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There are two approaches to three-dimensional (3D) image reconstruction using a 1D array ultrasonic transducer: mechanical linear scanning and
free-hand scanning. Mechanical scanning employs a motorized mechanism to translate the transducer linearly. However, the large size and
weight of the scanning system sometimes make it inconvenient to use. In free-hand scanning, a sensor (e.g., electromagnetic or optical) is
attached to the ultrasonic transducer to measure the position and orientation of the transducer. These techniques are sensitive to the usage
environment. Recently, sensorless free-hand scanning techniques have been developed. Seabra et al. reported sensorless free-hand techniques
for the carotid artery by monitoring the velocity of the ultrasound probe [J. C. R. Seabra, L. M. Pedro, and J. F. Ferandes: IEEE Trans. Biomed.
Eng. 56 (2009) 1442]. This system achieved an accuracy of 2.5 mm [root mean square (RMS) error] of the location. To develop accurate
sensorless measurement, we propose a novel method using the phase shift between ultrasonic RF echoes. In this study, we measured the
transmit-receive directivity of a linear-array transducer using a silicone phantom and estimated the elevational distance between two 2D US
images using the phase shift. An accuracy of 49.9 m in RMS, which is less than that of the previous sensorless free-hand method, could be
achieved by the proposed method. # 2011 The Japan Society of Applied Physics

1. Introduction

There are two approaches to three-dimensional (3D) image
reconstruction using a 1D array ultrasonic transducer:
mechanical linear scanning and free-hand scanning.1–4)
Mechanical scanning employs a motorized mechanism to
translate the transducer linearly. During the movement of
the transducer, 2D images are acquired at constant elevational intervals (typically 0.2 mm in 3D carotid ultrasound
imaging).4) 3D imaging by mechanical scanning oﬀers three
advantages: short imaging time, high-quality 3D images,
and fast reconstruction. However, the large size and weight
of the scanning system make it inconvenient to use.5)
To overcome these size and weight issues related to
mechanical scanning, free-hand scanning techniques have
been developed. In free-hand scanning, a position sensor is
attached to the ultrasonic transducer to measure the position
and orientation of the transducer.6) Two types of position
tracking systems are commonly used in 3D free-hand
scanning, i.e., electromagnetic and optical systems. Electromagnetic position sensors can achieve an accuracy of
0.6 mm [root mean square (RMS) error] in location and
0.4 (RMS error) in orientation when the position sensor is
used alone (Northern Digital Polaris Vicra). However, under
electromagnetic interference (e.g., highly conductive metals,
ac power cabling and motors), the accuracy of position
tracking deteriorates.7–10) Birkfellner et al. reported that the
accuracy of the electromagnetic system was degraded from
1.8 mm (position sensor alone) to 2:9  1:0 mm in a surgical
environment.10) One alternative is to use optical tracking
devices that have better accuracy and precision than
electromagnetic tracking devices [0.25 mm (RMS error) in
location using the position sensor alone (Northern Digital
Aurora)]. However, the line of sight between the position
sensor and tracking tool should be maintained for successful
optical tracking.11,12)
To overcome the restriction of usage environment and
reduce the cost related to free-hand scanning, sensorless
free-hand scanning techniques have been developed.13,14)
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Seabra et al. reported sensorless free-hand techniques for the
carotid artery by monitoring the velocity of an ultrasound
probe.14) This system achieved an accuracy of 2.5 mm (RMS
error) of location by calibration. To realize an accurate
sensorless method, we propose a novel method using the
phase shift between ultrasonic RF echoes. In the present
study, we validated the proposed method by estimating the
elevational distance between two 2D ultrasonic (US) images
of a silicone phantom.
2. Principles
2.1 Estimation of the elevational distance between two
2D US images

