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ABSTRACT

This paper describes work towards a very low-cost medical
ultrasound imaging system using concepts of ego-motion es-
timation. This will enable a B-mode image to be constructed
from a very simple probe with a single fixed beam which is
either manually scanned across the skin (linear) or rotated
against the skin (polar). In the case of a linear scan, an al-
gorithm has been proposed which measures the decorrelation
between successive scanlines to estimate probe velocity. With
the aid of an Unscented Kalman Filter (UKF), this is used to
reconstruct a geometrically correct 2D image of a resolution
phantom which has well-defined image patterns for precise
measurement of geometric accuracy. In the case of a polar
scan, angular data obtained from a low cost MEMS gyroscope
is used to reconstruct the image. Examples are also shown of
data collected on human subjects, which show promising re-
sults for clinical diagnostics.

Index Terms— Egomotion estimation, Decorrelation
Measurements, Mean of Absolute differences, Unscented
Kalman Filter.

1. INTRODUCTION

Every day and every minute, a woman dies due to compli-
cations during pregnancy or childbirth [1]. Approximately
303,000 deaths, related to childbirth, have been recorded in
2015, of which 99% occurred in developing countries [2].
Reducing preventable maternal mortality crucially depends
on ensuring that women have access to basic health care
services; before, during and after childbirth [2]. Maternal
mortality risk factors could be detected by using ultrasound
imaging, but these devices are very expensive hence not af-
fordable for healthcare providers in developing countries.
Conventional ultrasound devices use multi-element piezo-
electric transducer array to produce a 2D or a 3D image,
while only a single piezoelectric element transducer has been
used in the proposed scanner. This probe design greatly
reduces the hardware complexity, power consumption and
beamforming computational load, hence bringing the man-
ufacturing cost down to less than $100. This will make the
device affordable to the developing countries. The block
diagram for the prototype ultrasound probe and an image of

an acoustic phantom being scanned with this probe could be
seen in Fig.1.
Concepts of ego-motion estimation have been used to con-
struct a B-mode image from a series of scan lines (echo data).
In the most reported work [3–6] on transducer motion esti-
mation, correlation-based techniques have been used to track
transformation between successive 2D images to create a 3D
image. This is done by decomposing the image into several
numbers of blocks and finding the best match between a
block from the first and the successive image. This is found
by calculating the correlation coefficient which will describe
the motion vector between those blocks.

Fig. 1. (Left) Block diagram for ultrasound scanner. (Right)
Set-up for scanning the phantom using this scanner.

This paper introduces a different approach for using the
decorrelation technique on a series of scan lines (1D data),
rather than on a 2D image. Data was obtained by either trans-
lating the probe linearly, while keeping the orientation near
constant, or by only rotating the probe from the minimum to
a maximum angle with no translation. Mean of absolute dif-
ferences (MAD) between scanlines was found, which gives
information about the velocity of the probe in a linear scan.
This helps in mapping the image into a set of pixels which are
geometrically correct. In the polar scan, orientation data from
a MEMS gyro are used to transform the polar coordinates
into the Cartesian coordinates. These coordinates allow a 2D
image to be created from a series of scanlines.
These techniques have been used in previously collected hu-
man data, for in-vivo validation, by employing the single
piezoelectric element transducer. It’s bandwidth and centre
frequency is 2 MHz and 4 MHz respectively. It has a focused
beam optimised for 4-15 cm penetration depth and a maxi-
mum lateral resolution of 0.2 mm at the focal depth of 5 cm.
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Some of the concepts used to minimise hardware complexity
in the prototype probe can be seen in previous work done by
our research team [7].

2. THEORY AND METHODS

2.1. Ultrasound Decorrelation Measurements

There are two motions which could be associated with an ul-
trasound image sequence; the motion of the transducer or the
tissue which is being scanned. In experiments on a phantom,
the targets will be static, which implies that the change oc-
curring in the data will be due to the motion of the transducer.
Ego-motion estimation techniques will be used to estimate the
transducer’s motion relative to a static scene inside the body
(phantom). This will make sure that the echo data can be pro-
jected onto a set of pixels which are geometrically correct.
Decorrelation measurements have been obtained by calculat-
ing the mean of absolute differences values (MAD) between
consecutive scanlines. This is done through the following
steps:

I. The absolute differences between the echo signal inten-
sities of each consecutive scanlines and for all the avail-
able samples of those scanlines were calculated.

II. Mean of the absolute differences values was calculated.

III. Steps I and II were repeated for all the other scanlines
by moving successively through all the data.

MAD = E[|xn − xn−1|] (1)

where, x(n) and x(n-1) represent the value of echo signal in-
tensities for consecutive scanlines at a fixed depth.

