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Abstract—A method for improving the contrast resolution 
of B-mode images is proposed by combining the speckle-reduc-
tion technique of frequency compounding (FC) and the coded-
excitation and pulse-compression technique called resolution 
enhancement compression (REC). FC suppresses speckle but 
at the expense of a reduction in axial resolution. Using REC, 
the axial resolution and bandwidth of the imaging system was 
doubled. Therefore, by combining REC with FC (REC-FC), 
the tradeoff between axial resolution and contrast enhance-
ment was extended significantly. Simulations and experimental 
measurements were conducted with a single-element transduc-
er (f/2.66) having a center frequency of 2.25 MHz and a −3-dB 
bandwidth of 50%. Simulations and measurements of hyper-
echoic (+6 dB) tissue-mimicking targets were imaged. Four 
FC cases were evaluated: full-, half-, third-, and fourth-width 
of the true impulse response bandwidth. The image quality 
metrics used to compare REC-FC to conventional pulsing (CP) 
and CP-FC were contrast-to-noise ratio (CNR), speckle signal-
to-noise ratio, histogram pixel intensity, and lesion signal-to-
noise ratio. Increases in CNR of 121%, 231%, 302%, and 391% 
were obtained in experiments when comparing REC-FC for 
the full-, half-, third-, and fourth-width cases to CP. Further-
more, smaller increases in CNR of 112%, 233%, and 309% were 
obtained in experiments when comparing CP-FC for the half-, 
third-, and fourth-width cases to CP. Improved lesion detect-
ability was observed by using REC-FC.

i. introduction

speckle, the granular structure in ultrasonic images, 
reduces the ability to detect low-contrast targets. 

speckle is formed by subresolution scatterers that cause 
constructive and destructive interference of backscattered 
ultrasonic signals within the resolution cell volume of an 
ultrasonic source [1]. furthermore, speckle is considered to 
be a deterministic process because, when an object is im-
aged under the same operating conditions, no changes in 
the speckle pattern occur. Because of this nature, speckle 
is not reduced by signal averaging. therefore, a consider-
able amount of work and effort has been spent over the 
last few decades developing techniques to reduce speckle 
in ultrasound images.

in imaging, small structures or an object could be iden-
tified if the contrast between the target and the surround-
ing area are different [2]. in ultrasound, the difference in 
contrast between different soft tissues could be as small 
as 1%. therefore, by using speckle-reduction techniques, 
image contrast can be improved by removing the interfer-
ence pattern created by speckle, which is also known as 
speckle noise, and enhance the detectability of structures 
with low contrast from the background [3]. consequently, 
speckle-reduction techniques have been used clinically and 
applied to commercial systems to improve the ability to 
detect small structures and lesions.

speckle-reduction techniques can be classified into 2 
categories: postprocessing techniques and compounding 
methods. examples of some of the postprocessing tech-
niques are adaptive filtering (linear and nonlinear) [4]–[8], 
deconvolution [9], [10], and wavelet despeckling [11], [12]. 
the compounding speckle-reduction methods include spa-
tial and frequency compounding. these schemes rely on 
making separate images that have uncorrelated or par-
tially correlated speckle patterns and then are averaged to 
reduce the speckle but at the expense of spatial resolution. 
originally for spatial compounding, the source aperture 
was translated laterally or at different angles to make im-
ages from different orientations [13], [14]. the main draw-
backs of these techniques are loss in lateral resolution and 
image alignment due to motion that causes image arti-
facts. also, the need for multiple images would mean a de-
crease in the frame rate. recently, however, manufacturers 
have employed receive aperture-only spatial compounding 
that is not subject to frame rate losses or motion-based 
image registration errors. other advances in spatial-com-
pounding [15], [16] use electronic-beam steering to obtain 
images at different angles and to overcome some of these 
tradeoffs by using advanced image registration.

another method, known as frequency compounding 
(fc), can be applied on transmit mode by using mul-
tiple sources at different frequencies or on receive mode 
as a postprocessing speckle-reduction technique by divid-
ing the spectrum of the radio-frequency (rf) echoes into 
subbands to make separate images [17]–[23]. the latter 
instance is also known as frequency diversity [18], [23], 
or split spectrum processing [21]. the main disadvantage 
introduced by using frequency compounding is the inher-
ent tradeoff between axial and contrast resolution. con-
sequently, if the axial resolution and the bandwidth of 
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an ultrasonic imaging system could be increased, these 
tradeoffs between axial and contrast resolution could be 
extended. the first researchers that applied fc to medi-
cal ultrasound were abbott and thurstone [17]. in this 
study, they compared laser speckle to ultrasound speckle 
and suggested several techniques to generate independent 
speckle patterns including fc. Magnin et al. [19] observed 
that decorrelation of speckle patterns is dependent on the 
excitation bandwidth and obtained increases in speckle 
signal-to-noise ratio (ssnr) of 26% in B-mode images us-
ing a phased array system. Melton et al. [20] developed 
a model to predict the amount of speckle reduction in 
a-mode scans based on correlation coefficients. trahey 
et al. [14] discussed a method for optimal speckle reduc-
tion based on the number of images that should be ac-
quired within the available system bandwidth. Gehlbach 
et al. [18] studied frequency diversity using digital filtering 
techniques to determine a method to maximize ssnr and 
increase the ability to detect low-contrast targets. in ad-
dition, it was observed that a 10 to 15% increase in ssnr 
could be achieved by increasing the number of filters and 
filter overlap. stetson et al. [24] used frequency-diversity 
techniques with the combination of gray-level mapping to 
improve the contrast-to-noise ratio (cnr) of low-contrast 
targets.

