT,x)f(x)d3x + e′[n], (1)

where e′[n] is a sample of the signal independent noise
vector that is considered to be a wide-sense, stationary
random process.

The total shift-varying response of the imaging system
is the convolution of the impulse response of the source
and the voltage waveform used to excite the source:

h(nT,x) =
∞∑

m=−∞
v1[n − m]h1(mT,x) = {v1 ∗ h1}(mT,x),

(2)

where v1[n] is the voltage waveform and h1(nT,x) is the
pulse-echo impulse response of the system. The total shift-
varying response is not unique to a particular pulse-echo
impulse response of the system. Some pulse-echo impulse
response may exist for an imaging system, h2(nT,x), that,
when convolved with a different voltage waveform, v2[n],
is equivalent to (2) or:

{v1 ∗ h1}(mT,x) = {v2 ∗ h2}(mT,x), (3)

for some spatial location. Eq. (3) implies convolution
equivalence between two different impulse responses con-
volved with the appropriate voltage waveforms. An exam-
ple of convolution equivalence is illustrated in Fig. 1. Two
different impulse response functions [Fig. 1(a) and (b)] are
convolved with two FM chirps [Fig. 1(c) and (d)] to yield
an equivalent convolved waveform [Fig. 1(e)].

Suppose that the voltage waveform used to excite the
source with impulse response, h2(nT,x), is given by the
linear FM chirp sequence:

v2[n] = vLin-chirp[n]

= w[n] exp
{

i2π

(
f0nT +

∆f

Tp
(nT )2

)}
,

(4)

where f0 is the center frequency of the chirp, ∆f/Tp is
the frequency-ramp constant in megahertz µs−1 and w[n]
is a Tukey window function [12] as shown in (5) (see next
page), where N is the number of samples in the window
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Fig. 1. Simulated impulse responses, chirps, and convolutions. (a) Pulse with approximately 48% −3 dB pulse/echo bandwidth. (b) Pulse
with approximately 97% −3 dB pulse/echo bandwidth. (c) Modified chirp used to excite the 48% bandwidth source. (d) Linear chirp used
to excite the 97% bandwidth source. (e) Convolution of the pulses with their respective chirps sequences.

w[n] =

{
1.0, 0 ≤ |n| ≤ N

2 [1 + α],

0.5
[
1.0 + cos

(
π

n− N
2 [1+α]

N [1−α]

)]
, N

2 [1 + α] ≤ |n| ≤ N,
(5)

and α determines the ratio of tapering to constant win-
dow size (α = 0, 1 represents rectangular and Hanning
windows, respectively). If a different FM chirp sequence
(we denote as the pre-enhanced FM chirp or vP-chirp[n]) is
used to excite the source with impulse response, h1(nT,x),
such that:

v1[n] = vP-chirp[n]

= w[n] exp
{

i2π

(
f0nT +

∆f

Tp
(nT )2

)}
∗ ψ[n]

= vLin-chirp[n] ∗ ψ[n],
(6)

then ψ[n] is some undetermined function that can be found
through application of convolution equivalence. From (3):

vP-chirp[n] ∗ h1(nT, x) = vLin-chirp[n] ∗ h2(nT, x).
(7)

In frequency domain:

VP-chirp(u) × H1(u,x) = VLin-chirp(u) × H2(u,x),
(8)

where u is the discrete frequency sampling variable. Rear-
ranging the terms yields:

VP-chirp(u) = VLin-chirp(u) × H2(u,x)
H1(u,x)

= VLin-chirp(u) × ψ(u,x),
(9)

where ψ(u,x) = H2(u,x)/H1(u,x).
Now suppose that h1(nT,x) represents the pulse-echo

impulse response of a weakly-focused transducer with
−3 dB pulse/echo bandwidth of 50% that is excited with
the voltage waveform, vP-chirp[n]. Pulse compression of the
coded waveforms is achieved by using appropriate filters
to minimize the correlation length of the received echo sig-
nals. However, because of convolution equivalence, it also
is possible to choose filters that will reduce the correla-
tion length of the received echo signals so that they are
approximately equal to some alternate impulse response,
h2(nT,x). h2(nT,x) can be artificially created to have
properties that may be useful to the imaging system, e.g., a
−3 dB bandwidth of 100%. Pulse compression is achieved
through:

g[n] =
∞∑

m=−∞
b[m − n]g′[m], (10)

where b[n] is some filtering function. If b[n] is chosen such
that b[n] = v−1

Lin-chirp[n] then (10) becomes:



oelze: bandwidth and resolution enhancement through pulse compression 771

g[n] =
∞∑

m=−∞
v−1
Lin-chirp[m − n]g′[m] (11)

=
∞∑

m=−∞
v−1
Lin-chirp[m−n]

∫ ∞

−∞
h(mT,x)f(x)d3x+e[n],

where e[n] is the filtered noise. The convolution equiva-
lence of (3) and the definition of the total response of the
system in (2) gives:

g[n] =
∞∑

m=−∞
v−1
Lin-chirp[m − n]