In this study, the elevational distance between two 2D US
images was estimated using the phase shift of ultrasonic
echoes when a 1D linear array probe was mechanically
scanned in only the elevational direction. Figure 1(a) shows
a typical cross-sectional image of a carotid artery. It is
preferable to avoid the eﬀect of pulsation of the artery in
the estimation of the elevational distance between two 2D
ultrasonic images. Therefore, tissues outside the artery [region
surrounded by the blue line in Fig. 1(a)] are used for the
estimation of the elevational distance. In the present study, the
elevational distance was estimated from the phase shift of
ultrasonic RF echoes measured in the two image planes. In
addition, as shown in Fig. 1(b), we plan to determine the
relative position between the two image planes by estimating
the elevational distance using the phase shift at multiple
spatial points and by determining functions representing the
image planes15) using the estimated elevational distances.
Figure 2 shows the deﬁnition of the directions of focus
and an illustration of the acoustic ﬁeld. As shown in Fig. 2, a
10 MHz linear array probe (Aloka UST-5545), whose beam
width was about 800 m (width at half maximum of acoustic
pressure proﬁle) in the elevational direction at the focal
point, was used. For simplicity, we assumed that the
ultrasonic (US) probe was moved in the elevational (y)
and axial (z) directions. Figure 3 shows the deﬁnition of the
movement of the US probe. In this study, we assumed that
two point scatterers were located at position Aðxi ; yi;n ; zi;k Þ [in
the n-th frame (n ¼ 1; 2; . . . ; N) at the i-th lateral beam
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Fig. 1. (Color online) (a) Typical carotid short-axis B-mode image. (b) Schematic of estimation of movement of two 2D image planes.
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Fig. 2. (Color online) (a) Deﬁnition of directions of focus. (b) Schematic showing system for measurement of transmitted pulse with a hydrophone,
measured transmitted pulse (yi;n ¼ 0 m), and measured acoustic ﬁeld.

(i ¼ 1; 2; . . . ; I) and at the k-th depth point (k ¼ 1; 2; . . . ; K)]
and Bðxi ; yi;n ; zi;ðkþkÞ Þ. When position Oðxi ; yi;n ; 0Þ at the
center of the array in the n-th frame was moved to position
O0 ðxi ; yi;n þ yi;n ; zi;n Þ in the (n þ 1)-th frame and the
elevational displacement yi;n was less than the beam width
(0 < yi;n < 400 m), the echo from point Aðxi ; yi;n ; zi;k Þ is
shown at position A0 in the ultrasonic image obtained in the
(n þ 1)-th frame. In the same way, the echo from position
Bðxi ; yi;n ; zi;ðkþkÞ Þ is displayed at position B0 in the (n þ 1)-th
frame. In this case, O0 A ¼ O0 A0 and O0 B ¼ O0 B0 . By the
Pythagorean theorem, the relationship among these positions
is expressed as follows:

O0 A2 ¼ y2i;n þ ðOA þ zi;n Þ2 ;
0

2

OB ¼

y2i;n

2

þ ðOB þ zi;n Þ :

ð1Þ
ð2Þ

By solving these simultaneous equations, the displacement
in the elevational direction yi;n and the displacement in the
axial direction zi;n are given as
ðO0 B2  O0 A2 Þ  ðOB2  OA2 Þ
;
ð3Þ
2ðOB  OAÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
y^i;n ¼ O0 A2  ðOA þ ^zi;n Þ2 ;
ð4Þ
where OA and OB correspond to the depths of the k-th and
(k þ k)-th depth points zi;k and zi;ðkþkÞ , respectively.
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Fig. 3. (Color online) (a) Deﬁnition of direction of mechanical scanning. (b) Geometrical deﬁnition.

By measuring the phase shifts of ultrasonic echoes, we
can accurately estimate the distances O0 A and O0 B as
O0 A ¼ O0 A0 ¼ zi;k þ uz;A ðiÞ;
O0 B ¼ O0 B0 ¼ zi;ðkþkÞ þ uz;B ðiÞ;

ð5Þ
ð6Þ

where uz;A ðiÞ and uz;B ðiÞ are the axial displacements less than
the sampling interval z. By using the sound speed c0 and the
sampling frequency fs , the sampling interval z is given as
z ¼

c0
¼ 12:5 m:
2fs

ð7Þ

In this study, the sound speed was c0 ¼ 1000 m/s in the
silicone phantom and sampling frequency was set at
fs ¼ 40 MHz.
2.2 Estimation of the displacement by the cross spectrum

The displacement of a point scatter between frames (caused
by change in the propagation distance) less than the
sampling interval z is estimated using the phase shift of
RF signals by the cross spectrum to obtain the change in the
distance O0 A–OA.
The phase shift ð f0 ; xi ; yi;n ; zi;k Þ is calculated from the
frequency spectra Gn ð f0 ; xi ; zi;k Þ and Gnþ1 ð f0 ; xi ; zi;k Þ of the
RF echoes rfn ðxi ; zi;k Þ and rfnþ1 ðxi ; zi;k Þ as16)
exp½ jð f0 ; xi ; yi;n ; zi;k Þ
G ð f0 ; xi ; zi;k Þ  Gnþ1 ð f0 ; xi ; zi;k Þ
:
¼ n
jGn ð f0 ; xi ; zi;k Þ  Gnþ1 ð f0 ; xi ; zi;k Þj

ð8Þ

In this study, the frequency spectrum Gn ð f0 ; xi ; zi;k Þ is
obtained at the lateral beam position xi and the elevational
position yi;n by extracting an RF signal with a Hanning
window with a length of (2Wdep þ 1) points in the axial
direction centered at a depth zi;k . The frequency at the
maximum of the power spectrum jGn ð f ; xi ; zi;k Þj2 was used
as the frequency of interest, f0 .