a recently developed coded excitation and pulse com-
pression technique—resolution enhancement compres-
sion (rec)—enables enhancement of the axial resolution 
and bandwidth of the imaging system [25]. in addition 
to improvements in terms of axial resolution, the rec 
technique has the typical coded excitation and pulse com-
pression benefits, such as deeper penetration due to im-
provement in echo signal-to-noise ratio (esnr). therefore, 
the goal of this study was to combine the rec technique 
with fc, which will be described as rec-fc, to extend 
the tradeoff of loss in axial resolution versus enhancement 
in contrast.

ii. Problem formulation

the driving force behind the rec technique [25] is the 
capability to shape and select to a limited degree certain 
desired characteristics of an ultrasonic imaging system 
through coded excitation and pulse compression. conse-
quently, the characteristics of the impulse response of the 
imaging system could be tailored to have useful properties 
for particular imaging applications. for example, if the us-
able bandwidth of the imaging system could be increased 
using rec, the increase in bandwidth could be used with 
fc to improve target contrast while retaining the original 
axial resolution of the imaging system.

in rec, a preenhanced chirp is used to excite an ultra-
sonic source selectively with different energies at chosen 
frequencies. using the concept of convolution equivalence 
in the frequency domain as described in [25], a preen-
hanced chirp can be found by applying the following equa-
tion,
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where H1(f) is the fourier spectrum of the pulse-echo im-
pulse response, H2(f) is the fourier spectrum of the desired 
response, and Vlin(f) is the fourier spectrum of a linear 
chirp. a time-domain example of the convolution equiva-
lence is illustrated in fig. 1. By exciting the transducer 
with the preenhanced chirp, the bandwidth is enhanced 
due to the increase of energy in the frequency bands that 
normally would be filtered in some measure by the band-
pass nature of the transducer. conceptually, to obtain a 
constant esnr per frequency channel across the desired 
bandwidth, the additional amount of energy required on 
transmit at the outer frequency bands will depend on the 
original transducer’s bandwidth and the amount of band-
width boost desired. for example, if a source with a –6-dB 
bandwidth of 50% is boosted 100%, up to and more than 
twice as much energy can be pumped into the inefficient 
bands compared with the center frequency of the source.

after exciting the source with a preenhanced chirp, the 
received signal is compressed using a Wiener filter based 
on convolution equivalence. the resulting backscattered 
signal has an impulse response h2(t). Wiener filtering is 
described by the following equation:
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where V flin
' ( ) is the fourier spectrum of a modified linear 

chirp, γ is a smoothing parameter that allows tradeoff 
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fig. 1. convolution equivalence from simulations: (a) pulse-echo impulse 
response with a 50% −3-dB bandwidth, (b) pre-enhanced chirp used to 
excite the 50% source, (c) convolution of 50% source with pre-enhanced 
chirp, (d) pulse-echo impulse response with a 100% −3-dB bandwidth, 
(e) linear chirp used to excite the 100% source, and (f) convolution of 
100% source with linear chirp.



between axial resolution, gain in esnr, and sidelobe lev-
els. a modified linear chirp is used to restore convolution 
equivalence as the signal is slightly altered and filtered by 
electronics. eSNR [26] is the average esnr per frequency 
channel and is defined as:
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where |F(f)|2 is the power spectral density (Psd) of the 
object function, |η(f)|2 is the Psd of the noise, and |H2c(f)|2 
is the Psd of the ensemble average of the compressed sig-
nal over noise, h2c(t), which is defined as

 h t E g tc2 ( ) = { ( )} ,noise  (4)

where E{ } is the expected value of the argument and  
g(t)noise is the compressed signal over noise.

the envelope of the rec waveform (impulse response 
with double bandwidth) reflected from a point scatterer 
in an attenuated media (0.5 dB/cm/MHz) at an axial dis-
tance of 50 mm and the envelope for conventional pulsing 
(cP) methods are shown in fig. 2(a). the Psd of rec 
waveform and cP methods are shown in fig. 2(b) to il-
lustrate the bandwidth enhancement that was achieved by 
using the rec technique.

the objective of using fc is to reduce the speckle noise 
and enhance the contrast in ultrasonic B-mode images. in 
fc, the received wideband rf spectrum is partitioned 
into N subbands by using Gaussian band-pass filters of 
smaller bandwidth than the original spectrum. these nar-
rowband subbands create separate images that make par-
tially uncorrelated speckle patterns, up to 60% decorrela-
tion [19]. typically, improvements in ssnr and cnr are 
proportional to N ; however, because these separate im-
ages are partially correlated, the improvements are going 
to be proportional to a factor less than the square root of 
the sum of uncorrelated images [1]. these separate images 
can then be added together to reduce the speckle by re-
ducing the image intensity variance. However, the axial 
resolution deteriorates because the compounded image 
was generated by averaging smaller subband images. a 

block diagram shown in fig. 3 depicts the operation of fc 
for a system of n =  3.

