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Abstract: With the proper use of beam steering and apodization, a higher resolution lateral 

echo image is obtained than with conventional imaging. This is achieved by superimposing 

crossed, steered beams, which is referred to as “lateral modulation” (LM). This type of beam-

forming achieves almost the same accuracy in lateral displacement measurements as in axial 

displacement measurements, ie, displacement vector measurements. The steering angle (ASTA) 

can also be used instead of LM, which uses only beams with a steering angle. In this report, 

the accuracy of the displacement vectors and lateral displacement measurements for LM and 

ASTA were evaluated using simulations and agar phantom experiments. The parameters used 

were direction of a displacement vector, steering angles, and rotation angle for the coordinate 

system. Changes in the steering angle and rotation angle of the coordinate system permit control 

of frequencies in the respective directions of the coordinate axes. As shown, when performing 

a simple ASTA for displacement vector measurement, a spectra frequency division should be 

performed using a previously developed multidimensional autocorrelation or Doppler method 

instead of block-matching methods. In this version of ASTA, the combination of nonsteering 

and rotation of the coordinate system is also effective, because the lateral bandwidth does not 

decrease. In such a case, transmission of a laterally wide wave will also be effective, particularly 

for three-dimensional measurement/imaging using a two-dimensional array transducer. ASTA 

can also be used for accurate lateral displacement measurements. Although a proper beam 

steering and/or a proper coordinate rotation improves the measurement accuracy achieved with 

LM and ASTA, all measurement accuracies obtained with ASTA are lower than with LM.

Keywords: lateral modulation, single steering angle, coordinate system rotation, spectra 

frequency division

Introduction
Various ultrasonic displacement/velocity measurement methods have been well 

developed for measurement of blood flow (eg, the continuous wave Doppler method,1 

pulse wave,2 autocorrelation method,3 and cross-correlation method4), tissue strain 

(eg, Doppler method, autocorrelation method,5 cross-correlation method6), sonar data, 

and other target motions. For about 60 years, tissue axial displacement/velocity/strain 

has been measured using these one-dimensional methods, although other developments 

have allowed measurement of multidimensional displacement/velocity vectors and 

strain/strain rate tensors for blood flow7 (in the heart and other organs) and for tissue 

motion,8 eg, the multidimensional cross-correlation method.
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For these types of applications, Sumi et al have developed 

several displacement measurement methods.9–18 For instance, 

the multidimensional cross-spectrum phase gradient 

method,9,10 the multidimensional autocorrelation method 

(MAM),11–13 and the multidimensional Doppler method 

(MDM)11–13 were developed for displacement vector mea-

surement, and specifically for simultaneous axial, lateral, 

and elevational displacement measurements. A displacement 

vector measurement method similar to MAM has also been 

reported by another group.19

Sumi et al have developed lateral modulation (LM) meth-

ods11–18 that are effective for displacement vector measurement. 

LM measurements can be made using superposition of  steered 

crossed beams.12–18 This involves superposition of multiple 

steered beams, with different steering angles obtained using 

the multiple transmission method20,21 or synthesized from a 

set of received echo data using the multidirectional synthetic 

aperture method.20,21 Simultaneous or successive transmis-

sions/receptions of an ultrasound signal can be used with the 

multiple transmission method. Multiple transducers can also 

be used with this type of beamforming. The LM method also 

permits echo imaging where the lateral resolution is almost the 

same as the axial resolution.15,16 In this case, the shapes of the 

apodization functions must also be carefully considered.15,16 

For displacement vector measurement, LM can also be per-

formed using the Fraunhofer approximation, as reported by 

Jensen22,23 and Anderson.24,25 Their common approach uses 

an apodization function which shows several symmetric 

peaks. Their approach also performs analog LM processing 

twice to obtain multidimensional analytic signals. In contrast, 

the digital LM approach developed by Sumi et al requires 

less processing to yield the analytic signals. The displace-

ment vectors and strain tensors that are accurately measured 

are also used for reconstructing the mechanical properties 

of, eg, the liver, heart, breast, and blood.26

Sumi et al also recently developed a beamforming 

method which is simpler than LM, ie, ASTA,17,18 which uses 

only a steering angle. All of the beamforming methods, 

including ASTA, can be performed on an arbitrary orthogonal 

coordinate system. However, LM uses two steering angles 

for two-dimensional measurement/imaging, and three or four 

steering angles for three-dimensional measurement/imaging, 

ie, multiple crossed beams (see Appendix A for a two-

dimensional example). Although LM enables measurement 

of various tissue displacements with arbitrary directions only 

by attaching an ultrasonic transducer onto the target surface, 

ASTA has several further advantages with respect to LM17,18 

(see Appendix A).