2.1.1. Velocity calculation for the ultrasound probe

Velocity was calculated after normalising the MAD values us-
ing the formula given below:

MADnorm =
1
N

∑
(xn − xn−1)

1
2N (

∑
xn +

∑
xn−1)

(2)

where, N represents number of samples,
1
N

∑
(x(n) − x(n − 1) is the mean of absolute difference

and MADnorm are the normalised MAD. These values are
directly proportional to the velocity of the probe.
Distance covered by the probe from one end of the phantom to
the other end was calculated by integrating MAD values for
one curve. This was compared with the estimated distance
to find the constant of proportionality, k for this particular
transducer geometry. Value of k was calibrated by looking
at the final 2D image of the phantom and comparing it with

the real image of the phantom. This constant was used to
calculate the estimated velocity of the probe:

Vestimate =
MADnorm

k
(3)

where, Vestimate represents the estimated velocity of probe.

2.2. Unscented Kalman filter

Unscented Kalman Filter is used to estimate the state of a
non-linear system, which is the velocity of the probe.

Yt = F (yt−1, vt) (4)

zt = H(yt, wt) (5)

where Yt represents the unobserved state of the system, which
is the velocity of the probe and zt is the observed state, which
includes the current distance covered by the probe and veloc-
ity calculated through decorrelation techniques. vt is the pro-
cess noise and wt is the observation noise. Unscented trans-
formation (UT) method was used to calculate the statistics of
a random variable y (dimension L) which undergoes a non-
linear transformation. A matrix ′Y ′ was formed of 2L + 1
sigma vectors (Yi) with corresponding weights Wi using the
following equations [8]:

Y0 = µ (6)

Yi = µ+ (
√
(L+ λ)Py)i i = 1, ..., L (7)

Yi = µ− (
√

(L+ λ)Py)i−L i = L+ 1, ..., 2L (8)

Wm
0 =

λ

(L+ λ)
(9)

W c
0 =

λ

(L+ λ)
+ (1− α2 + β) (10)

Wm
i =W c

i =
1

{2(L+ λ)}
i = 1, ..., 2L (11)

where, λ = α2(L+κ)-L is a scaling factor which is set to
0.1, (kappa) κ and β are set to 0 and 2 respectively. λ shows
the spread of sigma point across the mean.
These sigma vectors (Yi) become the input of the nonlinear
function, Yt = F (y). Mean of weighted sample and covari-
ance of posterior sigma points were used to approximate pre-
dicted mean and covariance [8].

µ′ ≈
2L∑
i=0

Wm
i F (Yi) (12)

Py
′ ≈

2L∑
i=0

W c
i {F (Yi)− µ′}{F (Yi)− µ′}T (13)

Kalman gain was calculated after the prediction step in order
to update the state and covariance values. Unscented Kalman
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Filter has been used to estimate/track probe velocity and our
techniques [9–12] can also be investigated for non-Gaussian
situations in future work.

2.3. Phantom

Data has been obtained by scanning the probe over the Pre-
cision Multi-Purpose Grey Scale Phantom, which is used to
provide a way for monitoring the image quality of an ultra-
sound scanning system. A tissue mimicking gel has been used
which is ultrasonically similar to human tissue to ensure that
the measured performance will be closely approximated to the
scanner’s performance in the clinical examination. Grey-scale
targets are provided for monitoring the contrast and temporal
resolution, and distinguishing between different intensities of
brightness as shown in Fig.3 [13].

2.4. Polar scan

Scan-line data was also obtained in a free-hand ”polar”scan of
the phantom by rotating the probe against the phantom surface
about the axis of the transducer. Series of scan lines in polar
coordinates are then converted to Cartesian coordinates (x,y)
using this orientation data enabling them to be displayed in a
B-mode ultrasound image.

3. RESULTS AND DISCUSSION

Fig.2 illustrates the relationship between estimated velocity
of the probe (calculated from MAD values) and pattern of the
image created from echo data, which was obtained after lin-
early scanning the phantom. The pulse repetition frequency
is 400 Hz meaning each scan line is spaced by 2.5 ms in time
and scans are performed in a period of between 0.5 and 1 sec-
ond.

Fig. 2. Relationship between scanlines data and velocity val-
ues.

The velocity changing from the minimum to a maximum
value and then returning back to the minimum value demon-
strates that the probe would have moved with a low velocity
at the start of the scan, high velocity in the middle and a
low velocity at the end. The start and end of a scan could
be found from the velocity trend, where one whole velocity
curve represents a scan in one direction as shown in Fig.2.