×
∫ ∞

−∞

∞∑
l=−∞

vP-chirp[m − l]h1(lT,x)f(x)d3x + e[n],

g[n] =
∞∑

m=−∞
v−1
Lin-chirp[m − n]

×
∫ ∞

−∞

∞∑
l=−∞

vLin-chirp[m − l]h2(lT,x)f(x)d3x + e[n],

g[n] =
∞∑

l=−∞
Kδ[l − n]

∫ ∞

−∞
h2(lT,x)f(x)d3x + e[n],

(12)

where K is the TBP of vLin-chirp[n].
Examination of (12) yields two important results of

pulse compression and the use of the convolution equiva-
lence. The compressed echo sequence depends on the inter-
action of h2(nT,x) with the scattering object, f(x), as op-
posed to actual impulse response of the system, h1(nT,x).
As a result, the axial resolution of the imaging system is
improved over conventional pulse-echo techniques because
the −3 dB pulse-echo bandwidth (Gaussian bandwidth) of
h2(nT,x) was constructed to be larger than the bandwidth
of h1(nT,x). The REC technique is defined by using con-
volution equivalence to create a pre-enhanced chirp and
the filtering scheme used in (10) to improve the axial res-
olution of the imaging system.

The second result revealed by examination of (12) is
that the eSNR of the compressed waveform is increased
by a factor related to the TBP of vLin-chirp[n] compared
to the uncompressed echo waveform. The eSNR is defined
as [12]:

eSNR[n] = 10 log

⎛
⎜⎜⎝

E
{∣∣∣K ∫ ∞

−∞ h2(nT,x)f(x)d3x
∣∣∣2}

E
{
|e[n]|2

}
⎞
⎟⎟⎠

= 10 log

(
K2σ2

f

Kσ2
e

∫ ∞

−∞
h2

2(nT,x)d3x

)

= 10 logK + eSNR′[n],

(13)

where σ2
f and σ2

e are the object and noise variances, E
represents the expectation value, and eSNR′ is the echo-
signal-to-noise ratio for the conventional pulsing scheme.
Eq. (13) indicates that the increase in eSNR for the

pulse compression is larger than the eSNR′ by 10 logK =
10 logTBP. One other effect of the filtering process is that
the noise will not be zero-mean, white Gaussian noise
(WGN) because certain frequency components in the noise
spectrum will be amplified by the filters more than other
frequency components.

III. Experimental Implementation

A. Overview

To validate the theoretical predictions, a set of simu-
lations were constructed, and experimental measurements
were taken. The simulations and experiments made use
of the REC technique to increase the −3 dB pulse/echo
bandwidth of the imaging system and improve its axial res-
olution. Useable bandwidth, gain in eSNR, sidelobe levels,
effects of noise, and processing strategies also were exam-
ined.

B. Quality Metrics

To evaluate the improvement in axial resolution, and
therefore image quality using the REC technique in ultra-
sonic imaging, the following quality metrics were used.

1. eSNR: The eSNR of waveforms resulting from pulse
compression is improved over conventional pulsing tech-
niques. Pulse compression increases the echo signal energy
more than the noise signal. The gain in eSNR results from
the increase in the TBP of the voltage waveforms used
to excite the source. The eSNR of echo waveforms aris-
ing from scatterers in the ultrasonic field can be estimated
through (13). In the frequency domain, eSNR describes
the average eSNR per frequency channel and is defined as:

eSNR(u|x) =
|H2c| (u|x)2 E

{
|F (u)|2

}
f

E
{
|E(u)|2

}
e

, (14)

where |E(u)|2 is the power spectral density of the noise,
and H2c(u|x), F (u) represent the Fourier transforms of
h2c(nT,x), f(x), respectively [18]. h2c(nT,x) is the en-
semble average of the compressed signal over noise:

h2c(nT,x) = E {g[n]}noise . (15)

2. Bandwidth: An important metric in determining the
ability of the REC technique to provide improvements in
axial resolution is the bandwidth. Furthermore, in QUS
imaging, increased bandwidth reduces the variance of scat-
terer size estimates [14], [15]. Typically, a Gaussian spec-
trum is assumed for the source power spectrum, and the
bandwidth is defined as the width of the Gaussian func-
tion in which the magnitude falls by one-half (the −3 dB
pulse/echo bandwidth). If the source power spectrum is
Gaussian, then the −3 dB pulse/echo bandwidth is impor-
tant because it reflects the axial resolution of the imaging
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system, i.e., a larger −3 dB pulse/echo bandwidth yields
an improved axial resolution.