However, with ASTA, the number of methods available 

to obtain a displacement vector measurement is limited to 

previously developed block-matching methods,17,18 such as 

the multidimensional cross-spectrum phase gradient method, 

the multidimensional cross-correlation method, and MAM 

and MDM using a block-matching method (referred to as 

MAMb and MDMb,17,18 respectively). This is because only a 

single quadrant or octant spectrum can be obtained.17,18 That 

is, MAM and MDM methods using a moving average can-

not be used. In order to permit the use of MAM and MDM 

with ASTA for displacement vector measurement, Sumi et al 

proposed use of the first version of MAM and MDM with-

out LM or beam steering,11,13,14,20,27 ie, the spectra frequency 

division method (SFDM),28–30 in which two-dimensional or 

three-dimensional analytic signals are generated by dividing 

the single quadrant or octant spectra in the corresponding 

frequency domain. As confirmed by simulations,17,18 the 

block-matching methods with ASTA yield a lower measure-

ment accuracy than with LM. In this report, the accuracy of 

measurements obtained with SFDM and ASTA is confirmed 

through simulations and agar phantom experiments.28–30 

For SFDM with ASTA, the effect of a manual, mechani-

cal, or electric steering angle on measurement accuracy is 

also examined. Although the steering angles have already 

been examined for LM,13,15,16 in this report the effect is also 

evaluated using the same models as those used for the ASTA 

evaluation. For both LM and ASTA, the steering angles can 

control the frequencies of all the axes (see equation A1 in 

Appendix A). Briefly, it was confirmed that for both LM 

and ASTA, beams steered in the same direction as the target 

displacement vectors yield a small standard deviation (SD) 

for the magnitude, and a large SD for the angles.

In conjunction, we noted a new fact that these equations 

explain the frequency changes of all the axes generated by coor-

dinate rotation as well as by beam steering. In this report, after 

specifically describing the relationship between frequency 

changes and the rotation angle of a coordinate system, the 

effect of the rotation angle on measurement accuracy is exam-

ined, mainly with LM and ASTA with SFDM using the direc-

tions of tissue motion and steering beams (steering angles) as 

parameters in simulations and agar phantom experiments.28–30 

Rotation of the coordinate system can be realized analyti-

cally or approximately (by interpolation) when beamforming 

or after beamforming in a spatial or frequency domain.17,18

In addition to such displacement vector measurement 

methods, development of a simple lateral displacement 

measurement method has been an important goal. Various 

measurement methods have been developed, for instance the 
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lateral cross-correlation method, and several methods have 

also been developed using ASTA by Sumi, ie, the mirror 

setting method,17,18 and another method which divides a mul-

tidimensional moving-averaged instantaneous phase change 

by a multidimensional moving-averaged lateral frequency 

(hereafter referred to as “lateral Doppler”).17,18 These two 

lateral displacement measurement methods yield a high mea-

surement accuracy in a simpler manner than the conventional 

Doppler method with use of the rotational angle of a trans-

ducer when used with ASTA,17,18 and with multidimensional 

measurement methods used with LM. For instance, these 

two methods can be used for measuring blood flow in vessels 

running parallel to the body surface (eg, the carotid artery). 

However, for the two lateral measurement methods, the lat-

eral coordinate axis must be set in the direction of the target 

lateral motion by rotating the coordinate system analytically 

or approximately (by interpolation) when beamforming or 

after beamforming, in a similar manner.17,18 In this report, the 

effect of coordinate rotation (interpolation error) in addition 

to the steering angle on lateral measurement accuracy is also 

examined using simulations and agar phantom experiments.

Displacement vector measurements
Spectra frequency division method
Figure 1 shows a two-dimensional displacement vector mea-

surement, ie, a schematic of the spectra frequency division for 

SFDM (Figure 1B) with ASTA θ (Figure 1A). Such a single 

quadrant spectra is divided to obtain two spectra for MAM 

and MDM, eg, by using a linear line passing through the 

center of the spectra and a direct current. The first moment of 

the spectra can be used as the center of the spectra. That is, the 

following simultaneous equations for axial (dx) and lateral 

(dy) displacements are obtained from the two spectra (ie, the 

two synthesized beams 1 and 2 shown in Figure 1B):

 f dx + f dy = c  and f dx + f dy = cx1 y1 1 x2 y2 2 ,  (1)

for which coefficients are synthesized by the spectra division, 

ie, the instantaneous phase changes c
1
 and c

2
, and axial (f

x1
 

and f
x2

) and lateral instantaneous (f
y1

 and f
y2

) frequencies.

With the first version of MAM and MDM,11,13,14,20,27 neither 

LM nor any beam steering was used. That is, SFDM28–30 was 

used only for nonsteered beams with θ = 0°. In the simulations 

and agar phantom experiments, the nonsteered beams were 

also used as a version of ASTA, for comparison purposes.

As described later, in conjunction with a steering angle, 

the proper direction of the division must be considered. 

A curved line can also be used instead of a linear line. The 

lines do not always have to pass through the direct current 

and the center of the spectra. A number of spectra larger than 

the two spectra obtained using plural lines can also be used, 

in which case the over determined simultaneous equations 

obtained are solved for the displacement vector components 

using the least squares method, or the plural measurement 

results calculated using differnt combinations of divided 

spectra are superposed (ie, averaged). The spectra division can 

also be performed by weighting the spectra using windows. 

The divided spectra may partially include the same spectra. 

Original spectra may also be used. Further, the spectra may 

be partially disregarded, eg, low frequency spectra may be 

disregarded to increase instantaneous frequencies.28–30  Spectra 

bordering the division boundaries may also be disregarded 

to increase the independence of simultaneous equations. 

For three-dimensional displacement vector measurement, a 

single octant spectra (eg, Figure 2B from reference 18) for a 

three-dimensional case is divided using more than two linear 

or curved planes similarly. Correspondingly, at least three 

independent equations are derived. The SFDM can further be 
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Lateral direction

A
xi

al
 d

ire
ct

io
n

A

B

0

θ

θ

Figure 1 (A) With a steering angle (ASTA) θ, (B) schematic of the spectra frequency 
division method. For two-dimensional displacement vector measurements, for 
instance, a single quadrant spectra is divided to obtain two spectra for the 
multidimensional autocorrelation method and the multidimensional Doppler method 
using a linear line passing through a direct current. Beams 1 and 2 are synthesized 
and, correspondingly, the first moments (fx1, fy1) and (fx2, fy2) are obtained.
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used for the LM case (see Figure 2C from reference 18 for a 

two-dimensional example).

