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Abstract: 
Synthetic aperture is a technique to synthetize transmit and receive elements to ensure 

wider aperture for reconstruction. However, the maximum aperture size can be used 

is restricted by the physical size of the ultrasound transducer, and this results in high 

F number in deep sight. We propose a method to expand the aperture size by sweeping 

the probe using a robotic arm. Received signals can be synthetized, and the widened 

aperture can be used in reconstruction. The work starts from ultrasound calibration, 

and the synthetic aperture algorithm is implemented, and simulations are employed to 

observe the effect of uncertainty caused by the accuracy limitation of the robotic arm 

and ultrasound calibration. In addition, lateral resolution improvement is confirmed 

through an experiment using a point target phantom and ultrasound quality phantom. 

 

 

1. INTRODUCTION 

Ultrasound imaging is used in various medical diagnosis. Resolution of the ultrasound image depends 

on the center frequency of transmission, and the F-number determined by the imaging depth and the 

aperture size. Even though higher frequency transmission enables to achieve higher resolution, high center 

frequency is easily absorbed in near field due to strong attenuation, so that the contrast decreases with the 

increased image depth. Thus, only low resolution frequency is available if the region of interest is located 

in the far field. 

 
Synthetic aperture is a technique to synthetize transmit and receive elements, and utilizes wider aperture 

in reconstruction. Synthetic aperture is actively applied to medical ultrasound and successfully contributes 

to increase the image resolution [1-3]. Nevertheless, elements on an ultrasound array has a fixed number, 

so that the maximum available aperture size depends on the width of the ultrasound transducer and the 

number of elements on it. Therefore, it is challenging to achieve higher resolution in conventional synthetic 

aperture imaging since the F number becomes too high in the deeper regions. Although using big arrays is 

a possible solution, these require huge costs and the flexibility for different usage requirements is low. 



 
Figure 1: General idea of synthetic aperture imaging system. 

 

To resolve this problem, we propose an idea to expand the size of the available aperture by utilizing a 

robotic system. The ultrasound probe held by a robot arm allows rotational motion and translational 

displacement, which can generate imaginary elements, and expanded aperture can be utilized in 

reconstruction. Since the F number can be reduced by widening the aperture, lateral resolution 

improvement can be expected. Therefore, the goal of this research is to achieve higher resolution through 

extended aperture implemented by a robotically controlled transducer. 

 
Figure 2: The goal of the project. How the tracking technique expands the aperture size for reconstruction. 

 

The final goal of this project is to combine robotic tracking technique into synthetic aperture 

ultrasound imaging and to achieve higher resolution images. During the process, we also would work 

for inventing a new ultrasound calibration method with sub-millimeter error, which is necessary to 

reach the final goal. 

 

2. TECHNICAL APPROACH 

A) Ultrasound Calibration 

The performance of reconstructed synthetic aperture images is depending on the accuracy of the 

transformation calibrated, and tracking accuracy and the accuracy of the transformation between 

images and to the probe is important. In order to move the probe for a designated position, or to know 
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the location of the origin of ultrasound image, unknown rigid-body transformation on the transducer 

from sensor to image is needed to be calibrated. Process to identify this unknown transformation is 

called ultrasound (US) calibration. The strategy taken to get the transformation between the tracking 

device and image is solving the hand-eye calibration problem also known as AX=XB problem, where 

A and B are relative motions connected by the unknown rigid body transformation X. Assuming B is 

computed from homogeneous transformation of robot arm, A is computed by the transformation 

between each image and the phantom. We aims to improve the tracking accuracy using robot and 

create a new ultrasound calibration method to utilize accurate transformation from probe to image. 

 

The problem of conventional approach based on segmentation is that the accuracy of points picking 

is severely depending on the image quality and the point spread function of the phantom. The 

accuracy is directly related to the range of potential applications. The accuracy of US calibration 

based on segmentation is about 1.5 mm~ although various compensation method is applied [4]. On 

the other hand, the accuracy required to SAUI is sub-wavelength (616 µm for 2.5MHz transducer), 

which cannot be achieved in segmentation based approach. Therefore, a simple and accurate 

calibration technique is necessary. We propose two new ultrasound calibration methods. 