By using rec, a larger bandwidth is available, which 
would allow an increase in the number of subbands that 
can be applied for a particular desired axial resolution. 
accordingly, a parameter of interest would be the band-
width of these subbands. therefore, in simulations and 
experiments, 4 cases were evaluated in terms of the sub-
band bandwidth when applying fc to the rec technique. 
the first case consisted of using subbands that are full-
width of the true impulse response bandwidth. this will 
gauge the true benefits of using the rec-fc technique 
because the resolution of the compounded image will be 
the same as that for cP methods and the contrast resolu-
tion will improve due to fc. other cases will consist of 
using subbands smaller than the full-width, specifically, 
half-, third-, and fourth-width of impulse response band-
width. a plot showcasing the size of the subbands for all 
cases in addition to the original bandwidths of cP and 
rec is shown in fig. 4. the cases of genuine interest are 
full- and half-width because the intention of this work is 
to improve the contrast without suffering a large amount 
of resolution loss. However, for study completion, the later 
2 cases also evaluated third- and fourth-width. in addi-
tion, for the last 3 cases, fc will be applied to cP (cP-
fc) for comparison purposes. other filter bank param-
eters that were considered when applying fc to the rf 
spectrum were subband center frequency separation, first 
subband center frequency starting point, and the number 
of subbands. the values of these parameters, which were 
chosen because they optimized the image quality metrics, 
are defined in the following paragraphs.

to evaluate the performance of the rec-fc technique 
compared with cP and cP-fc the following image qual-
ity metrics were used:

 1.  contrast-to-noise ratio (cnr): cnr [3], also known 
as contrast-to-speckle ratio, is a quantitative mea-
sure that will assess image quality and describe the 
ability to perceive a target from the background re-
gion. cnr is defined as
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fig. 2. (a) simulated envelope from a point scatterer in an attenuated 
media and (b) power spectral density for conventional pulsing (cP) and 
the resolution enhancement compression (rec) compressed waveforms.

fig. 3. Block diagram of a frequency compounding scenario with 3 sub-
bands.
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  where μB and μT are the mean brightness of the 
background and the target lesion and s B

2  and sT
2  are 

the variance of the background and target, respec-
tively. to avoid possible errors in the calculations 
due to attenuation, the evaluated regions of interest 
in the background and the target lesion will be of the 
same size (900 × 20 samples, axially and laterally) 
and are located at the same depth.

 2.  speckle signal-to-noise ratio (ssnr): ssnr [27] is a 
measure of the fluctuations in the speckle of a par-
ticular region of interest and is defined as

 sSNR = ,
m
s

 (6)

  where μ and σ are the mean and the standard de-
viation of the region of interest, respectively. spe-
cifically, ssnr will be evaluated for same-sized re-
gions (900 × 20 samples, axially and laterally) in the 
target lesion and the background that are located 
at the same depth. for rayleigh statistics, ssnr is 
equal to 1.91 [1].

 3.  Histogram pixel intensity (HPi): HPi is the mean of 
the frequency distribution of gray-scale pixel intensi-
ties and is described by

 HPI = { }.E B  (7)

  B is the histogram being evaluated and is described 
by

 B i c i( ) = , (8)

  where ci represents the number of pixels in the im-
age within a particular intensity level, i, which is an 
integer between 0 and 255 that represents the gray-
scale levels used in B-mode images. Histograms will 
be made for same-sized regions (900 × 20 samples, 
axially and laterally) for the target lesion and the 
background and located at the same depth. ideally, 
for superior target detectability, there is no over-
lap present between the target histogram and the 
background histogram. therefore, histogram overlap 
(Ho) the percentage of overlapping pixels between 
these 2 regions will be considered as well.

 4.  lesion signal to noise ratio (lsnr): lsnr [27] is a 
ratio of contrast-detail and resolution. contrast de-
tail is an analytical measurement of image quality 
that quantifies the ability of the observer/imaging 
device to detect an isolated object of minimum size 
at a fixed contrast, at a given level of observer con-
fidence, and for a given noise level [28]. the lsnr 
relation is defined as
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  where d is the diameter of the target lesion, N is the 
number of uncorrelated images generated with fc 
(n = 1 otherwise), Scx and Scz are the average cell 
size in the lateral and axial direction, respectively, 
and C [28] is the contrast of the target and is defined 
by

 C = 1 2
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  where ψ1 and ψw are the mean-square scattering 
strength (backscatter intensity) of the background 
and the target lesion, respectively. the average cell 
size is obtained using the normalized autocovariance 
function [29]. it is noteworthy to state that although 
the correlation function can be evaluated for the 
compounded image, the results generated are inac-
curate because the uncorrelated speckle patterns are 
averaged, which would morph the speckle size. as a 
result, the average correlation function was evalu-
ated by using one of the subband images generated.

iii. computer simulations and results

computer simulations were carried out in Matlab 
(MathWorks, natick, Ma) to characterize the perfor-
mance of the rec-fc technique. the simulations used a 
received pulse-echo pressure field model [30] described as

 ¢g x y t h t f x y h y t( , , ) = ( ) * ( , ) * ( , ),1 pe  (11)

where x represents the axial spatial coordinate, y repre-
sents the lateral spatial coordinate, h1(t) is the pulse-echo 
impulse response of the transducer, f(x,y) is the scattering 
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fig. 4. illustration of the bandwidth for all 4 frequency compounding 
(fc) cases applied in conjunction with the bandwidth of the reference 
signals for conventional pulsing (cP) and resolution enhancement com-
pression (rec). note: rec center frequency was shifted to eliminate 
any dc-component in the spectrum.



function, and hpe(y,t) is the modified pulse-echo spatial 
impulse response that takes into consideration the geome-
try of the transducer to the spatial extent of the scattered 
field (beam diffraction). the pulse-echo impulse response, 
h1(t), for cP was generated by gating a sinusoid of 4-cy-
cles with a Hanning window
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where n is an integer and LH is the number of samples in 
the window. the window and sinusoid parameters were 
chosen such that they match the transducer used in ex-
periments. as a result, the pulse-echo impulse response 
generated is located at the focus of a 2.25-MHz single-
element transducer (f/2.66) with a fractional bandwidth 
of 50% at −3 dB, which would correspond to a window 
length of n = 128. for rec, the desired impulse response 
function, h2(t), was constructed to have double the frac-
tional bandwidth or 100% at −3 dB, compared with cP 
method; therefore, a Hanning window of size of half the 
length, n = 64, was used. the spatial response for a cir-
cular focused piston source can be simulated as a circular 
Gaussian beam that is defined as
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where Rd is the distance from the source to target in space, 
c is the speed of sound of the medium, and σy, which is 
equal to 1.28 mm, is the nominal lateral beamwidth of the 
source at −6 dB.