Simulations
First, simple simulations were performed to examine the 

effect on measurement accuracy obtained with ASTA, 

ie, a manual, mechanical, or electric steering angle. For 

two- dimensional displacement vector measurement, the 

same rigid lateral motion (θ = 90°) was used as described 

elsewhere by Sumi,18 ie, 0.01 mm. Echo data were simulated 

by convolving white noise data in a two-dimensional region 

of interest with a Gaussian-type point spread function and a 
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Figure 2 For simulated echo data with lateral displacement (magnitude, 0.01 mm; and θ = 90° in Figure 1A), evaluation of the statistics (means and standard deviations [SDs]) 
of lateral displacement measured using two-dimensional autocorrelation method with spectra frequency division method and ASTA for (A) no noise and (B) for 20 dB echo 
signal-to-noise ratio cases. Values for lateral modulation can also be compared.
Abbreviations: deg, degrees; SD, standard deviation; LM, lateral modulation; mm, millimeters.
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confirmed that LM yields more accurate measurements than 

ASTA (SFDM) (see Figure 3A vs B). For beamforming in 

both cases, when the SD of the magnitude is large, that of 

the angle is small, and vice versa. It was also confirmed that 

proper steering angles exist for the respective directions of 

the displacement vectors. For both LM and ASTA, beams 

steered in the same direction as the target displacement vec-

tors yielded a small SD for the magnitude and a large SD 

for the angles. In addition, the θ steering angles should be 

set at 45° to deal simultaneously with the various directions 

of the displacement vectors.

Figure 3C shows the SDs obtained for LM using steer-

ing angles of ±10° and ±20° when changing the angle at the 

center of the two steered beams. As shown, if the central 

angles are the same as those of the target displacement vec-

tors, there are small SDs for the magnitude and large SDs for 

the angles. It should also be noted that the use of symmetric 

beams with respect to the axial direction yields accurate 

measurements, particularly when beam steering is performed 

at ±20° (compare the angle at the center of the two beams, 

0° vs 10°).

Agar phantom experiments
Next, for an agar phantom, ASTA and LM were performed 

using a linear array transducer. For ASTA, SFDM was used. 

The agar phantom used was the same as that described else-

where by Sumi et al.15 The rectangular region of interest with 

13.7 (axial) × 13.2 (lateral) mm dimensions was set at a depth 

of 12.2 mm, in which a central circular region (a cylindrical 

inclusion with a radius of 10 mm and a depth of 19 mm) 

had a larger shear modulus than the surrounding region, 

ie, a relative value of 3.29 (2.63 vs 0.80 × 106 N/m2). The 

agar phantom was compressed in the lateral direction. The 

ultrasonic frequency used was 7.5 MHz. Parabolic functions 

were used for apodizations of ASTA and LM.15,16 Steering 

angles θ = ± 11.9° were used.

In Figure 4A, for SFDM, a single quadrant spectra was 

divided by four straight lines (i–iv) passing through the first 

moment of the spectra. The single quadrant spectra is shown 

in Figure 4B (first on left). The statistics of the magnitude 

and angle of the displacement vectors measured in a central 

circular region (radius = 2.5 mm) of the inclusion were 

evaluated (see Figure 4C). The results for θ minus 90° are 

shown (the mean is nearly 7.6°). The lateral compression 

which was performed was slanted by 7.6°. As shown, for the 

small steering angle (11.9°), a vertical division, such as the 

one made using lines i and iii, should be performed rather 

than a horizontal division, such as one made using lines ii and 

spatially isotropic SD of 0.4 mm. The ultrasonic frequency 

was changed from 3.5 to 12.0 MHz for a two-dimensional 

medium with a ultrasonic speed of 1500 m/sec, and the 

steering angle θ was set at 45° (see θ in Figure 1A). An 

axial sampling frequency of 30 MHz and a beam pitch of 

0.05 mm were used. Considering the Nyquist theorem, if 

necessary, the lateral bandwidth was increased using the 

method described previously by the author18 as shown in 

Appendix C. By adding white noise to the raw echo data, echo 

data with a signal-to-noise ratio of 20 dB were also simulated. 

Here LM with SFDM was not simulated, but a pure LM case 

was also simulated for two-dimensional displacement vector 

measurement, in which steering angles of ±45° were used. 

The two-dimensional autocorrelation method was used for 

all the displacement vector measurements.

Figure 2 shows the ultrasonic frequency vs the means 

and standard deviations (SDs) of the lateral displacements 

measured using the two-dimensional autocorrelation method 

with LM and with SFDM and ASTA for two cases, ie, no 

noise and a 20 dB echo signal-to-noise ratio. In this simula-

tion, the axial and lateral frequencies were the same, thus 

for respective displacement vector measurement, the SDs 

of the axial and lateral displacement measurements were 

almost the same under zero axial displacement (axial data 

omitted).