The displacement uz;A ðiÞ is less than the sampling interval
z, therefore, uz;A ðiÞ between rfn ðxi ; zi;k Þ at the elevational
position yi;n and rfnþ1 ðxi ; zi;k Þ at (yi;n þ yi;n ) is given by
accumulating the displacement between two consecutive
frames obtained from the phase shift ð f0 ; xi ; yi;n ; zi;k Þ of
rfnþ1 ðxi ; zi;k Þ from rfn ðxi ; zi;k Þ as18)
ud
z;A ðiÞ ¼

n1
X
c0
ð f0 ; xi ; yi;l ; zi;k Þ:
4f0
l¼0

ð9Þ

Similarly, the displacement ud
z;B ðiÞ is given by the phase
shift ð f0 ; xi ; yi;n ; zi;ðkþkÞ Þ of rfnþ1 ðxi ; zi;ðkþkÞ Þ from
rfn ðxi ; zi;ðkþkÞ Þ as
n1
X
c0
ud
ð f0 ; xi ; yi;l ; zi;ðkþkÞ Þ:
ð10Þ
z;B ðiÞ ¼
4f
0
l¼0
By substituting eqs. (9) and (10) into eqs. (3) and (4), the
elevational displacement y^i;n and the axial displacement
^zi;n are expressed as follows:
1
2
2
d
½ðzi;k þ k  z þ ud
z;B ðiÞÞ  ðzi;k þ u
z;A ðiÞÞ
2k  z
 ððzi;k þ k  zÞ2  z2i;k Þ:
ð11Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
ð12Þ
¼ ðzi;k þ ud
zi;n Þ2 :
z;A ðiÞÞ  ðzi;k þ ^

^zi;n ¼

y^i;n

By averaging y^i;n and ^zi;n for (2Wlat þ 1) beams, the
mean elevational and axial displacements yi;n and zi;n of
each region (surrounded by blue lines in Fig. 1) are obtained
as follows:
Wlat
X
1
yi;n ¼
y^ðiþlÞ;n ;
ð13Þ
2Wlat þ 1 l¼W
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Fig. 4. (Color online) (a) Schematic of system for basic experiment. (b) B-mode image of the silicone phantom.
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3. Experimental Methods

In this study, the elevational distance between two 2D US
images was estimated using the phase shift properties of
echoes from point scatterers by assuming that there are many
point scatterers in the tissue. In the present study, point
scatterers in a target (silicone phantom), which mimics
tissues, were used to determine elevational distance using
the phase shift of received RF echoes.
Figures 4(a) and 4(b) show an experimental system and
a 2D US image of the silicone phantom, respectively.
The phantom was made of silicone rubber (sound speed:

1000 m/s) containing 5% graphite powder by weight (75{
106 m). It was measured at a frame rate of 60 Hz and
moved by an automatic XYZ stage at a constant speed of
1200 m/s, resulting in an elevational distance between
images in two consecutive frames of 20 m (typical freehand
scanning speed).9) RF echoes were acquired using a 10 MHz
conventional linear-type probe of ultrasonic diagnostic
equipment (Aloka SSD-6500). The sampling frequency of
the RF signal was fs ¼ 40 MHz and the sound speed in water
at 20 degrees was c0 ¼ 1485 m/s (Willard’s experimental
equation).17)
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4. Results
4.1 Estimation of elevational distance of the phase shift
between 2D ultrasound images of the silicone
phantom

Figures 5(a)–5(d) show estimation results obtained using
eqs. (9)–(12), respectively. The plots and vertical bars
respectively show the means and standard deviations of
the elevational and axial displacements. The mean and
standard deviation at each position were obtained using
individual elevational and axial displacements along 41
ultrasonic beams. The solid line in Fig. 5(d) shows the actual
elevational displacement which was assigned to the automatic XYZ stage (resolution in the elevational direction:
1 m). In this experiment, the silicone phantom was moved
in only the elevational direction.
Figures 5(a) and 5(b) show the estimated displacements
uz;A and uz;B at positions A and B [in Fig. 3(b)], respectively. In Fig. 5, the axial size of kernels and the distance of
AB were set at 2.2 mm (Wdep ¼ 90 points) and 1.1 mm
(k ¼ 90 points), respectively. In Figs. 5(a) and 5(b), the
estimated errors increase with the elevational displacement
yi;n .