Fig. 3. (Left) Steering angles of probe for a linear scan in all
three directions. (Right) Target specifications of the phantom.

Steering angles for the probe of a linear scan, in all three
axes(x,y,z), could be seen in Fig.3 (left). Maximum change in
angle, in either direction, is less than 2 degrees - which makes
this data suitable for application of the ego-motion estimation
algorithm.
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Fig. 4. (Left) Estimation of Probe’s velocity. (Right) Estima-
tion of horizontal distance covered by probe.

Unscented Kalman filter (UKF) is used to estimate the
state of this non-linear system, which calculates the optimised
value for the velocity and the distance of the probe as seen in
Fig.4. This gives the estimated distance travelled by the probe
which is used to create the geometrically correct image of the
phantom.

Fig. 5. (Left) Image without the use of decorrelation tech-
niques. (Right) B-mode image after applying decorrelation
techniques.

Fig.5 (left) shows a linear scan image of the phantom
without the use of egomotion estimation techniques and ge-
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ometry of this image could be compared with Fig.3 (right).
The spacing between vertical and horizontal pin targets are
not equal and the image is highly distorted at the start and the
end. After applying the egomotion estimation approach, the
horizontal target pins have become spaced by approximately
3cm as shown in Fig.5 (right). The image has become geo-
metrically correct with respect to real distance of 12cm which
was moved by the probe. Circular anechoic target is mea-
sured to be approximately equal to 10 mm and other grey-
scale targets have also started to appear more circular. Verti-
cal pin targets are the narrowest in the focal zone because pin
width demonstrates the width of the ultrasound beam at that
depth and approximates the lateral resolution of the scanner.
The lateral resolution of the scanner is highest at the depth of
around 7cm due to the focal parameters of the transducer.

Image of a bladder
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Fig. 6. (Left) Image of a bladder using decorrelation tech-
nique. (Top-Right) Estimation of velocity of the probe.
(Bottom-right) Steering angles for the probe in all directions.

Decorrelation technique was tested on previously avail-
able in-vivo data obtained by single element piezoelectric
transducer, to show that this approach could be used in real
(human) data which is seen in Fig. 6 (left). For this linear
scan of a bladder, velocity changes from a minimum value
to maximum and then returns back to a minimum value for
a complete scan. Steering angles were kept to a very mini-
mal change during the linear scan as shown in Fig 6 (bottom
right).

Fig. 7. (Left) Change of Steering angles with number of scan-
lines. (Right) Polar scan image of the phantom.

Change of steering angle from a minimum value to the
maximum, depicts the completion of a polar scan as shown

in Fig.7 (left). As the probe was rotated along one axis (x),
angular change in the other axes is almost zero. A polar im-
age was created in Fig.7 (right) by converting the polar co-
ordinates into Cartesian coordinates by using these angles of
x-axis. Polar scan image of a human bladder could be seen in
Fig.8 which shows the possibility of using this technique in
real data.

Fig. 8. (Left) Polar scan image of a human bladder. (Right)
Change of steering angle with scanlines.

4. CONCLUSION AND FUTURE WORK

The production cost of the very low-cost medical ultrasound
imaging system was reduced by replacing a multi-element
piezoelectric transducer array with a single piezoelectric ele-
ment. Raw echo data was gathered by manually scanning the
transducer over the phantom or the skin, and motion data was
collected from MEMS gyroscope. This data was transmitted
to the computer via Wi-Fi for further processing. Ego-motion
estimation algorithm has been used for processing 1D, raw
echo-data to generate a 2D ultrasound image. The velocity
of the probe has been estimated using decorrelation measure-
ments and Unscented Kalman Filter. These are used to create
the geometrically correct image of the phantom which is com-
pared with the real image. The decorrelation technique is de-
pendent on the texture or speckle detail of tissue and the focal
parameters of the transducer. Hence further work is needed to
optimise this algorithm to be robust in more complex scenes
and variable tissue properties in human scans. Estimated val-
ues for motion will be compared with the controlled motion
by using a mechanical rig in the future work.
Angular data gathered from the gyroscope was used to create
a polar image by converting the polar coordinates into Carte-
sian coordinates. Linear and polar scan data has been pro-
cessed separately with different techniques in this paper. Fu-
ture work is also required to enable the algorithms to work in
the case of combined motions (translation and rotation) by us-
ing the decorrelation and motion sensor data together. Initial
in-vivo experiments have shown promising results for clinical
diagnostic and with further work this technique has potential
to deliver a very low cost ultrasound probe design for use in
the developing world.
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