As shown, unbiased measurements were performed (see 

the evaluated means). When using other displacement vector 

measurement methods, such as the two-dimensional cross-

spectrum phase gradient method and the two- dimensional 

Doppler method, similar results were obtained (data 

omitted). The corresponding results obtained using the two-

dimensional multidimensional cross-spectrum phase gradi-

ent method, two-dimensional AMb (ie, a two-dimensional 

autocorrelation method with block-matching), and two-

dimensional DMb (ie, a two-dimensional Doppler method 

with block-matching) are shown in a previous publication 

by Sumi.18 When performing such block-matching, ASTA 

resulted in a SD about 100 times as large as with pure LM, 

and when using SFDM, ASTA resulted in a SD about ten 

times as large as that for the pure LM method. 

Figure 3 shows, for various directions of a displacement 

vector (θ = 0°–90°, Figure 1A), the steering angle θ = 0°-90° 

vs the SDs of the magnitude and angle of the respective 

displacement vectors (magnitude 0.01 mm) measured 

using the two-dimensional autocorrelation method with 

LM (Figure 3A), and with SFDM and ASTA (Figure 3B). 

LM was achieved by generating steering angles of -θ as 

well. The ultrasonic frequency used was 7 MHz. This also 
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Figure 3 For the same simulated echo data with lateral displacement (magnitude, 0.01 mm; θ = 90° in Figure 1A), evaluation of standard deviations of the displacement vector 
(magnitude and angle) measured (A) using two-dimensional autocorrelation method with lateral modulation and (B) using spectra frequency division method with ASTA vs 
steering angles. (C) For lateral modulation with steering angles of ±10° and ±20°, SDs vs the angle at the center of the two steered beams.
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iv. For a steering angle larger than 45°, a horizontal division 

should be performed (data not shown).

Rotation of coordinate system
A rotation of the coordinate system was next performed (see 

Figure 5). As mentioned in the Introduction, equation A1 in 

Appendix A can be applied to the steering angle θ minus θ′, 
defined on the new coordinate system (depicted by red) and 

rotated by angle θ′ instead of the steering angle θ defined on 

the old coordinate system (black) as follows:

 f = f  cos( - ) and f = f  sin -x
’

0
’

y
’

0
’θ θ θ θ( ),  (2)

where f
0
, f

x
′, and f

y
′ are, respectively, ultrasonic frequency 

and axial (x′) and lateral (y′) frequencies of the new coordi-

nate system. The frequencies f
x
′ and f

y
′ are expressed using 
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fx and fy of the old coordinate system (see equation A1) and 

a rotation matrix as follows

 
f

f

f

f
x

y

x

y

’

’

’ ’

’ ’

cos( ) sin( )

sin( ) cos( )







=

− − −
− −










θ θ
θ θ 




.

 (3)

If a laterally symmetric beam with the same ultrasonic 

frequency, f
0
, is also generated and crossed at position (x, y) 

for LM (see Appendix A), simultaneous equations of MAM 

or MDM about the unknown displacement vector (dx, dy) of 

the position are expressed on the old coordinate system:11–13

 f dx + f dy = c  and f dx f dy = cx y 1 x y 2− ,  (4)

where c
1
 and c

2
 are instantaneous phase changes in the two 

steered beam directions.

On the new coordinate system, the first part of equation 

(4) is expressed as:

 f dx +f dy = cx
’ ’

y
’ ’

1,  (5)

where dx′ and dy′ are unknown displacement vector 

components of the position (x, y) expressed on the new coordi-

nate system, and have the following relationship with (dx, dy) 

and the same rotation matrix as that used in equation (3).

 
d

d

cos(- ) -sin(- )

sin(- ) cos(- )

d

d
x

’

y
’

’ ’

’ ’

x

y







=










θ θ
θ θ 




.

 (6)

That is, the first part of equation (4) is the same as equation (5). 

The corresponding second part of equation (4) can be derived 

similarly. Also, for SFDM, the same simultaneous equations 

can be derived on the old equation (1) and new coordinate 

systems similarly.

However, we need to note that such simultaneous equations 

obtained on the old and new coordinate systems will not yield 

the same displacement vector measurement. As shown by 

equations (3)–(5), the respective errors in f
x
, f

y
, c

1
, and c

2
 due 

to calculations or echo noise propagate to the measurements 

d
x
′ and d

y
′, being dependent on the rotation angle θ′. Both 

measurement errors in magnitude and angles of displacement 

vectors, (dx, dy) and (dx′, dy′), do not become the same.

Simulations
Using the same simulated phantoms (displacement magnitude 

0.01 mm, angles θ = 0°–90°), the rotation angle θ′ vs the SDs 

of the magnitudes and angles of the measured displacement 

vectors were evaluated. Figure 6A and B, respectively, show 

the results obtained for LM (steering angles θ = ±10° and 

±20°) and SFDM (no steering, ie, θ = 0°). The corresponding 

means were accurate (omitted). As shown, depending on the 

direction of the target displacement vector, the measurement 

accuracy differs. In order to deal with various directions of 

the displacements using LM with the steering angles, the 

rotation angles should be respectively smaller than 10° and 

20°. Figure 6A also shows that if the beams generated with 

respect to the axial direction (0°) are not symmetric, a coor-

dinate rotation should be performed such that the steered 

beams are symmetric. Alternatively, for SFDM, the rotation 

angle should be set at about 30° (Figure 6B).