 

Utilizing Trajectory of Moved Phantom 
The first approach is the idea not relying on segmentation but utilized the trajectory of moved 

phantom. While fixing the position of ultrasound probe, a line phantom is moved in designated 

distance in x and y direction from the coordinate of phantom. The amount of displacement of a target 

appearing in the image compared to the actual displacement. Compared to the segmentation method, 

normalized cross-correlation involves the information of entire characteristic of the acoustic response 

including the shape and amplitude, and it is possible to obtain accurate displacement of the target. At 

the same time, robotic tracking system is also implemented to further improve the accuracy of 

reconstructed transformation. 

 
Figure 3: Mathematical steps. STEP1 drives rotational component of a pose. Points indicate relative position 

of the phantom. Points of model is based on the displacement of stage, and points of US image represent the 

appeared displacement calculated by normalized cross correlation. STEP2 calculate translational component 

of relative poses. STEP3 gets the final transformation of X. Red indicates unknown, so that the equation can 

be solved as a least square problem. 

 

Quick validation of the proposed method is conducted through simulations and experiment. In 

simulation, the noise of NCC was defined as 50 µm, which is the number confirmed though an 
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preliminary experiment, and the tracking system accuracy of 100 µm was set based on the accuracy 

of the robot (Universal Robot, UR5) used in experimental. The result depicts that the rotational error 

compared to the grand truth was 0.15±0.10 degree and the translational error was 0.48±0.32 mm for 

60 ultrasound poses simulation.  

Rotation 

(degree) 

Error from 

GT 
STD 

Translation 

(mm) 

Error from 

GT 
STD 

Yaw 0.092 0.058 X 0.372 0.261 

Pitch 0.096 0.073 Y 0.210 0.12 

Roll 0.071 0.04 Z 0.165 0.147 

Table 1: The simulation result of the approach is shown. 

 

Active-Echo Based Calibration 

Guo et al [5] demonstrated an interventional tool tracking and guiding technique active ultrasound 

pattern injection system (AUSPIS), and solves both the object visualization and mid-plane error 

problem at the same time. In AUSPIS, an active echo (AE) element, which acts as a miniaturized US 

transducer, is integrated with the target object that needs to be tracked in US images. An electrical 

system composed of a US receiver, a signal processor, and a pulser is connected to the AE element. 

When the US system is acquiring a B-mode image, probe elements fire sequentially to scan the entire 

field of view (FOV). If an active echo element is in the FOV, it will sense the beacon pulse when the 

transmission beam scans over. To improve the tool visualization, the AUSPIS will drive the AE 

element to send a US pulse immediately after the beacon signal is received. Since the reception-

transmission delay is in nanoseconds and negligible for US imaging, the US pulse is superimposed 

on the catheter echo wave, resulting in an enhanced echo pulse with a much higher amplitude, broader 

frequency range and wider emission angle. This wave travels back to the imaging probe and appears 

as a bright spot (AE spot) that indicates the AE element location in the B-mode image. To improve 

the localization accuracy along the elevation axis, AUSPIS detects the mid-plane by measuring the 

local US signal intensity. The beacon beam intensity from the imaging probe is highest on the mid-

plane and lower on the edges. As shown in figure 2, when the AE element is well aligned with the 

central plane, the received beacon signal amplitude reaches its maximum, and when it moves away 

the strength of beacon decreases. The reported catheter tip localization accuracy under ex vivo 

condition is less than 100 µm [5]. 

