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Improving Lateral Resolution in Ultrasonic Imaging
by Utilizing Nulls in the Beam Pattern
Jonathan Reeg, Student Member, IEEE, Michael L. Oelze, Senior Member, IEEE

Abstract—Reduction of lateral sidelobes results in improved
ultrasonic imaging. In general, apodization is used to lower
sidelobes in exchange for increasing the width of the mainlobe
and thus decreasing lateral resolution. Null Subtraction Imaging
(NSI) is a technique that uses different on-receive apodizations
on copies of the same image to to reduce sidelobe levels while
also improving lateral resolution. In the NSI technique, several
apodization functions are applied on receive. The first apodization
weight is applied having a zero mean value when summed
across the aperture. This places a null at the broadside of the
receive pattern. The second apodization is the same as the first
apodization except that a constant offset in weight is applied
(non-zero mean). The third apodization is the transpose of the
second. The images created with the different weighting schemes
are then added to form a new image with improved sidelobe
performance and dramatically better lateral resolution compared
to conventional apodization. To evaluate the performance of
this technique, experiments were performed with an ATS539
phantom containing wire targets to assess lateral resolution and
cylinder targets to assess contrast. A 9L4 array was used in
the measurements connected to an Ultrasonix RP system with
a SonixDAQ. Plane waves were emitted from the array and
ultrasound echoes were received by each array element. Image
reconstruction involved using Delay and Sum beamforming with
apodization. Images were constructed using NSI and compared
with rectangular weighted apertures. In experiments, the lateral
resolution was observed to improve by a factor of five or
better when compared to rectangular apodization. Image quality
was assessed by estimation of lateral resolution (-3-dB receive
beamwidth), the mainlobe to sidelobe ratio (MSR) in dB and
estimation of the contrast-to-noise ratio (CNR). At f/# = 1 focusing
with NSI, the -6-dB beamwidth on receive as measured from a
small wire target in the ATS phantom was 0.414λ. Sidelobes were
observed to decrease at each f/# by an average of 17 dB with
NSI compared to rectangular apodization. However, contrast of
hyperechoic targets were lost when utilizing the NSI scheme.
Index Terms—Ultrasound imaging, Apodization, Beamforming, Superresolution

I. I NTRODUCTION

I

N modern ultrasonic imaging, backscattered echo data are
captured by transducers, typically in the form of an array
of elements. These transducers send out pulses of ultrasound
and then listen for echoes. In conventional B-mode imaging,
the received signals composed from these echoes are beamformed, envelope detected, and then the collective signals are
stacked together to create the image. On both transmission
and reception, weights may be assigned to the elements of a
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transducer array to shape its radiation pattern. This weighting
is called apodization.
Apodization of the transducer elements is analogous to
windowing a time-domain signal. Choosing a window function
that reduces the sidelobes while still maintaining an optimal
mainlobe width is a classical problem in signal analysis. For
most apodization schemes, reducing the sidelobes through
apodization has the tradeoff of widening the mainlobe [1]. In
1946, Dolph developed a weighting method, or apodization,
using Chebyshev polynomials for a linear array antenna that
shaped its radiation pattern such that the minimum mainlobe
width was achieved for a given maximum sidelobe level [2]. In
1982, t’Hoen did a study applying nine different apodization
schemes to a linear ultrasound array and studying their effects
on the image quality, finding that four of these schemes (cosine, Hamming, sinc, and 10% truncated Gaussian) produced
more desirable results than a rectangular weighted scheme [4].
More recently, Guenther and Walker developed apodization
functions using a constrained least squares implementation
[5], [6]. In that work, apodization functions were created that
reduced sidelobe levels below that of a Hamming apodization
while maintaining mainlobe width. In another more recent
approach, Seo and Yen applied a dual apodization with crosscorrelation scheme (DAX) to reduce clutter and sidelobe
levels [7]. Finally, Sung and Jeong introduced an apodization
method that included multiple apodizations of the same data to
achieve sidelobe reduction while maintaining mainlobe width
similar to rectangular apodization [10]. In their simulation
studies they were able to suppress sidelobe levels by 9 dB
while maintaining mainlobe width comparable to rectangular
apodization.
The use of apodization has had a long history in shaping radiation patterns in diagnostic ultrasound imaging. Apodization
techniques are used to trade mainlobe width for low sidelobes.
In this study, a new method of apodization is proposed that will
markedly improve the lateral resolution of the imaging system
by a factor of five or more times compared to rectangular
apodization, while simultaneously keeping sidelobes low. The
apodization scheme relies on using a null in the beam pattern
to achieve imaging. Because the null of a beam can fall off
faster than the roll off of the mainlobe, spatial resolution can
be improved over imaging with the mainlobe.
II. M ETHODS
The far-field beam pattern from an ultrasonic transducer or
an array is related to the Fourier transform of the product of
the aperture function and the apodization function [1]. For
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AR2,i = AR,i + c.
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Fig. 1. Predicted beam patterns of apodization functions. (a) The beam pattern
of a transducer where all 32 elements are weighted equally. (b) The beam
pattern of the same transducer weighted with a zero mean function.