Agar phantom experiments
The same agar phantom echo data obtained from the synthetic 

aperture in the previous section were used. The displacement 

vector generated corresponds to θ = 90° in the simulations 

shown. For LM (θ = ±11.9°), ASTA (θ = 0° and 11.9°, respec-

tively), and the rotation (θ′ = 11.9° and 25.9°) with ASTA 

(θ = 0°), Figures 7 and 8 show the statistics evaluated for 

displacement vectors (Figure 7A), strain tensors (Figure 7B), 
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Figure 5 Rotation of coordinates in (A) spatial and (B) frequency domains by θ′ 
(schematic drawing in red). In Figure 5B, the first moments of the spectra are shown 
as (fx, fy) and (fx′, fy′) on the old and new coordinates, respectively.
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and shear moduli (Figure 7C), measured in the central 

circular region (displacement vector, radius = 2.5 mm; others, 

3.2 mm), and the corresponding gray-scaled images (sizes of 

regions of interest). Strictly, the nonsteered beam (ie, θ = 0°) 

was dealt with as a version of ASTA,28–30 ie, the first version 

of MAM and MDM without LM.11,13,14,20,27 Because such a 

beam yields a larger lateral  bandwidth than a steered beam, 

SFDM becomes more effective, as will be shown next.

In addition, a plane wave was also used for transmission, 

with considerations for its application to high speed 

scanning,15,16,28–30 eg, for rapid blood flow, heart, muscle, and 

liver motion, and three-dimensional imaging/measurement 
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Figure 6 For the same simulated echo data with displacements (magnitude, 0.01 mm) in various directions (θ in Figure 1A), evaluation of standard deviations of the magnitude 
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Abbreviations: mm, millimeters; deg, degrees; SD, standard deviation.
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using a two-dimensional ultrasonic array transducer. 

 Specifically, both the red circles and the red dot circles show 

the results obtained using plane waves for transmission, 

whereas noncircled areas show the results obtained with 

spherical focusing. Specifically, for the circles, the red 

circles use plane waves with the same steering angles as 

those for reception,15,16 whereas the red dot circles do not use 

steering.15,16 For strains, the results of the dominant lateral 

strain are circled (ie, Figure 7B).

Figure 4B also shows spectra obtained for steering angles 

of 0° (third panel from the left); for a low lateral modulation 

frequency generated by a nonsteered plane wave transmission 
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Figure 7 For the same agar phantom compressed in a lateral direction (θ = 0° in Figure 1A), evaluation of statistics for the (A) displacement vector, (B) strain tensor 
(axial, lateral and shear), and (C) shear modulus measured in the stiff inclusion (displacement vector, in a circular region with a radius = 2.5 mm; others, 3.2 mm). For the 
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(fourth panel from the left); for 11.9° (leftmost panel); for a 

smaller lateral bandwidth generated by a steered plane wave 

transmission (second panel from the left); and for a rotation 

angle of 30° (rightmost panel).

For the displacement vector measurements obtained 

from such beamforming, almost the same mean values are 

obtained (Figure 7A). However, when using plane waves 

for  nonfocusing transmission (red or red dot circles), except 

for LM using steered plane waves (a red circle, Figure 8B) 

and ASTA using a rotation of 25.9° (Figure 8K), the SDs 

obtained are larger than those obtained using the corre-

sponding spherical focusing, because the lateral bandwidths 

obtained are smaller. Also, compare the corresponding 

images in  Figures 8A–K (eg, Figure 8A vs C). When using 
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Figure 8 For the same agar phantom compressed in a lateral direction (Figures 1A, 4A, and 5A), gray-scale images of the displacement vector (lateral dy and axial dx 
components), strain tensor (lateral εyy, axial εxx, and shear εxy) and the shear modulus measured using the methods (A)–(K) depicted in Figure 7.
Abbreviation: mm, millimeters.
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SFDM for ASTA, as confirmed by simulations for lateral 

 displacement (θ = 90°, Figure 3B), nonsteering yields more 

accurate measurements than steering (green circles), ie, steer-

ing angles of 0° (Figures 8D and E) vs 11.9° (8F and G). For 

coordinate rotation (blue circles), as shown in the simulations 

(Figure 6B), smaller SDs were obtained for 25.9° (Figures 8J 

and K) than for 11.9° (Figures 8H and I).

For LM (spherical focusing and steered plane waves, 

water-blue circles) and the combination of SFDM and coordi-

nate rotations with 11.9° and 25.9° (spherical focusing, blue 

circles), almost the same accuracy was obtained (see also 

the corresponding images in Figures 8A, B, H, and J). The 

accuracy obtained with a coordinate rotation of 11.9° (blue) is 

higher than that obtained when using steering with the same 

angle (11.9°, green), and this is likely because the lateral 

bandwidth is larger, although the axial frequency decreases 

geometrically (Figures 8F and G vs Figures 8H and I).

In addition, there are significant changes in the  accuracy 

of the measured strains (Figure 7B) and shear moduli 

(Figure 7C), which are dependent on the beamforming 

methods and angles used, even though the accuracy was 

almost same for the displacement vector measurement (see 

also Figure 8). Accurate means and small SDs were obtained 

only for LM (Figure 8A) and SFDM using spherical focus-

ing for transmission, and particularly for the nonsteered 

example (0°, Figure 8D) and the rotation example (25.9°, 

Figure 8J). However, as shown in the images, except for LM, 

the geometry of the stiff circular inclusion is distorted.