The limitation of defining bandwidth in terms of the
−3 dB bandwidth is that the useable bandwidth is not de-
fined. Useable bandwidth will be determined by the ampli-
tude of the signal relative to the noise floor. For the pur-
poses of QUS imaging, we define the useable bandwidth as
the portion of the power spectrum 6 dB above the noise or
the +6 dB eSNR. The useable bandwidth will change, de-
pending on the backscattering strength of the object and
the attenuation of the medium. In some instances, the use-
able bandwidth may be larger than the −3 dB pulse/echo
bandwidth, and in other instances less.

3. Modulation Transfer Function: To measure the ax-
ial resolution of an imaging system, the MTF is a common
metric. The MTF is superior to bandwidth in represent-
ing the resolution of a system. A chirp can have longer
duration than a short pulse, but it could have the same
−3 dB bandwidth. The MTF curve will fall more rapidly
for the longer duration chirp than the shorter pulse. The
MTF describes the ability of the imaging system to trans-
fer object contrast to the image. The MTF represents the
spatial frequencies that are passed by the imaging system.
The MTF is defined as [19]:

MTF(k|x) =
|H(k|x)|
|H(0|x)| , (16)

where |H(k|x)| represents the magnitude of the spatial
Fourier transform of the envelope of the echo waveform.
The axial resolution can be quantified by determining the
wavenumber, k, to which the MTF falls to 0.1. A larger
k value corresponds to a better axial resolution for the
imaging system. The axial resolution of the imaging system
can be defined as:

λres =
1
2

2π

k0
(m), (17)

where k0 is the value of k at which the MTF falls to 0.1.

C. Simulation

The goal of the simulations is to validate the theory
and to guide the experimental measurements. The impulse
response at the focus of a single-element, weakly-focused
transducer was simulated. The center frequency of the im-
pulse response was 2.25 MHz. The impulse response for the
simulated source at the focus (∼48% −3dB bandwidth)
and the desired impulse response (∼97% −3dB band-
width) are displayed in Fig. 1(a) and (b). A linear FM
chirp [Fig. 1(d)] was convolved with the 97% bandwidth
impulse response. The linear FM chirp was tapered with a
Tukey-cosine window from (5) with an 8% taper and had a
duration of 20 µs. The tapering was introduced to reduce
the effects of sidelobes [9]. From the convolved excitation
waveform, (9) was used to find a pre-enhanced FM chirp
that would be used to excite the simulated 48% bandwidth

source, except that the filter, ψ(u,x), was replaced with a
Wiener filter:

ψsim(u|x) =
H∗

1 (u|x)

|H1(u|x)|2 + |H1(u|x)|−2 . (18)

In general, ψsim(u|x) is a spatially varying function be-
cause the impulse response is a spatially varying function.
However, in simulations and subsequent experimental im-
plementation, the impulse response was considered to be
spatially nonvarying over the depth-of-focus of the source
and, therefore, ψsim(u|x) also was assumed to be spa-
tially nonvarying over the depth-of-focus. The resulting
pre-enhanced FM chirp was weighted with a Tukey-cosine
window with an 8% taper. The tapering was applied to
reduce side-lobe levels. The pre-enhanced FM chirp is dis-
played in Fig. 1(c).

The pre-enhanced FM chirp was used to excite the sim-
ulated 48% bandwidth source, and the waveform was re-
flected from a planar surface located at the focus sur-
rounded by water. The waveform reflected from the planar
surface was compressed using a frequency domain repre-
sentation of (10):

G(u) = βREC(u)G′(u), (19)

where βREC(u) is the compression filter (a Wiener filter):

βREC(u) =
V ′∗

Lin-chirp(u)∣∣∣V ′
Lin-chirp(u)

∣∣∣2 + γeSNR
−1

(u)
,

(20)

with γ = 1. The compressed waveform is obtained by tak-
ing the inverse Fourier transform of (19). The choice γ al-
lows the trade-off between axial resolution, gain in eSNR,
and sidelobe levels. Typically, smaller values of γ lead to
better axial resolution and sidelobes but less gain in eSNR
(an inverse filter response). The optimal setting for γ will
depend on the level of noise and desired axial resolution.
Large values of γ cause the Wiener filter to approach a
matched filter response, which reduces the axial resolution
but gives the maximum increase in eSNR.

V ′
Lin-chirp(u) is the frequency domain representation of

a modified linear FM chirp. The modified linear FM chirp
is similar to the linear FM chirp used to find the pre-
enhanced FM chirp in (9). By tapering the pre-enhanced
FM chirp, the convolution equivalence no longer holds with
the original linear FM chirp from (9). Therefore, using a
compression filter with the original linear FM chirp would
yield increased sidelobes. To obtain an improved perfor-
mance, a modified linear FM chirp was obtained through:

V ′
Lin-chirp(u) = VP-chirp(u) × H1(u,x)

H2(u,x)
. (21)

Use of the modified linear FM chirp in the compression
filter gave sidelobes that were 15 dB below sidelobes occur-
ring with use of the original FM linear chirp. Therefore, in
both simulations and experiments, a modified linear FM
chirp was estimated and used in the compression filters.
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Fig. 2. (a) Envelope of compressed waveforms. (b) MTF curve of the two compressed waveforms (--, elementary pulse compression technique;
—, the REC technique).