(1)
(2)

Because using this apodization would put more energy on one
side of the beam pattern, a third apodization is constructed by
flipping the second apodization. These two new apodized images are beamformed, envelope detected, and added together
to produce a new image, i.e., the DC apodization image.
This image is nearly equivalent to that of one taken with
the null producing apodization, except with a “bridge” of
small, positive nonzero values between the two mainlobes of
the null beam pattern. The signals acquired using the zero
mean apodization are then beamformed, envelope-detected,
normalized such that they have the same maximum value, and
subtracted from the DC apodization image.
In the DC apodization scheme, an adjustable parameter is
the amount of DC bias applied to the apodization weights.
By increasing the DC bias, the level of the ”bridge” was
increased. The level of the DC bias allows a tradeoff between
sidelobe levels and mainlobe width. However, above a certain
level increasing the DC bias does nothing to improve mainlobe
width but still increases sidelobe levels.
III. E XPERIMENTS

Fig. 2. Illustration of NSI beam pattern vs the rectangular apodization beam
pattern.

example, the beam pattern for a rectangular function is a
sinc (see Figure 1a). Based on these Fourier transform pairs,
the beam pattern from an apodization function with a zeromean weighting across the array results in a null occurring at
broadside. Figure 1b shows a zero-mean apodization function’s
predicted beam pattern. The beam pattern for a rectangular
window (no apodization) maintains a beamwidth limited by
diffraction. However, if we compare the width of the rectangular apodization with one minus the zero-mean apodization
beam pattern, the shape of the main beam falls off much faster
for the ’inverted’ null beam. The property of the null beam
can be exploited through a novel approach, hereafter referred
to as the “bridging” approach, to improve the lateral resolution
while maintaining low sidelobes. Figure 2 shows an illustration
of the NSI beam pattern with a much narrower beam width.
In the bridging approach, an image is first constructed using
the zero-mean apodization. A second image is constructed
by taking the zero-mean apodization and adding a small DC
constant c to the apodization giving,

To assess the performance of the novel apodization scheme,
experimental measurements were acquired from an ATS539
phantom using an L9-4/38 clinical array transducer (measured
center frequency of 5 MHz) and an Ultrasonix RP with a
SonixDAQ. A plane wave at broadside was emitted from the
transducer array. To reconstruct the images, Delay and Sum
(DAS) beamforming was used. The apodizations used in the
reconstruction were based off of a zero-mean function where
half the elements were weighted at one, and the other half
weighted at negative one.
As the results will show, the -6-dB beamwidth was often
smaller than the pitch of the array. Therefore, to more accurately characterize the beamwidth of NSI, a finer lateral
resolution was required. This was accomplished by acquiring
128 scan lines using plane wave imaging then physically
moving the array laterally in steps of 5 microns to fill in
additional scan lines. At each position of the array a new set
of 128 scan lines was acquired. In total, to span the pitch of
the array, the array was moved 61 times with the 5 micron
step size.
The ATS539 multi-purpose phantom was used to test the
effectiveness of the technique at varying depths, and to evaluate if the technique affected the contrast to noise ratio (CNR)
of contrast targets (both hyperechoic and anechoic) in the
phantom, with CNR defined by,
CN R =

µin − µout
1

2 − σ2 ] 2
[σin
out

,

(3)

where µin is is the mean of the normalized decibel-scale data
of the image (E) inside the target, µout is the mean of (E)
2
outside the target, σin
is the variance of E inside the target,
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Fig. 3. Images of wire targets. (a) Image of successive targets taken using a rectangular apodization. (b) Image of successive targets taken using NSI. (c)
Image of parallel targets spaced < 1 mm apart taken using a rectangular apodization. (d) Image of parallel targets spaced < 1 mm apart taken using NSI.