Lateral displacement 
measurements
The accuracies of the previously developed lateral displace-

ment measurement methods17,18 such as the mirror setting 

method and lateral Doppler method using ASTA, were 

compared with a conventional Doppler method (specifically, 

a one-dimensional autocorrelation method, but with a two-

 dimensional moving average on an instantaneous ultrasonic 

frequency and an instantaneous phase change) using ASTA 

and an angle correction between the directions of the ultrasonic 

beam and target motion, and the previously developed two-

dimensional autocorrelation method11–13 and one-dimensional 

autocorrelation method with a demodulation method17,18 using 

LM. Although the demodulation method17,18,31 developed by 

Sumi et al for LM uses only digital signal processing, and 

is different from other demodulation methods,23,25 the one-

dimensional measurement methods result in lower measure-

ment accuracy than the corresponding multidimensional  

measurement methods.9,10,13,27 Although the one-dimensional 

measurement methods can be used in place of multidimen-

sional measurement methods,22–25 a decorrelation of local echo 

signals can occur due to target displacement in directions 

orthogonal to the beams. To cope with this decorrelation, the 

multidimensional moving average is performed13,17,18,20,29,31 

(for the multidimensional cross-spectrum phase gradient 

method, a multidimensional cross-spectrum is calculated 

using a multidimensional local region).

Simulations
The same two-dimensional echo data simulated for the dis-

placement vector measurements were used, ie, the same rigid 

lateral motion (θ = 90° in Figure 1A) with a 0.01 mm mag-

nitude, and steering angles of θ = 0°–80°. By adding white 

noise, a 20 dB echo signal-to-noise ratio was also generated. 

For the conventional Doppler method, the coordinate  rotation 

was performed to set the generated beams in the axial 

direction (θ = 0° in Figure 1A).

Figure 9 shows the statistics of the measured lateral dis-

placements. For all the methods, unbiased measurements were 

achieved over the range of steering angles used. For a non-

noise-filled case, the order of the accuracy (SD) is, the mirror 

setting , LM , demodulation , lateral  Doppler , conven-

tional method, whereas for the 20 dB echo signal-to-noise ratio 

case, the order of accuracy is the mirror setting , LM , lat-

eral Doppler ,  conventional method , demodulation method. 

When the echo signal-to-noise ratio decreases, the accuracy of 

the demodulation method decreases significantly. In particular, 

it is  meaningful that for the simulations, the lateral displace-

ment measurement methods yield a higher measurement 

accuracy than other methods, ie, the conventional Doppler 

method or LM methods.

Agar phantom experiments
Next, lateral displacement measurements, except for that 

using the mirror setting, were made on the same agar 

phantom. Here, four ASTAs were generated. Because the 

direction of lateral motion was slanted (a mean of 7.6°), with 

the lateral Doppler method the echo data frames obtained 

were rotated by -7.6° using linear interpolation. For the 

conventional method, the coordinate rotation was also per-

formed to generate beams in the axial direction. That is, 

coordinate rotation was not performed during beamforming 

(synthetic aperture) here. Four steering angles which were 

generated with respect to the dominant target motion were 

4.3°, 16.2°, 19.5°, and 31.5°.

In addition to the lateral Doppler and conventional 

methods, SFDM18,28–30 was used. Two other versions of SFDM 
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Figure 9 For the same simulated echo data with lateral displacement (magnitude, 0.01 mm; θ = 90° in Figure 1A), an evaluation of the means and standard deviations of the 
measured lateral displacements.
Abbreviations: mm, millimeters; SDs, standard deviations; dB, decibels; SnR, signal-to-noise ratio; LM, lateral modulation.

were also used. That is, when using the original SFDM,18,28–30 

displacement in a steered beam direction was synthesized by 

measuring a displacement vector without coordinate rotation, 

whereas when using SFDM version 1, the displacement in the 

steered beam direction was obtained by setting the generated 

beams in the axial direction by a coordinate rotation similar 

to the conventional Doppler method used; when using SFDM 

version 2, the lateral displacement was directly obtained as 

a lateral displacement component of the measured displace-

ment vector after an angle correction (7.6°) by a coordinate 

rotation similar to the one used with lateral Doppler. The 

steering angles were evaluated using the first moments of 

the spectra.

Figure 10A and B, respectively, show for the five methods, 

the statistics of the lateral displacements measured for the 

four steering angles, and the lateral strains measured only 

for the steering angle θ = 19.5° (which corresponds to 

one of the crossed beams for LM with ±11.9°), whereas 

Figure 11A and B, respectively, show gray-scale images of 

the lateral displacements and lateral strains (lateral deriva-

tives of the lateral displacements) measured for the steering 

angle θ = 19.5°. As shown, increasing the steering angle 

increases all of the measurement accuracies. Except for 

SFDM version 2, the order of measurement accuracy (SD) is 

SFDM ≈ SFDM version 1 , lateral Doppler ≈ conventional 

method. Theoretically, the accuracies of the lateral Doppler 

and conventional methods, and those of the original SFDM 

and SFDM version 1 are respectively same. Also, recall that 

for a nonsteered case, SFDM yielded a higher accuracy than 

the conventional method (in simulations13 and agar phantom 

experiments27). These results can also be confirmed for the 

steering case here. In terms of real-time processing and 

the accuracy achieved, the original SFDM method, which 

does not require a coordinate rotation, is the best of the five 

methods. Some measurement errors were confirmed for the 

lateral Doppler measurement (see the corresponding image 

in Figure 11). The measurement accuracy of SFDM1 is also 

low, particularly the lateral strain measurement. Also note 

that for small steering angles, SFDM version 2 yields more 

accurate measurements than the others. In addition, because 

the target did not move uniformly in the lateral direction, 

the lateral measurement methods yield lower accuracies and 

stabilities than the LM methods, eg, for the lateral displace-

ment measurement and displacement vector magnitude, the 

means and SDs are 0.84 and 0.023 (Figure 10A) vs 0.84 and 

0.010 mm (Figure 7A); for the lateral strains, -0.018 and 

0.0066 (Figure 10B) vs -0.0018 and 0.0027 (Figure 7B). 