the received rf backscatter data were sampled at a 
rate of 100 MHz and the transducer was translated later-
ally in increments of 0.1 mm. the received rf data have 
a size of 4096 × 58 samples, axially and laterally. the 
object being imaged was a simulated phantom that was 
20 mm long, 30 mm wide, and 1.92 mm high. a cylindrical 
target with a radius of 7.5 mm was located at the center 
of the phantom. to generate a hyperechoic target with a 
contrast of approximately +6 dB and the amplitude of 
the scatterers in the target lesion region was twice of the 
amplitude at the background. to achieve fully developed 
speckle, the phantom contains an average of 20 point scat-
terers per resolution cell volume. the scatterers were uni-
formly distributed throughout the phantom.

fifty phantoms were simulated and evaluated with the 
image quality metrics discussed in section ii. attenuation 
and noise were not modeled in the simulations to examine 
the relationship of fc to speckle effect only. in simula-
tions, no optimization of the γ parameter in the Wiener 
filter (2) was used. However, in this study the γ parameter 
was determined by adjusting the parameter until it forced 
the Wiener filter toward an inverse filter to increase the 
axial resolution but not far enough that it would increase 
the noise above the background speckle level. a descrip-
tion of the filter banks designed along with the resolution 

needed to calculate lsnr in (9) are shown in table i. in 
addition, the cnr, ssnr, HPi, Ho, and lsnr results ob-
tained for all 4 cases (full-, half-, third-, and fourth-width) 
in addition to the reference scans (cP and rec with no 
compounding) are summarized in table ii. the improve-
ments in terms of cnr, ssnrB, and ssnrT are shown 
in figs. 5(a)–(c). the B-mode images representing these 
results are displayed in fig. 6. 

examination of the reference scans in fig. 6(a) reveals 
that, by using the rec technique, the speckle size is finer 
when compared with cP. this smaller speckle size ob-
tained by using rec means that the object boundaries 
would be more defined because there is more detail com-
pared with cP. this resolution boost was then traded 
away to improve contrast by applying fc with subbands 
that have the same bandwidth as cP (full-width) as shown 
in fig. 6(b). for the full-width case, the cnr, ssnrB, and 
ssnrT improved by a factor of 71%, 53%, and 51% when 
compared with cP. essentially, a gain of cnr and ssnr 
was achieved while maintaining the same resolution that 
would be obtained by using cP methods. examination of 
fig. 5(d) suggests that by applying rec-fc the target 
was more detectable than using cP methods. the lsnr 
for rec was increased by a factor of 15% when compared 
with cP. this would imply that the same lsnr value 
would be obtained for both cP and rec if a target of 
approximately 13 mm in diameter were imaged with rec 
rather than 15 mm as in cP.

in addition to improvements in contrast, the boundaries 
of the target were more pronounced with rec-fc when 
compared with cP. this edge enhancement was due to 
the resolution enhancement in the rec reference image, 
which led to an increased amount of detail as shown in 
fig. 7. the images generated in fig. 7 were generated by 
applying a −6-dB threshold on the envelopes of cP, rec, 
and rec-fc (full-width) and then estimating the mar-
gin strength [31]. the difference in contrast between the 
background and the target was 6 dB; therefore, a thresh-
old of −6 dB was considered. a threshold was applied to 
segment the target from the background, i.e., pixel values 
greater than −6 dB are considered part of the target and 
were assigned a value of one while all other pixel values 
were assigned a value of zero. Margin strength was then 
estimated to detect the strength of the distinct boundar-
ies generated by applying the −6-dB threshold. Margin 
strength [31] is defined by the following equation:
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where roi is the region-of-interest within the envelope. 
from estimates of the margin strength, shown in fig. 
7, the target’s edge was clearly defined and outlined for 
rec-fc when compared with cP. for rec this was not 
the case; however, when carefully examining rec versus 
cP, it was evident that rec had less background content 
around the target edges when compared with cP, allowing 
the boundaries to be traced.
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the other cases evaluated were half-, third-, and fourth-
width of cP impulse response, which would translate into 
a reduction by a factor of 2, 3, and 4 in terms of axial reso-
lution, respectively. the half-, third-, and fourth-width 
case fc filter banks were applied to both cP and rec 
as shown in figs. 6(c)–(e). for these cases, unlike the full-
width case where the axial resolution was restored to the 
original axial resolution with dramatic improvements in 
contrast, a tradeoff between the axial resolution and con-
trast resolution exists. in fact, it was observed from the 
lsnr values that as the bandwidth of the subband used in 

fc became smaller, the loss in axial resolution outweighed 
the increase in contrast obtained. in the simulations, the 
lsnr for the fourth-width case when using rec-fc suf-
fered from a significant drop, which is attributed to the 
deterioration of axial resolution; however, rec-fc was 
better than cP and cP-fc in terms of lsnr. these im-
provements in terms of lsnr quantified significant ben-
efits of using rec-fc over cP-fc.