A linear FM chirp also was used to excite the simulated
48% bandwidth source. The linear FM chirp used to excite
the simulated source was 20 µs in length, had a bandwidth
that was 1.14 times the −3 dB pulse/echo bandwidth of
the source, and had an 8% taper. The resulting waveform
reflected from the planar surface was compressed using a
Wiener filter (20) based on the linear FM chirp (we denote
here as the elementary pulse compression technique) in
order to compare the performance of the REC technique
with elementary pulse compression techniques.

The envelopes of each of the two compressed waveforms
reflected from the planar surface are displayed in Fig. 2(a).
Examination of Fig. 2(a) reveals that the width of the
mainlobe is smaller for the waveform that was excited with
the pre-enhanced FM chirp and compressed with the REC
technique. The smaller mainlobe translates into improved
axial resolution using the REC technique. The sidelobe lev-
els are smaller for the elementary pulse compression tech-
niques versus the REC technique. However, the sidelobe
levels still are more than 40 dB below the mainlobe lev-
els using the REC technique. Although they have yet to
be tried in the context of the REC technique, other tech-
niques can be tested to further reduce these sidelobe levels
(typically at the cost of some spatial resolution) [6], [11],
[20], [21]. The MTF curve [Fig. 2(b)] indicates that the
axial resolution using the REC technique was improved.
The k-value at which the MTF curve falls to 0.1 occurs at
10,090 and 5279 m−1 (λres values of 0.29 mm and 0.60 mm)
for the REC technique and elementary pulse compression
technique, respectively.

The bandwidth of the compressed waveform can be de-
termined by considering the −3 dB pulse/echo bandwidth
[Fig. 3(a)] and the useable bandwidth [Fig. 3(b)]. The
power spectra of the compressed waveforms using the REC
technique and elementary pulse compression are displayed
in Fig. 3(a). Examination of the pre-enhanced FM chirp
reveals that more energy is being excited in frequencies
farther away from the center frequency of the impulse re-

sponse. Because frequencies on the bandwidth edges are
excited with greater energy, the compressed waveform can
have a broadened bandwidth. The −3 dB pulse/echo band-
widths of the impulse response of the source and the com-
pressed waveform using the pre-enhanced FM chirp and
the REC technique are 1.08 MHz (48%) and 2.18 MHz
(97%), respectively. Use of the REC technique approxi-
mately doubled the −3 dB bandwidth of the imaging sys-
tem over the impulse response of the source.

The useable bandwidth is defined from the noise floor,
+6 dB eSNR, and it describes the frequency channels
that are useable for QUS estimates. Fig. 3(b) displays
the useable bandwidths of the simulated waveforms com-
pressed with the REC technique and the elementary puls-
ing technique. Zero-mean WGN was added to the excited
waveforms such that the uncompressed waveform and the
pulsed waveform had an eSNR value of approximately
14 dB. Examination of Fig. 3(b) reveals that the use-
able bandwidth from the REC technique is significantly
larger than the useable bandwidth from pulsing techniques
(2.7 MHz as opposed to 1.7 MHz). Fig. 3(b) reveals how
the REC technique redistributes energy into frequency
channels further from the center frequency of the impulse
response by increasing the energy in these frequency chan-
nels on transmit.

D. Experimental Setup

The theoretical predictions also were validated through
a series of experimental measurements. A single-element,
weakly-focused (f/3) transducer (Panametrics; Waltham,
MA) was used in the experimental measurements. The
transducer had a center frequency of 2.25 MHz and a 56%
−3 dB pulse/echo bandwidth. Fig. 4(a) is an image of the
impulse response voltage measured from the reflection off
of a planar surface surrounded by water at room temper-
ature.

Chirp waveforms were excited with an arbitrary wave-
form generator (Lecroy LW 400A, Chestnut Ridge, NY)
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Fig. 3. (a) Power spectra. (b) eSNR curves for waveforms reflected from a planar surface (--, conventional pulsing technique; —, the REC
technique).

Fig. 4. (a) Impulse response of the transducer. (b) Pulse constructed
with double the −3 dB pulse/echo bandwidth of the impulse response
of the transducer.

with a sampling frequency of 400 MHz. The chirp signals
were created with Matlab (The Mathworks Inc., Natick,
MA) and downloaded to the arbitrary waveform genera-
tor. The signal was amplified with a 2100L RF power am-
plifier (ENI, Rochester, NY). The amplified signal (50 dB)
was connected to the transducer through a diplexer. The
received echo signal was connected to a Panametrics 5800
(Waltham, MA), which in turn was connected to an oscil-
loscope (Lecroy 9354 TM, Chestnut Ridge, NY). Fig. 5 is
a diagram of the experimental setup.