Figures 5(c) and 5(d) show the estimated elevational displacement y^i;n and the axial displacement ^zi;n , respectively. In the estimation of the elevational distance y^i;n , data
points that give an imaginary number of eq. (12) were not
used because scatterers at such points were not considered
to be located at the center of the ultrasonic probe in the
elevational direction at the beginning of mechanical scanning.
4.2 Dependence of the accuracy on distance OA at
constant axial kernel size and distance AB

In this section, the dependence of accuracy on the distance
OA was evaluated using a constant axial kernel size and the
distance AB. To evaluate the accuracy of the estimation of
the elevational distance, the RMS error of the estimated
mean elevational displacement yi;n from the actual
elevational displacement was used. The RMS error "mean
in the estimated mean elevational displacement yi;n from
the actual elevational displacement (displacement uy ¼
20 m between consecutive frames) is expressed as
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
N
u1 X
ð15Þ
ðyi;n  uy  nÞ2 ;
"mean ¼ t
N n¼1
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where N is the number of frames used for calculation of
"mean . N was set at 20 to keep the elevational displacement
less than the elevational beam width.
Figure 6 shows the elevational displacements y^i;n of the
phantom at each distance of OA [(1)–(3)]. In Fig. 6, the
means tend to follow the actual proﬁle, and the standard
deviation decreases when the distance OA is smaller.
4.3 Dependence of accuracy on axial kernel size and
distance AB at constant distance OA

In this section, the dependences of the accuracy on the axial
kernel size and the distance AB (¼ k  z) were evaluated
at a constant distance of OA. To evaluate the accuracy of the
elevational distance estimation, the RMS error "mean deﬁned
by eq. (15) was used.
Figure 7(a) shows the errors in the elevational displacements fy^i;n g and axial displacements f^zi;n g of the phantom
estimated by the proposed method for each combination of
the distance of AB and the length of the axial kernel size
ð2Wdep þ 1Þ  z. In Fig. 7(a), the means tend to follow the
actual proﬁle and the standard deviation is larger when the
axial kernel size and distance AB are larger. Figure 7(b)
shows the RMS error "mean at each axial kernel size and
distance AB. As shown in Fig. 7, the RMS error "mean is
reduced by lengthening the size of the axial window and the
distance AB. The least RMS error "mean achieved using an
axial kernel size of 3.0 mm (Wdep ¼ 120 points) and a
distance AB of 1.5 mm (k ¼ 120 points) was 49.9 m.

5. Discussion

In this study, elevational displacements were estimated using
the phase shifts (corresponding to the axial displacement) of
RF signals in two 2D US images. The phase shift due to the
elevational displacement was estimated by the cross spectrum technique, and a larger correlation kernel size in the
axial direction was found to achieve better accuracy. Errors
in the estimated elevational displacements were reduced by
increasing the kernel size, and similar errors were obtained
with kernel sizes greater than or equal to 1.0 mm.
The result that further shortening of the distance OA
resulted in a more accurate RMS error can be described
using eqs. (11) and (12). For simplicity, eqs. (11) and (12)
were rearranged as follows:
^zi;n
¼

y^i;n

2OAðu^ z;B ðiÞ  u^ z;A ðiÞÞ þ 2ABu^ z;B ðiÞ þ u^ 2z;B ðiÞ þ u^ 2z;A ðiÞ
;
2AB
ð16Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 2OAðu^ z;B ðiÞ  ^zi;n þ u^ 2z;A ðiÞ þ ^z2i;n Þ:
ð17Þ

The estimated displacements u^ z;A ðiÞ and u^ z;B ðiÞ contain noise
from the experimental system and these terms are multiplied
by a constant distance of OA. Therefore, the shorter the
distance OA is, the less noise aﬀecting estimated values
^zi;n and y^i;n is. As shown in Fig. 3, scatterers were
assumed to be located at the center of the i-th beam.
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Actually, however, point scatterers were located at various
positions relative to the beam position. This discrepancy
between the assumption and the actual situation leads to a
large error and a large standard deviation. In our future
work, we plan to decrease the bias and random errors by
selecting valid scatterer positions by referring to the echo
amplitude (the higher the elevational displacement is, the
lower the amplitude is).
In this study, the displacement estimates are biased when
the center frequency of the RF echo changed. Such an
apparent change in the center frequency could be caused by
the interference of echoes from scatterers. Therefore, the
eﬀect of the center frequency variation on the estimation of
the elevational displacement should be reduced.19)
Finally, in this study, we estimated the elevational and
axial displacements by solving simultaneous equations using
only two data points. Obviously, the accuracy would be
improved using more points. In our future work, we plan to
decrease (bias and random) these errors using the leastsquares method and to show the eﬀectiveness of the
estimation in the elevational direction.
6. Conclusions
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