2
and σout
is the variance of E outside the target. In addition
to the contrast targets, the phantom contained a variety of
wire targets in different configurations. These wire targets were
made of nylon and had a diameter of 0.12 mm. The L9-4/38
was positioned over the ATS phantom scan window and pulse
excited plane waves were emitted at a frequency of 5 MHz and
128 lines of RF data on receive were acquired at a sampling
frequency of 40 MHz.

IV. R ESULTS
For the wire targets shown in Figures 3a and b, -6 dB
beamwidths were recorded for NSI and rectangular apodization at each depth. At successive depths of 1, 2, and 3 cm,
the beamwidths for rectangular apodization were 0.64, 0.62,
and 0.62 mm respectively. For NSI, they were 0.12, 0.11, and
0.17 mm respectively. Thus an improvement factor of up to 6
times was observed. Since it was verified that NSI improved
lateral resolution, images were taken to show that it could
also distinguish between two closely placed targets, shown in
Figures 3c and d. Sidelobe magnitude also decreased by an
average of 17 dB using NSI.
The speckle was also observed to be much finer for NSI
images compared to rectangular apodized images. The speckle
signal to noise ratio (sSNR), defined by
sSN R =

h|E|i
[h|E|2 i

1

− h|E|i2 ] 2

,

(4)

where E is the envelope data of the image, was calculated
for the NSI and rectangular apodizations and the results were
averaged together. An average sSNR of 1.99 was observed for
the rectangular apodization, while an average sSNR of 0.68
was observed for NSI. This indicates that for NSI, the speckle
was no longer fully developed.

When examining contrast targets, the CNR was observed to
decrease for NSI compared to rectangular apodization. For the
hypoechoic targets (Fig. 4a,b,c), a CNR of -0.61 was obtained
using NSI, while using a rectangular apodization yielded a
CNR of -2.24. To improve the CNR, the rectangular apodized
and NSI images were compounded, using 50% of the magnitude of the rectangular image, resulting in a CNR of -1.97.
For the hyperechoic targets (Fig. 4d,e,f), a CNR of 0.29 was
obtained using NSI, while a CNR of 1.13 was obtained using
a rectangular apodization. Once again, the two images were
compounded, using 50% of the magnitude of the rectangular
image, resulting in a CNR of 0.99. While improvements in
CNR were observed, compounding the images also resulted
in an increase in the lateral resolution from NSI. These new
beamwidths for depths of 1, 2 and 3 cm, were 0.21, 0.20,
and 0.28 mm respectively. The CNR metric decreased as the
variance of the speckle increased. In the case of the NSI image,
the image was more spotty with what appeared to be dark holes
in the image and as a result a larger variance of the intensity.
On the other hand, the image constructed using rectangular
apodization provided a smoother appearance in the contrast
target resulting in lower variance in the intensity of the image.
V. C ONCLUSION
With NSI, a factor of improvement in lateral resolution
of at up to 6 times compared to the rectangular apodization
was achieved experimentally. Improvements in sidelobes by an
average of 17 dB over the rectangular apodization were also
observed. However, when using NSI the CNR for hyperechoic
and anechoic targets were observed to decrease. Compounding
NSI with conventional B-mode alleviated some of the loss
in CNR. NSI may be useful for identifying small specular
targets like microcalcifications in imaging. While the gains in
lateral resolution and decreases in sidelobes are dramatic, the
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Fig. 4. Images of contrast targets. (a) Hypoechoic targets taken using a rectangular apodization. (b) Hypoechoic targets taken using NSI. (c) Hypoechoic
targets, image formed by compounding B-mode (50% weight factor) and NSI. (d) Hyperechoic targets taken using a rectangular apodization. (e) Hyperechoic
targets taken using NSI. (f) Hyperechoic targets, image formed by compounding B-mode (50% weight factor) and NSI.

changes to the speckle reduce the ability to see contrast targets.
Additional processing is required to alleviate the speckle
artifacts produced by the NSI technique, which amounts to
trading off some of the gains in lateral resolution for improved
contrast.
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