Histograms of the background and target regions for 
all 4 cases are shown in fig. 8. from examination of the 
reference scans in fig. 8(a), it is apparent that there is a 
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taBle i. filter Bank descriptions, axial and lateral correlation functions for the 50 cases of simulated rf data for a 
15-mm target. 

technique2 description

filter Banks resolution1

Bandwidth 
(MHz)

separation 
(MHz) quantity

axial 
(mm)

lateral 
(mm)

cP reference scan — — — 0.30 ± 0.03 1.27 ± 0.44
rec reference scan — — — 0.20 ± 0.01 1.37 ± 0.49

(33%) (8%)
rec-fc full width of cP BW3 1.1 1.3 3 0.44 ± 0.05 1.70 ± 0.57

(47%) (34%)
cP-fc 1/2 width of cP BW 0.6 0.6 4 0.82 ± 0.13 1.66 ± 0.65

(169%) (31%)
rec-fc 1/2 width of cP BW 0.6 0.6 7 0.89 ± 0.16 1.78 ± 0.54

(194%) (40%)
cP-fc 1/3 width of cP BW 0.4 0.4 6 1.17 ± 0.23 1.70 ± 0.49

(285%) (34%)
rec-fc 1/3 width of cP BW 0.4 0.4 10 1.37 ± 0.32 1.76 ± 0.50

(351%) (39%)
cP-fc 1/4 width of cP BW 0.3 0.3 8 1.48 ± 0.29 1.70 ± 0.53

(386%) (34%)
rec-fc 1/4 width of cP BW 0.3 0.3 13 1.77 ± 0.39 1.74 ± 0.51

(485%) (37%)
1the resolution values in the table are described in terms of the mean plus/minus one standard deviation. Values in parentheses represent the 
absolute percent change of rec-fc vs. cP reference.
2cP = conventional pulsing; rec = resolution enhancement compression; fc = frequency compounding.
3BW = bandwidth.

taBle ii. cnr, ssnr, HPi, Ho, and lsnr for the 50 cases of simulated rf data for a 15-mm target.1 

technique2 description cnr ssnrB ssnrT HPiB HPiT Ho (%) lsnr

cP reference scan 0.74 ± 0.14 1.94 ± 0.11 1.90 ± 0.11 169.3 ± 28.1 199.0 ± 28.6 28 15.86 ± 2.80
rec reference scan 0.74 ± 0.10 1.94 ± 0.10 1.89 ± 0.08 165.3 ± 27.9 194.9 ± 28.4 28 18.21 ± 3.00

(0%) (0%) (0%) (3%) (2%) (15%)
rec full width of cP BW3 1.27 ± 0.17 2.98 ± 0.24 2.87 ± 0.19 181.5 ± 16.3 211.3 ± 16.7 18 18.77 ± 3.62

(71%) (53%) (51%) (5%) (5%) (18%)
cP 1/2 width of cP BW 1.41 ± 0.26 3.22 ± 0.33 3.05 ± 0.27 187.6 ± 14.9 217.7 ± 15.3 16 15.85 ± 3.32

(89%) (65%) (60%) (0%) (9%) (0%)
rec 1/2 width of cP BW 1.77 ± 0.23 3.97 ± 0.36 3.71 ± 0.32 192.1 ± 11.8 222.1 ± 12.1 10 18.29 ± 3.51

(137–25%) (103–23%) (95–22%) (10–10%) (10–1%) (15–15%)
cP 1/3 width of cP BW 1.73 ± 0.31 3.88 ± 0.49 3.44 ± 0.35 194.4 ± 12.1 224.5 ± 12.6 11 15.55 ± 3.06

(133%) (99%) (81%) (0%) (6%) (2%)
rec 1/3 width of cP BW 2.14 ± 0.30 4.77 ± 0.60 4.08 ± 0.38 196.8 ± 10.0 227.6 ± 10.3 6 17.33 ± 3.37

(187–24%) (144–23%) (114–18%) (1–1%) (8–2%) (9–11%)
cP 1/4 width of cP BW 2.01 ± 0.38 4.47 ± 0.64 3.49 ± 0.35 198.8 ± 10.4 228.9 ± 10.8 8 14.60 ± 3.22

(170%) (129%) (83%) (0%) (2%) (8%)
rec 1/4 width of cP BW 2.46 ± 0.37 5.49 ± 0.77 4.00 ± 0.40 198.8 ± 10.4 229.0 ± 18.8 4 15.52 ± 3.16

(231–22%) (181–23%) (110–15%) (12–12%) (4–2%) (2–6%)
1the values in the table are described in terms of the mean plus/minus one standard deviation. in parentheses: absolute percent change of rec-
fc vs. cP reference − absolute percent change of rec-fc vs. cP-fc for the same case.
2cP = conventional pulsing; rec = resolution enhancement compression.
3BW = bandwidth.



large overlap in the distribution of gray-scale pixel inten-
sities between the background and the target, which was 
due to the large spread in the standard deviation about 
the mean pixel value of these regions. in fact, the overlap 
of these regions for the cP and rec reference scans was 
28%. a large overlap between these 2 regions was undesir-
able because it would decrease the ability to detect the 
target from the background. By using fc, the overlap was 
reduced to 18% for the full-width case as shown in fig. 
8(b). this 10% decrease of overlap can be attributed to 
a reduction of 11.6 and 11.7 in the standard deviation of 
pixel intensities about the mean for the background and 
the target regions, respectively. in addition, as expected, 
the percent overlap for the half-, third-, and fourth-width 
for cP-fc cases shown in figs. 8(c)–(e) decreased; how-
ever, the overlap obtained with cP-fc was higher when 
compared with rec-fc.