See also the images in Figure 11.
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Figure 10 (A) Steering angle vs statistics for lateral displacements measured using a 
conventional method, lateral Doppler, and versions of the spectra frequency division 
method, ie, spectra frequency division method (original), spectra frequency division 
method 1 and spectra frequency division method 2. (B) For a steering angle of 19.5°, 
statistics for lateral strains measured using the same methods (absolute means and 
standard deviations).
Abbreviations: mm, millimeters; SFDM, spectra frequency division method; SDs, 
standard deviations; deg, degrees.

Discussion
For measurements of  both a displacement vector and a lateral 

displacement vector using ASTA, SFDM and/or coordinate 

rotation was more effective in achieving higher accuracy than 

the block-matching methods previously used18 (in simulations, 

the respective SDs were about 10 and 100 times as large as 

the pure LM method). It was confirmed that for both LM 

and ASTA, beams steered in the same direction as the target 

displacement vectors yield a small SD for the magnitude, and 

a large SD for the angles. In order to deal simultaneously with 

the various directions of  the displacement vectors, the steering 

angles should be set at 45°. If the central angles are the same 

as those of the target displacement vectors, there are small 

SD for the magnitude and a large SD for the angles. Also, 

use of symmetric beams with respect to the axial direction 

yields accurate measurements. Regarding the coordinate rota-

tion, the rotation angles should be respectively smaller than 

10° and 20° for LM with steering angles of 10° and 20°. The 

generation of symmetric beams by coordinate rotation is also 

effective in increasing the accuracy of measurement. For such 

beams, the one-dimensional measurement method with the 

newly developed demodulation method can also be used for 

displacement vector measurements, although the accuracy is 

lower than for the multidimensional measurement method of 

LM as shown.31 Alternatively, the rotation angle should be set 

at about 30° for SFDM.

In the agar phantom experiment, regarding the displace-

ment vector measurement, almost the same results were 

obtained as those obtained with the simulations shown. The 

accuracies of strains and shear moduli were also compared. It 

was confirmed that SFDM achieves almost the same accuracy 

as the LM method, although only a single steering angle is 

used. Together with coordinate rotation, nonsteered beam 

was treated as a version of ASTA28–30 (ie, the first version 

of MAM and MDM without LM).11,12,14,20,27 Because such a 

beam yields a larger lateral bandwidth than a steered beam, 

SFDM becomes more effective. For instance, coordinate 

rotation with 25.9° yielded accurate measurements, although 

the geometry of the stiff circular inclusion was distorted 

(Figure 8J vs LM results, Figure 8A). Alternatively, the use 

of a plane wave for transmission was effective only for the 

displacement measurement. Methods using the plane wave 

will be useful for measurement/imaging of rapid motion or 

velocity such as blood flow in an artery, or three-dimensional 

measurement/imaging using a two-dimensional ultrasonic 

array transducer. Such a laterally wide wave transmission will 

also be effective when using arbitrary-type array transducers 

with or without virtual source,32 eg, convex, concave, radial 

types for liver, heart, and blood vessels. In addition, the mea-

surement accuracies evaluated for LM and ASTA will permit 

finding a proper steering angle and/or a proper rotation angle 

after coarse measurements of target displacements in order 

to achieve the highest measurement accuracy. Rotation of 

the coordinate system will also be effective when obstacles 

such as bones are encountered.

In this report, only two division spectra were used for 

a two-dimensional displacement vector measurement. 

As shown by the agar phantom experiment, vertical and 

horizontal divisions should be performed for steering angles 

smaller and larger than 45°, respectively. In this report, the 

use of an over determined system generated by multiple 

divisions is also proposed. Various division methods are also 

described. The point of proper SFDM is to obtain indepen-

dency of derived equations with a high echo signal-to-noise 
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ratio and a large bandwidth. As an alternative application 

for SFDM, disregarding low frequency spectra28–30,33 is 

also effective in the sense that the instantaneous frequency 

increases, although the bandwidth decreases. For echo 

imaging, SFDM can also be used for reduction of speckles 

by superposing echo signals after envelope detection.33 

When the coordinate rotation increases the axial frequency, 

the lateral frequency decreases, and vice versa. As explained, 

the increment and decrement are determined geometrically. 

However, beam steering (ASTA with nonzero steering) 

allows maintenance of axial frequency to some extent 

when the lateral frequency increases, although the echo 

signal-to-noise ratio and bandwidth decrease. The results of 

such application will be reported elsewhere with the window 

used for SFDM.