Three sets of experiments were conducted to examine
the pulse compression technique and assess the ability to
improve axial resolution and bandwidth. The first exper-
iment consisted of measurements from a Plexiglas� re-
flector located at the focus of the transducer. The second
experiment consisted of taking measurements from a tung-

Fig. 5. Diagram of the experimental setup.

sten wire of 250-µm diameter. The third experiment con-
sisted of taking measurements from a series of 4 tungsten
wires of 250-µm diameter spaced approximately at 0.535,
0.535, and 0.355 mm apart. All measurements were con-
ducted in a tank of degassed water at room temperature.

E. Implementation of Compression Algorithms

The impulse response of the transducer was measured
from a planar Plexiglas� reflector located at the focus
of the transducer [Fig. 4(a)] excited with the Panamet-
rics 5800 pulser/receiver. A new impulse response function
with double the bandwidth of the actual impulse response
of the source was constructed by placing a Hanning win-
dow half the length of the impulse response of the source
at the center of the gated impulse response [Fig. 4(b)]. The
impulse responses are described by the functions h1(nT,x)
and h2(nT,x), respectively.

The new pulse of larger bandwidth, h2(nT,x), was con-
volved with a linear FM chirp, vLin-chirp[n]. The −3 dB
bandwidth of vLin-chirp[n] was approximately 1.14 times
the −3 dB pulse/echo bandwidth of h2(nT,x) in order to
minimize sidelobe levels [20]. In addition, vLin-chirp[n] was
weighted with a Tukey-cosine window with an 8% taper
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Fig. 6. (a) Pre-enhanced FM chirp used to excite the transducer.
(b) The linear FM chirp used in the REC technique.

to further reduce sidelobe levels. The linear FM chirp was
20 µs in duration. Eq. (9) and (18) were used to find a pre-
enhanced FM chirp that would be used to excite the trans-
ducer, except the actual transfer function of the transducer
was used instead of the simulated source. The resulting
pre-enhanced FM chirp was tapered with a Tukey-cosine
window with an 8% taper. The tapering was applied to re-
duce sidelobe levels in the subsequent pulse compression.
The pre-enhanced FM chirp is displayed in Fig. 6(a).

By tapering the pre-enhanced FM chirp, the convolu-
tion equivalence no longer holds. To reestablish convolu-
tion equivalence, a modified linear FM chirp was calcu-
lated as in the simulations. The transducer was excited
using the pre-enhanced FM chirp. The resultant waveforms
were measured with the same transducer (pulse/echo) and
recorded from the oscilloscope for postprocessing. The
waveform was initially measured from a planar Plexiglas�

reflector located at focus of the transducer oriented nor-
mal to the propagation axis. The measured waveform then
was filtered (not compressed) according to (21) to find
v′
Lin-chirp[n], which was used in the subsequent compres-

sion algorithms. The TBP of v′
Lin-chirp[n] was calculated

at 49.0, yielding a maximum predicted increase in eSNR
of 16.9 dB.

Implementation of the REC technique consisted of con-
structing the pre-enhanced FM chirp, recording the mea-
sured RF signal (from the impulse response of the trans-
ducer excited with the pre-enhanced FM chirp) from some
scattering object, constructing the appropriate filter, and
filtering the signal according to (20). In the experimental
measurements, the REC technique filter was given by the
Wiener filter:

βREC(u) =
V ′∗

Lin-chirp(u)∣∣∣V ′
Lin-chirp(u)

∣∣∣2 + γeSNR
−1

(u|x)
,

(22)

with γ = 1 for most of the experiments.

F. Addition of Noise

The effects of noise on image quality using the REC
technique were examined by adding zero-mean WGN to
the measured data. The eSNR was quantified from the
measured data at a particular spatial location through
(13). For this study, it was desired to examine data with
four different values of eSNR (the actual eSNR of the mea-
sured data (∼37 dB) and eSNR values of 15, 9, and 3 dB).
To examine the data with eSNR values smaller than the
actual measured values, zero-mean WGN was added to the
acquired data. The variance of the zero-mean WGN added
to the measured RF signal was determined from the sam-
ple variance measured from the data and the desired eSNR
level.

IV. Experimental Results

The pre-enhanced FM chirp used to excite the trans-
ducer and the modified linear FM chirp used in the pulse
compression algorithms are displayed in Fig. 6. In the
first set of experiments, pre-enhanced FM chirps and the
REC technique were used to examine the axial resolu-
tion enhancement from reflections off of a planar reflec-
tor. The transducer was excited with the pre-enhanced
FM chirp, and the resultant waveform was reflected from
a Plexiglas� plate located at the focus of the transducer
oriented normal to the axis of propagation.