 

Since the AE element is a point that can be localized in US image accurately, especially along the 

elevational axis, it is possible to use it in the same way as the CW point for US calibration. The first 

step is to move the US probe until the AE element is shown in the B-mode image. The second step is 

to finely adjust the probe position until the AE element fires active US pulses, which is an indication 

that the received signal amplitude exceeds the pre-selected AE response threshold. The final step is 

to increase the threshold and adjust the probe position at the same time, until reaching a position that 

any small adjustment from this position will stop the active echo response. This step can also be done 

by monitoring the signal amplitude reading from the AUSPIS and finding the maximum. After this 

procedure, the AE element is precisely aligned with the US image mid-plane. This process is then 

repeated multiple times for different US transducer orientations and positions. With the mid-plane 

detection feedback from AUSPIS, a more accurate and user independent position accuracy can be 

achieved along the elevational axis, thus we expect a better and more consistent reconstruction 

precision using this method. 

 

The approach is experimentally validated, and the result is shown in Table 2 and 3. Comparison with 



conventional cross-wire method is conducted. We collected sixty crosswire point and sixty active 

echo point images with their respective robot poses. Two users segmented each of the two data sets a 

total of ten times. The ten CW data sets and the ten active echo data sets were independently used to 

solve for 𝑋, the transformation relating the robot end effector to the ultrasound image plane. We used 

the gradient descent solver described by Ackerman et al. [6] with a cost function that minimizes every 

pair of BiXpi=BjXpj. This resulted in ten 𝑋s using the CW points and ten 𝑋s using the active echo 

points. The repeatability of these ten 𝑋s was tested using a version of the method described by Treece 

et al. [7]. The ultrasound image corners are transformed by each 𝑋 and the standard deviations of 

the resulting point clouds at each corner is reported. Table 2 shows the repeatability of the 𝑋s. The 

norm of the standard deviations of each corner is shown in the table. The corners are chosen to 

correspond with the ultrasound image dimensions. For another experiment, all of the segmented CW 

points are used to test each of the active echo 𝑋s and vice versa. Table 3 shows the best reconstruction 

precision of the 𝑋s as described in the experiment for our third hypothesis. The reconstruction 

precision shown is the norm of the standard deviation of the transformed test set points. 

 
Table 2. Repeatability for 𝑋s computed with segmented AE and CW points 

Type of Points Corner (Lateral, Axial) Repeatability 

Active Echo 0 mm, 0 mm 0.37 mm 

Active Echo 0 mm, 90 mm 0.60 mm 

Active Echo 58.5 mm, 0 mm 0.48 mm 

Active Echo 58.5 mm, 90 mm 0.71 mm 

Crosswire 0 mm, 0 mm 1.66 mm 

Crosswire 0 mm, 90 mm 2.82 mm 

Crosswire 58.5 mm, 0 mm 1.55 mm 

Crosswire 58.5 mm, 90 mm 3.11 mm 

 
Table 3. Best reconstruction precision for 𝑋s computed with segmented AE and CW points 

Type of Points Reconstruction Precision 

Active Echo 1.05 mm 

Crosswire 2.36 mm 

 

 

B) Synthetic Aperture Algorithm and Simulation Study 

Synthetic Aperture Algorithm 

In conventional diagnostic ultrasound, the number of transmission elements and receiving elements 

are equivalent, and transmission focusing and receive focusing using delay-and-sum reconstruction 

are applied. On the contrary, synthetic aperture focusing defocus the transmission, and utilizes a wider 

aperture to reconstruct an A-line RF signal, and full dynamic focusing is available on both 

transmission and reception processes. Here, a single array element transmission and reception is 

considered to simplify the geometry.  

 

In the reconstruction process, the delay applied is expressed with: 

  FRT rrr
c

2
1

  

where Tr  represents the distance from transmission element to the focusing point, Rr  represents 



the distance from received element to the focusing point, Fr  represents the depth of the focusing 

point, and c is the speed of sound. When only one element is active for transmission and receiving, 

RT rr   stands. Therefore, the focused signal in two dimensional image  ijyF ,  is 
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where Ry  is the received signal; and i and j represents line number and sample variable respectively 

 

Simulation Study 
The simulations for the robotic synthetic aperture system are conducted using Field II software which 

is used within Matlab® (The MathWorks Inc., Natick MA). Initially, the number of active elements 

used for both transmission and reception is set to one to simplify the analysis. In other words, the 

signal is transmitted and received from a single element instead of received from several elements. 