In this report, lateral displacement measurements 

were also shown. For the lateral measurement, ASTA 

can also enable the use of a simpler manual technique 

with the lateral Doppler method than the conventional 

Doppler measurement technique (see also Appendix 

A). It was meaningful that for the simulations, such 

a lateral displacement  measurement method yields a 

higher measurement accuracy than other methods, ie, the 

conventional Doppler method or LM methods. Lateral 
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Figure 11 For a steering angle of 19.5°, gray-scale images of (A) lateral displacements and (B) lateral strains measured using a conventional method, lateral Doppler, and 
versions of the spectra frequency division method, ie, spectra frequency division method (original), spectra frequency division method version 1 and spectra frequency division 
method version 2.
Abbreviations: mm, millimeters; SFDM, spectra frequency division method.
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displacement measurements were also made on the same 

agar phantom. Because the direction of lateral motion was 

slanted (by a mean of 7.6°), with the lateral Doppler method 

the echo data frames obtained were rotated by -7.6° using 

linear interpolation. In addition to the lateral Doppler and 

conventional methods, several  versions of SFDM18,28–30 

were also used. The steering angle was  estimated with high 

accuracy by estimating the locations of the respective beam 

centers (ie, the centers of the spectra),18 but in practical 

applications, a sensor for the mechanical steering angle 

and an automatic detector for blood vessels will also be 

required. Moreover, being different from the simulation 

results, the lateral measurements were less accurate than 

LM measurements due to the practical complex displace-

ments and deformations. Due to the echo interpolation, 

marked measurement errors were also confirmed for the 

lateral Doppler measurement, although simpler manual 

measurement was achieved. Obviously, the echo rotation 

should be performed at the beamforming.

Another new displacement measurement method was 

recently developed using an accurate beam angle with a 

high spatial resolution measured from the first moments of 

the local spectra or instantaneous frequencies.34 These new 

methods will increase the measurement accuracy of a lateral 

displacement as well as a displacement vector achieved 

by synthesizing axial displacements measured from the 

respective beams with the multiple transmission method or 

multidirectional synthetic aperture method (ie, nonsuper-

imposed or separate beams) with a multidimensional mov-

ing average,13,17,18,20,21 although LM measurement/imaging 

can also be performed by superimposing the beams. Other 

groups have also used the multiple transmission method 

and multidirectional synthetic aperture method with one-

dimensional methods35–37 in such a manner, and except for 

LM, the beam directions have been determined with delays 

set to individual array elements. Moreover, although one-

dimensional measurement methods can be used in place of 

multidimensional measurement methods, a decorrelation of 

local echo signals can occur due to target displacement in 

directions orthogonal to the beams, similar to the LM and 

demodulation methods.13,17,18,21–25,31

Summarizing, a proper beam steering and/or a proper 

coordinate rotation improves the measurement accuracies 

of the tissue displacement vector and lateral displacement 

methods. Such beamforming with the multidimensional 

displacement vector or lateral displacement measurement 

method is expected to be used in next-generation ultrasonic 

imaging equipment.15–18 In particular, the LM and ASTA 

methods will also be used for microscopes, acoustic 

radiation force imaging, and high intensity focus ultrasound 

treatment.30 However, one should keep in mind that the 

measurement accuracies obtained with ASTA are lower than 

with LM. Three-dimensional measurement results will also 

be reported in the near future.
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Appendix A 
Advantages of ASTA with respect  
to lateral modulation
Lateral modulation uses two steering angles for two-

 dimensional measurement/imaging, and three or four steering 

angles for three-dimensional measurement/imaging, ie, 

multiple crossed beams. For a two-dimensional case, if a beam 

is transmitted with a ultrasonic frequency, f
0
, in the direction 

expressed using a steering angle θ (Figure 1A), axial (x) and 

lateral (y) frequencies are expressed, respectively, as:18

 f
x
 = f

0
 cosθ and f

y
 = f

0
 sinθ (A1)

Then, if a laterally symmetric beam with the same 

ultrasonic frequency, f
0
, is also generated and crossed at 

position (x, y), a ultrasonic echo signal from the position 

can be expressed as:

A(x,y) x y 

A x,y x y 

cos ( cos sin )

’( ) cos ( cos sin ),

2
2

2
2

π
λ

θ θ

π
λ

θ θ

+

+ −

where A(x, y) and A′(x, y) are, respectively, amplitudes of 

echo signals from the position obtained by the two steered 

beams, and λ is a wavelength.

Here, if A(x, y) = A′(x, y) and A(x, y) = -A′(x, y) are 

respectively realized by even and odd apodizations, the 

correspondingly received echo signals can be expressed as 

laterally cosine and sine modulated signals as follows:

 2A’(x,y) x ycos
cos

cos
sin

2
2

2
2π θ

λ
π θ

λ

and

 2A’(x,y)sin x y.2
2

2
2π θ

λ
π θ

λ
cos

sin
sin

As mathematically expressed, an increase in the  steering 

angles increases the lateral frequency f
y
, and vice versa. That 

is, the increment and decrement are determined  geometrically. 

However, in real-world applications, beam nonzero steering 

allows maintenance of the axial frequency to some extent 

when the lateral frequency increases, although the echo 

signal-to-noise ratio and bandwidth decrease.

Alternatively, ASTA is simpler than lateral modulation,17,18 

which uses only a steering angle. All of the beamforming 

methods, including ASTA, can be performed on an arbitrary 

orthogonal coordinate system. However, ASTA has sev-

eral advantages with respect to lateral modulation.17,18 For 

instance, (i) at the minimum, fewer calculations are required 

to complete beamforming than with lateral modulation, the 

multiple transmission method, and multidirectional synthetic 

aperture method; (ii) effects caused by the existence of 

obstacles, such as bone, decrease because a smaller physical 

aperture can be used; (iii) an inhomogeneity in tissue 

properties, such as propagation speed, does not affect focus-

ing (ie, the beam-crossing position) because multiple beams 

which have different paths are not used; (iv) tissue motion 

artifacts which can occur with lateral modulation when 

using plural transmitted beams with a time difference are not 

generated; (v) in conjunction with (iv), a higher echo signal-

to-noise ratio can be obtained than with lateral modulation 

when lateral modulation uses a classical synthetic aperture.
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