The graphs of Fig. 7 indicate that the improvement
in axial resolution due to the REC technique was signif-
icant. The graphs of the envelopes of the reflected signal
are displayed in Fig. 7(a). The width of the envelope at
−6 dB is almost two times smaller using the REC tech-
nique over conventional pulsing techniques (the impulse
response of the source). Comparison of the REC tech-
nique and conventional pulsing techniques [Fig. 7(b)] re-
veal that the REC technique outperformed the conven-
tional pulsing technique in terms of axial resolution as de-
fined from the MTF. The MTF value at which k-value
fell to 0.1 corresponded to 10,300 and 7500 m−1 for the
REC technique and conventional pulsing technique, re-
spectively. The MTF values corresponded to axial reso-
lutions of 0.305 and 0.420 mm, respectively.

Another important consideration in using the REC
technique is to quantify the subsequent −3 dB pulse/echo
bandwidth and the eSNR of the compressed waveform.
Fig. 8 displays the −3 dB pulse/echo bandwidth and the
eSNR of the compressed waveform from reflections off a
planar reflector located at the focus. The −3 dB pulse/echo
bandwidth of the waveform compressed using the REC
technique [Fig. 8(a)] was 113% and more than double that
of the system impulse response (56%). The measured im-
pulse response of the system and the uncompressed wave-
form had an eSNR of 37 dB achieved by adding zero-mean
WGN to the waveforms.

Two important features are revealed from Fig. 8(b).
First, over the −3 dB pulse/echo bandwidth, the com-
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Fig. 7. (a) Envelopes of waveforms reflected from planar reflector located at focus. (b) The MTF curves of the resulting waveforms (--,
conventional pulsing technique; —, the REC technique).

Fig. 8. (a) Power spectra of the measured waveforms from the planar reflector. (b) The resulting eSNR of the measured waveforms (--,
conventional pulsing technique; —, the REC technique).

pressed waveform using the REC technique had signifi-
cantly larger eSNR compared to the waveform measured
using the conventional pulsing technique (gain in eSNR
was approximately 11 dB). Second, the gain in eSNR was
observed to be larger for those frequency bands in which
more energy was excited with the pre-enhanced chirp. The
boost in energy at these frequency bands comes from the
transmitted chirp sequence. A sharp fall-off in eSNR occurs
at those frequency bands in which no excitation energy in
the chirp was transmitted to the transducer (< 0.5 MHz
and > 4.0 MHz); and, as a result, on compression those
frequency bands can yield lower eSNR values than compa-
rable frequencies using the conventional pulsing technique.
The sharp fall-off in eSNR is a source of sidelobes under
pulse compression.

The actual compressed pulse is plotted in Fig. 9(a).
Comparison of the actual compressed pulse using the REC
technique and the desired pulse from Fig. 4(b) reveals min-

imal differences. Sidelobe levels using the REC technique
can be observed in Fig. 9(b). Using the REC technique,
long-range sidelobes can be observed at about 6 mm out
from the mainlobe (at 60 and 72 mm from the source).
These long-range sidelobe are approximately 45 dB below
the mainlobe levels. These sidelobe levels are comparable
to what was achieved with conventional pulse compression
using linear FM chirps of the same bandwidth.

The second set of measurements was the backscatter
from a single tungsten wire located at the focus. Graphs
of the envelope and MTF curves from the wire with con-
ventional pulsing techniques and with the REC technique
are displayed in Fig. 10. Both the graphs of the envelopes
and the MTF curves indicate the axial resolution of imag-
ing system was improved with the REC technique. The
k-values at which the MTF curves fell to 0.1 occurred at
values corresponding to axial resolution values of 0.440 and
0.310 mm for the conventional pulsing technique and the
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Fig. 9. (a) REC compressed pulse with double the −3 dB pulse/echo bandwidth of the impulse response of the transducer measured from
reflection off of planar surface. (b) Envelope of the compressed waveform using the REC technique and the range sidelobes (∼45 dB below
the mainlobe) located at 6 mm away from the mainlobe (60 and 72 mm).

Fig. 10. (a) Envelopes of waveforms reflected from tungsten wire located at focus. (b) The MTF curves of the resulting waveforms (--,
conventional pulsing technique; —, the REC technique).

REC technique, respectively. These axial resolution values
will be important to understanding the final set of experi-
ments conducted on a series of four tungsten wires spaced
apart at different intervals.

The final set of experimental measurements was taken
from a series of four tungsten wires. The wires were spaced
at 0.535, 0.535, and 0.355 mm apart. According to the ax-
ial resolution predicted by the MTF curves for a single
tungsten wire, the conventional pulsing technique should
not be able to resolve the last two wires, but the REC tech-
nique should be able to resolve the last two wires. Fig. 11
shows B-modes images of the four wires after compression
with both conventional pulsing techniques and with the
REC technique. The B-mode image [Fig. 11(b)] from the
REC technique reveals that the final two wires could be
resolved. Use of conventional pulsing techniques did not
allow the last two wires to be resolved [Fig. 11(a)].