iV. experimental setup and results

experiments were performed to validate the simulated 
results. a single-element weakly focused (f/2.66) transduc-
er (Panametrics, Waltham, Ma) with a center frequency 
of 2.25 MHz and a 50% (at −3-dB) fractional bandwidth 
was used to image a phantom by translating the trans-
ducer laterally. there were 2 different experimental setups 
used; one for cP methods and another one for rec exper-
iments. these setups would contain different noise levels 
due to the use of different excitation systems; therefore, to 
avoid errors in the comparisons, the noise levels were nor-
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fig. 5. (a) normalized cnr vs. pulse length increase factor, (b) normal-
ized ssnrB vs. pulse length increase factor, (c) normalized ssnrT vs. 
pulse length increase factor, (d) normalized lsnr vs. pulse length in-
crease factor. for simulations and experiments, the quality metric values 
are normalized to the data corresponding to conventional pulsing with a 
pulse length increase factor of one. (simulated results are depicted by a 
solid line, experimental measurements are shown in a dashed line, reso-
lution enhancement compression results are marked by diamonds, and 
conventional pulsing results are marked by circles).

fig. 6. B-mode images of simulated results for the following: (a) cP 
and rec reference scans, (b) rec-fc full-width case, (c) cP-fc and 
rec-fc half-width cases, (d) cP-fc and rec-fc third-width cases, 
and (e) cP-fc and rec-fc fourth-width cases. image dynamic range 
= −50 dB.



malized to an esnr of 28 dB. normalization of esnr was 
accomplished by adding zero mean Gaussian white noise 
to the cP rf echo waveform. the 2 experimental setups 
are described as follows:

 1.  conventional pulsing experimental setup: the trans-
ducer was excited by a pulser-receiver (5800, Pana-
metrics, Waltham, Ma) and the receive waveform 
was displayed on an oscilloscope (9354 tM, lecroy, 
chester ridge, ny) for visual verification. the echo 
signal was recorded at a rate of 100 MHz by a 12-
bit a/d (digitizing Board uf3025, strategic test, 
Woburn, Ma) for further processing by a Pc. a dia-
gram of the experimental setup for cP is shown in 
fig. 9(a).

 2.  rec experimental setup: the pre-enhanced chirp 
was generated in Matlab (MathWorks, natick, Ma) 
and downloaded to an arbitrary waveform genera-
tor (W1281a, tabor electronics, tel Hanan, isra-
el). the excitation signal was sampled at a rate of 
100 MHz and amplified by an rf power amplifier 
(3251, eni, rochester, ny). the amplified signal 
(50 dB) was connected to the transducer through a 
diplexer (rdX-6, ritec enterprises, Warwick, ri). 
the echo signal was received by a pulser-receiver 
(5800, Panametrics, Waltham, Ma), which was dis-
played on an oscilloscope (9354 tM, lecroy, chester 
ridge, ny) for visual verification. the echo signal 
was recorded at a rate of 100 MHz by a 12-bit a/d 
(digitizing Board uf3025, strategic test, Woburn, 
Ma) for further processing by a Pc. a diagram of 
the experimental setup for rec is shown in fig. 
9(b).

a tissue-mimicking phantom (Model 539, ats labora-
tories, Bridgeport, ct) was used to assess the performance 
of rec-fc with the image quality metrics described in 
section ii. the material from the tissue-mimicking phan-
tom consisted of urethane rubber, which has a speed of 
sound of 1450 m/s ± 1.0% at 23°c and an attenuation 
coefficient of 0.5 dB/cm/MHz ± 5.0%. a +6-dB echogenic 
gray-scale target structure with a 15-mm diameter at a 
depth of 4 cm was imaged for all 4 cases in addition to 
the reference signals. all measurements were conducted at 
room temperature in a tank of degassed water. further-
more, in experimental measurements, no optimization of 
the γ parameter in the Wiener filter (2) was used. also, 
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fig. 7. edge-detection images of simulated results using thresholding and 
margin strength for cP, rec, and rec-fc full-width case.

fig. 8. Histograms of simulated results for the following: (a) cP and 
rec reference scans, (b) rec-fc full-width case, (c) cP-fc and rec-
fc half-width cases, (d) cP-fc and rec-fc third-width cases, and (e) 
cP-fc and rec-fc fourth-width cases (dark: background region, light: 
target region).



the same technique to determine the γ as described in 
section iii was used for the experimental measurements. 
a description of the filter banks designed along with the 
resolution needed to calculate lsnr in (9) are shown in 
table iii. the cnr, ssnr, HPi, Ho, and lsnr results 
obtained for all 4 cases (full-, half-, third-, and fourth-
width) in addition to the reference scans (cP and rec 
with no compounding) are summarized in table iV. in 
addition, the improvements in terms of cnr, ssnrB, and 
ssnrT are shown in figs. 5(a)–(c). the B-mode images 
representing these results are displayed in fig. 10.

examination of the reference scans in fig. 10(a) reveal 
that, by using the rec technique, the speckle size was finer 
when compared with cP, which was evident in the simula-
tions. next, fc was applied with subbands corresponding 
to the bandwidth of the original impulse response of the 
source under cP methods (full-width) to improve contrast 
as shown in fig. 10(b). for the full-width case, the cnr, 
ssnrB, and ssnrT using rec-fc improved by a factor 
of 121%, 41%, and 57% when compared with cP. an in-
crease in cnr and ssnr was obtained while maintaining 
the same axial resolution that would be obtained by using 
cP methods. therefore, the same enhanced definition of 
object boundaries observed in simulated B-mode images 
and quantified through the margin strength when using 
rec leads to better definition of the object boundaries 
because there is more detail compared with cP. there-
fore, when applying rec-fc, this extra information can 
enhance the results obtained when compared with cP. 
evaluating lsnr results shown in fig. 5 suggest that, by 
using rec, the lsnr improved by 48% over cP indicat-
ing improved target detectability. this would imply that 
the same lsnr value would be obtained for both cP and 
rec if a target of approximately 7.8 mm in diameter were 
imaged with rec rather than 15 mm as in cP.