The enhancement in the axial resolution is even more
apparent in the Fig. 12. The actual waveform using the
pre-enhanced chirp measured from the wires is displayed
in Fig. 12(a). From the waveform using the pre-enhanced
chirp, the number of wires and their relative locations can-
not be resolved. After compression, the plot of the envelope
[Fig. 12(b)] reveals that all four wires are resolved using
the REC technique. However, in the envelopes using con-
ventional pulsing, the last two wires cannot be resolved.
Range sidelobes were assumed to be below the noise (eSNR
of ∼37 dB in the compressed waveform) because they were
nonapparent in the envelope images.

All of the measurements had large eSNR values (>
37 dB). The effects of reduced eSNR were examined by
artificially adding zero-mean WGN to the measured RF
data. The eSNR values examined were 3, 9, and 15 dB.
Fig. 13 is a plot of the envelopes of the pulse reflected from
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Fig. 11. B-mode images of four tungsten wires with (a) impulse response of transducer and (b) from the compressed waveforms using the
REC technique. B-mode images have contrast of 50 dB.

Fig. 12. (a) Uncompressed waveform measured from four tungsten
wires. (b) The envelopes of the compressed waveform (--, conven-
tional pulsing technique; —, the REC technique).

Fig. 13. Comparison of envelopes of impulse response, ◦, with the
compressed waveforms using the REC technique having eSNR values
of 15 dB —, 9 dB --, 3 dB · · · , reflected from a planar surface located
at focus of the transducer.

the Plexiglas� plate after compression with the REC tech-
nique and a conventional pulsing technique. As the eSNR
was decreased, the axial resolution of the compressed wave-
forms using the REC technique was reduced. However, the
axial resolution of the compressed pulses using the REC
technique continued to be dramatically improved over the
conventional pulsing techniques for smaller eSNR values.
In addition, the envelope curves reveal that the compressed
waveforms using the REC technique gave a significant gain
in the eSNR. The eSNR values of the compressed wave-
forms using the REC technique were quantified using (13).
The new eSNR values were 24.2, 22.5, and 19.2 dB from
the uncompressed eSNR values of 15, 9, and 3 dB, respec-
tively. The boost in eSNR using the REC technique was
9.2, 13.5, and 16.2 dB from the 15, 9, and 3 dB uncom-
pressed eSNR values, respectively.

The measurements from the four wires also were used
to examine the effects of smaller eSNR on the ability to
enhance the axial resolution of the compressed waveforms.
Figs. 14(a)–(c) show graphs of the RF waveforms after
adding in zero-mean WGN yielding eSNR values of 15,
9, and 3 dB, respectively. The resulting envelopes from
the waveforms after compression using the REC technique
also are shown in Fig. 14. The γ parameter was set at unity
for all of these experiments, except for the uncompressed
waveform with eSNR of 3 dB. The γ parameter was set to
three in the lowest eSNR case because this was the value
at which the last two wires were resolved when examining
over several noise realizations. When the γ parameter was
set lower than three in the low-noise case, examination of
the compressed waveforms over several noise realizations
did not consistently resolve the last two wires, i.e., in some
noise realizations resolving the last two wires was masked
by noise. The envelopes reveal that the enhancement in
axial resolution remains significant, even in low eSNR con-
ditions, and a significant gain in eSNR is achieved.

One of the main reasons for pursuing pulse compres-
sion techniques is the boost in eSNR achievable without
increased pressure values. The boost in eSNR is achieved
through increasing the TBP. Not only was the axial res-
olution enhanced through the REC technique, but a sig-
nificant boost in the eSNR after compression also was ob-
served in Figs. 13 and 14.
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Fig. 14. (a)–(c) The waveforms backscattered from the four tungsten wires with eSNR values of 15 dB, 9 dB, and 3 dB, respectively.
(d)–(f) Envelopes of the compressed waveforms of (a)–(c), respectively, using the REC technique.

V. Discussion

A pulse compression technique (REC) was used to en-
hance the axial resolution and bandwidth of an imag-
ing system while also providing a significant boost in the
eSNR. The goal of the study was to evaluate the REC tech-
nique for conventional ultrasonic imaging and QUS imag-
ing through increased useable bandwidth and eSNR. The
technique made use of pre-enhanced FM chirps to excite
more energy in frequency bands with decreasing spectral
power in the bandwidth as compared to the center fre-
quency. Mismatched filters were used to make use of the
additional energy in the frequency bands. The mismatched
filters were designed based on convolution equivalence (the
pre-enhanced FM chirp convolved with the source impulse
response was equal to a linear FM chirp convolved with a
pulse approximately twice the bandwidth of the impulse
response of the source).

Simulations and experimental measurements were used
to validate the REC technique in enhancing axial reso-
lution, bandwidth, and eSNR. The simulations indicated
that significant improvements in axial resolution and band-
width could be obtained with the REC technique. Useable

bandwidth, defined as +6 dB eSNR, and eSNR also were
increased in simulations.

Experimental measurements were conducted to verify
the simulations and theory. Measurements were taken from
a flat Plexiglas� reflector and from small tungsten wires.
The axial resolution, −3 dB pulse/echo bandwidth, and
useable bandwidth were significantly improved using the
REC technique and the eSNR values of the compressed
waveforms also were increased. Closely separated wires
that were not resolvable with conventional pulsing tech-
niques were resolvable with the REC technique. Long-
range sidelobe levels (6 mm from the mainlobe) upon com-
pression were more than 45 dB below the mainlobe, which
is acceptable for most ultrasonic imaging purposes.

The effects of noise on the axial resolution and band-
width enhancement also were examined. In elementary
pulse compression, a trade-off between eSNR and axial
resolution exists. However, the axial resolution and band-
width enhancement was retained with lower eSNR using
the REC technique. In addition, a gain in eSNR from 9.2
to 16.2 dB was achieved. The TBP product of the linear
chirp used in the compression filter corresponded to a pre-
dicted gain in eSNR of 16.9 dB. The difference between
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achieved gains in eSNR and predicted was attributable to
the Wiener filter used in the REC technique. If a Wiener
filter is used for compression, then when the eSNR is small,
the Wiener filter acts like a matched filter. A matched
filter would decrease the axial resolution of the system
while providing the largest gain in eSNR. By increasing
the bandwidth of the imaging system through the REC
technique, the trade-off between gain in eSNR and ax-
ial resolution is extended over elementary pulse compres-
sion techniques. Therefore, significant gains in eSNR were
achieved, although less than theoretical, with correspond-
ing improvements in axial resolution.

The retaining of improved axial resolution over conven-
tional pulsing with increased noise was influenced by the
choice of a Wiener filter. Even with initial eSNR of 3 dB,
the axial resolution was improved over conventional puls-
ing techniques. However, the axial resolution of the com-
pressed waveforms with initial eSNR of 15 dB was better
than the axial resolution of the compressed waveforms with
initial eSNR of 3 dB; the Wiener filter behaved more like
a matched filter at 3 dB eSNR and more like an inverse
filter with the 15 dB eSNR waveforms. The choice of the
γ parameter will play a role in the trade-off between axial
resolution and eSNR. If the weighting factor were set to a
larger value, the amount of gain in eSNR would increase at
the cost of axial resolution and larger sidelobes. The choice
of γ in the current simulations and experiments provided
significant improvements in both eSNR and axial resolu-
tion. The fundamental trade-off between axial resolution
and eSNR will be important depending on the application
and the optimal choice of γ for specific applications has yet
to be determined and will be the subject of future study.
However, initial simulation and experimental results in-
dicate that significant gains in both axial resolution and
eSNR can be achieved with the REC technique.

VI. Conclusions

The preliminary study suggests that the REC technique
may be a useful tool for improving QUS imaging tech-
niques in ultrasound. Increasing the useable bandwidth of
a source will improve QUS imaging techniques by reducing
the variance of scatterer size estimates [14], [15]. Reduc-
tion in estimate variance due to larger useable bandwidth
will extend the trade-off between QUS imaging resolution
and estimate variance [22]. Furthermore, larger useable
bandwidth means more information can be obtained about
subresolution scatterers and multiple scales of scattering.
Future studies will examine the effects of the REC tech-
nique on improving scatterer property estimates in tissue-
mimicking phantoms and tissue models.

Other trade-offs may exist that were not examined in
this work. To effectively implement the REC technique ca-
pabilities in QUS imaging and estimating scatterer prop-
erties, the effects of frequency-dependent attenuation also
must be quantified. One effect of frequency-dependent at-
tenuation is to reduce the TBP, thereby reducing any
gain in eSNR afforded by pulse compression [23]. How-

ever, several techniques exist to mitigate some of the effects
of frequency-dependent attenuation on pulse compression
[24], [25].

The use of the REC technique also should be examined
for additional heating of ultrasonic sources. When longer
pulsing schemes are used, it is possible to heat ultrasonic
sources, which could be uncomfortable or harmful to pa-
tients. When transmitting higher voltages at frequencies
at which the transducer is not as efficient in converting to
sound, the voltages at these frequencies are more likely to
be converted to heat. However, if pulse compression tech-
niques are being used at low enough levels to avoid non-
linear distortion, these heating effects may not be severe.
Future work will examine the relationship between heating
of the transducer with the REC technique and output of
ultrasonic sources.

The REC technique could be useful for improving con-
ventional ultrasonic imaging systems. To effectively imple-
ment the REC technique in conventional ultrasonic imag-
ing, the effects on contrast resolution also should be quan-
tified. Future work will examine the REC technique for
scatterer property estimates, QUS imaging, conventional
ultrasonic imaging techniques, techniques to mitigate side-
lobe levels, techniques to mitigate effects of frequency-
dependent attenuation, and the effects of nonlinear prop-
agation. Trade-offs between contrast resolution and axial
resolution, sidelobe level and axial resolution, and gain in
eSNR and contrast resolution also will be examined.
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