a comparison of experimental results against simula-
tions reveals the improvement for the full-width case in 
terms of ssnrB and ssnrT remained approximately the 
same, while the improvement in terms of cnr was larger 
in the experiment (121%) when compared with simulations 
(71%). the next case evaluated was half-width of cP im-
pulse response, which consisted of subbands that use half 
the bandwidth of the impulse response of the source under 
cP methods. the half-width case was applied to both cP 
and rec as shown in fig. 10(c). comparing experimental 
results to simulations indicated that the improvements for 
the half-width case in terms of ssnrB and ssnrT were 
quite similar, while the improvement in terms of cnr was 
larger in the experiment (231%) when compared with sim-
ulations (137%). there are 2 other cases evaluated shown 
in figs. 10(d) and (e): third-width and fourth-width. 
these cases represent a pulse length increase factor of 3 
and 4, respectively. for the third- and fourth-width rec-
fc cases, the lsnr dropped, but yet maintained higher 
values than cP, for the third- and fourth-width case with 
increases of 139% and 130%, respectively. this decrease 
relates to the visible effects of target edge blurring due 
to the resolution decrease in B-mode images. therefore, 

based on simulation and experimental results, it may not 
be recommended to drive rec-fc beyond the half-width 
case.

Histograms of the background and target regions for 
all 4 cases are shown in fig. 11. examination of the refer-
ence scans shown in fig. 11(a) reveal that there is a large 
overlap in the distribution of gray-scale pixel intensities 
between the background and the target, which was due 
to the large spread in the standard deviation about the 
mean pixel intensity of these regions. in fact, the overlap 
of these regions for the cP and rec reference scan were 
both 35%. By using rec-fc, the overlap was reduced to 
33% for the full-width case as shown in fig. 11(b). a ma-
jor difference between simulations and experiments was 
that the mean pixel intensity value for the background 
region increased during simulations while the value de-
creased for experimental measurements. the mean pixel 
intensity values for the target increased for both simula-
tion results and experimental measurements. this change 
in the mean pixel value may help explain how the cnr 
results improved drastically during experiments compared 
with simulations. another factor that may have led to the 
greater improvement in cnr for experimental measure-
ments versus simulations is the fact that the simulations 
did not contain noise. in using a coding technique and fc, 
noise may be further reduced leading to enhanced cnr 
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fig. 9. (a) Block diagram of experimental setup for conventional pulsing 
and (b) block diagram of experimental setup for resolution enhancement 
compression.



over just the compounding effect alone. furthermore, the 
overlap for the half-, third-, and fourth-width for cP-fc 
cases shown in figs. 11(c)–(e) decreased; however, the 
overlap obtained with cP-fc is higher when compared 
with rec-fc. nonetheless, it should be noted that, al-
though the overlap between these 2 regions was reduced, 
in addition to the contrast improvements as each fc case 
was applied, the reduction in axial resolution resulted 
in deteriorating image quality for the third- and fourth-
width cases. this reduction in image quality could reduce 
the ability to detect small targets. this effect was not as 
noticeable in the simulation results except for the fourth-
width case.

V. discussion and conclusion

a pulse-compression and coded-excitation technique, 
rec, was used to double the axial resolution, which trans-
lated into an increase in system bandwidth. the speckle-
reduction technique known as fc used this larger avail-
able bandwidth to improve image contrast in ultrasonic 
B-mode images. fc partitions the usable bandwidth by 
using subbands that are smaller than the system band-
width to improve image contrast and reduce speckle noise 
but at the expense of axial resolution. therefore, the ma-
jor objective of this study was to establish the benefits of 
doubling the axial resolution by using rec and applying 
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taBle iV. cnr, ssnr, HPi, and lsnr for the experimental results for the 15-mm target from the ats Phantom.1 

technique2 description cnr ssnrB ssnrT HPiB HPiT Ho (%) lsnr

cP reference scan 0.33 2.09 1.71 180.0 ± 26.4 193.8 ± 31.5 35 9.9
rec reference scan 0.42 1.93 1.84 176.8 ± 27.1 193.5 ± 29.6 35 14.6

(25%) (7%) (8%) (2%) (0%) (48%)
rec full width of cP BW3 0.74 2.95 2.68 158.0 ± 22.5 183.1 ± 25.4 33 17.6

(121%) (41%) (57%) (12%) (6%) (78%)
cP 1/2 width of cP BW 0.71 2.99 2.34 174.9 ± 20.0 197.4 ± 24.5 33 15.0

(112%) (43%) (37%) (3%) (2%) (52%)
rec 1/2 width of cP BW 1.11 4.13 3.49 159.8 ± 18.1 190.8 ± 21.3 28 26.1

(231–56%) (98–38%) (104–49%) (11–9%) (2–3%) (164–74%)
cP 1/3 width of cP BW 1.11 4.24 3.08 161.3 ± 18.8 197.0 ± 25.7 28 17.8

(233%) (102%) (80%) (10%) (2%) (80%)
rec 1/3 width of cP BW 1.35 5.27 4.20 139.3 ± 20.0 182.4 ± 25.0 21 23.6

(302–21%) (152–24%) (146–36%) (23–14%) (6–7%) (139–33%)
cP 1/4 width of cP BW 1.37 5.36 3.56 157.6 ± 16.9 199.5 ± 25.5 25 17.5

(309%) (156%) (108%) (12%) (3%) (78%)
rec 1/4 width of cP BW 1.65 6.03 4.84 138.5 ± 19.6 190.4 ± 24.8 19 22.7

(391–20%) (189–13%) (183–36%) (23–12%) (2–5%) (130–30%)
1the HPi values in the table are described in terms of the mean plus/minus one standard deviation. in parentheses: absolute percent change of 
rec-fc vs. cP reference; absolute percent change of rec-fc vs. cP-fc for the same case.
2cP = conventional pulsing; rec = resolution enhancement compression.
3BW = bandwidth.

taBle iii. filter Bank descriptions, axial and lateral correlation functions for the 
experimental results for the 15-mm target from the ats Phantom. 

technique2 description

filter Banks resolution1

Bandwidth 
(MHz)

separation 
(MHz) quantity

axial 
(mm)

lateral 
(mm)

cP reference scan — — — 0.39 1.2
rec reference scan — — — 0.21 1.2

(46%) (0%)
rec-fc full width of cP BW3 1.2 1.1 4 0.37 1.2

(5%) (0%)
cP-fc 1/2 width of cP BW 0.6 0.6 3 0.68 1.2

(74%) (0%)
rec-fc 1/2 width of cP BW 0.6 0.6 6 0.45 1.0

(15%) (16%)
cP-fc 1/3 width of cP BW 0.4 0.4 6 0.80 1.2

(105%) (0%)
rec-fc 1/3 width of cP BW 0.4 0.4 10 0.65 1.4

(67%) (16%)
cP-fc 1/4 width of cP BW 0.3 0.3 10 1.25 1.2

(221%) (0%)
rec-fc 1/4 width of cP BW 0.3 0.3 15 1.34 1.2

(244%) (0%)
1Values in parentheses represent the absolute percent change of rec-fc vs. cP reference.
2cP = conventional pulsing; rec = resolution enhancement compression.
3BW = bandwidth.
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fig. 10. B-mode images of experimental measurements for the following: 
(a) cP and rec reference scans, (b) rec-fc full-width case, (c) cP-
fc and rec-fc half-width cases, (d) cP-fc and rec-fc third-width 
cases, and (e) cP-fc and rec-fc fourth-width cases. image dynamic 
range = −50 dB.

fig. 11. Histograms of experimental measurements for the following: (a) 
cP and rec reference scans, (b) rec-fc full-width case, (c) cP-fc 
and rec-fc half-width cases, (d) cP-fc and rec-fc third-width cas-
es, and (e) cP-fc and rec-fc fourth-width cases (dark: background 
region, light: target region).



fc to take advantage of the larger usable bandwidth to 
increase the number of subbands.

simulations and experimental measurements were used 
to establish the usefulness of the rec-fc technique in 
enhancing image contrast and reducing speckle noise. 
simulations and experimental measurements suggest that 
rec-fc was a useful tool to obtain substantial improve-
ments in terms of image contrast and to enhance the 
boundaries between the target and the background. cnr, 
ssnrB, and ssnrT were increased in both simulations 
and experiments for all cases. also, in simulations and 
experiments, the overlap between the background and the 
target regions in the histograms was significantly reduced 
as the subbands got smaller. lsnr increased in simula-
tions for all cases except the fourth-width case. However, 
lsnr from experimental measurements suggested that 
applying rec-fc for the third- and fourth-width cases 
might be unfavorable. in general, it appears that rec-
fc was always a step ahead of cP/cP-fc. this was due 
to the doubling of the axial resolution of the ultrasonic-
imaging system by using rec, which allowed an increase 
in the number of subbands.

a potential limitation of the rec-fc technique is the 
possibility of transducer heating, which may pose a patient 
safety problem. When transmitting a preenhanced chirp 
into a transducer, an increase in energy at the inefficient 
frequency bands of the transducer exists, which could lead 
to the conversion of electrical energy into heat instead 
of sound. future experiments will examine the tradeoffs 
between exciting sources with preenhanced chirps and ad-
ditional heating of the transducer. another drawback of 
the rec-fc technique as described herein is the length 
of preenhanced chirp. in this work, a long excitation sig-
nal, which was appropriate for the focal number of the 
utilized source, was used. However, if sources with low 
focal numbers are used, a long signal duration, i.e., 20 μs, 
could compromise images for targets near the source. to 
compensate for this problem, the signal duration must 
be decreased, but at the expense of decreasing the time-
bandwidth product (tBP) [32]. the tBP is important be-
cause the esnr of the compressed waveform is increased 
by a factor related to the tBP when compared with the 
uncompressed waveform.

the rec-fc technique does not require an abundance 
of changes to the hardware infrastructure of a typical ul-
trasonic imaging system. the main component required 
would be an arbitrary waveform generator that can out-
put the preenhanced chirp excitation signals. in addition, 
a digital signal processor is required to compress the re-
ceived echoes. However, most ultrasonic imaging systems 
already contain digital signal processors and versions ca-
pable of producing arbitrary waveforms on excitation are 
possible now. an additional experimental cost to using 
rec-fc in an ultrasonic imaging system is the require-
ment of acquiring the pulse-echo impulse response of the 
imaging system. nonetheless, the pulse-echo impulse re-
sponse can be easily obtained by placing a known reflector 
at the focus of the source and exciting with a pulse.

further studies will examine the rec-fc technique by 
using a hydrogel phantom with smaller target sizes and 
lower target contrast values to evaluate the performance 
as the lesion gets smaller and as the contrast varies. oth-
er work will include a method to quantify the apparent 
edge enhancement obtained by using rec-fc. testing 
the rec-fc technique with a linear array instead of a 
single-element focused transducer will also be examined 
in future studies. an additional study of interest would be 
compounding the rec reference scan with all rec-fc 
cases evaluated in this investigation. other studies may 
include applying a postprocessing speckle-reduction tech-
nique such as wavelet despeckling, adaptive filtering, and 
deconvolution methods to the full-width case of rec-fc. 
essentially, the benefits of such techniques will be greatly 
improved because the starting point in terms of resolution 
is the same as cP but with improved contrast and less 
speckle.
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