The reason was to cut back on the processing time during uncertainty testing since the original 

synthetic aperture algorithm took much longer to run and we needed test many different magnitudes 

of uncertainty. This simplification did not have an effect on the method in principle as the changes 

were taken into account in the calculations. 

 

Using Field II, simulated data is produced by designing a 64-element linear transducer array with a 

pitch size of 0.15 mm for both transmission and reception which corresponds to a 9.6 mm transducer. 

As a result, when we are trying to simulate the robot poses, the expanded aperture size will yield 19.2 

mm if the simulated probe is moved 9.6 mm in the lateral direction. Under these conditions, received 

signals without moving the probe has 64 lines to be reconstructed, while the expanded aperture has 

128 lines. The pre-beamformed data from the expanded aperture is split from the middle to simulate 

different signals taken from different poses of the robot arm that moves in the lateral direction 

perpendicular to ultrasound beam. The left side of the pre-beamformed data is defined as the data 

from the original position (P1) and the right side is regarded as the data received after displacement 

(P2). The transmission center frequency was set to 5MHz, and the sampling frequency to 40MHz 

based on our experimental setup. Point scatterers are designed so that each identical target is aligned 

in the axial direction and placed equidistantly in the axial direction (25 mm, 35 mm, 45 mm, and 55 

mm) to observe the effect of imaging depth on the resolution. To imitate possible uncertainty caused 

by the robot movement, small displacements with a range of different magnitudes in axial and lateral 

directions and in plane rotation are added to P2 before the resulting image is constructed.  

 

As a result, it can be observed that the imaging quality of the point phantoms has improved 

distinguishably in the case of two-pose reconstruction without any uncertainty for all imaging depths 

(Fig. 2b, 2c). On the other hand, different amounts of uncertainty was introduced to the reconstruction 

of the two-pose data (Fig. 2d, 2e, 3b-g). In Figures 2d and 2e, even though the same amount of 

displacement (0.15 mm) was applied in both lateral and axial directions, the displacement in lateral 

direction did not have much effect on the resolution degradation, while the displacement on axial 

direction degraded the lateral resolution more noticeably. The effect of uncertainty (in axial and lateral 

directions) is summarized in Fig. 2(a). On the other hand, uncertainty in the direction of the in plane 

rotation did not have a significant effect at all in the magnitudes lesser than or equal to 1°. 

The extent of blurring of the target is expressed as the number of pixels counted over -16 decibel, 

which is based on the assumption that the more the target is blurred, the more pixels show up on the 



image at a certain threshold. The condition without any uncertainty is set as the grand truth to express 

the size under different uncertainty in percentile compared to the grand truth (Figure 2a). The result 

tells us that the uncertainly can be accepted to some extent, and it can be seen that the proposed 

method is much resilient to the uncertainty on lateral direction and in plane rotation more than the 

axial direction. 

 
Figure 4: Simulation result. (a) The effect of uncertainty to the size of reconstructed target. The magnitude 

represents the percentage compared to the size without uncertainty. (b) R-SAF with no uncertainty, (c) SAF 

with no uncertainly, (d) R-SAF with 0.15 mm displacement on lateral direction, and (e) R-SAF with 0.15 mm 

displacement on axial direction 

0.154

0.077

0

-0.077

-0.154

-0
.6

-0
.4

5

-0
.3

-0
.1

5 0

0
.1

5

0
.3

0
.4

5

0
.6

U
n
ce

rt
an

it
y
 o

n
 a

x
ia

l 
d

ir
ec

ti
o

n
(m

m
)

Uncertanity on lateral direction (mm)

0-100 100-200 200-300 300-400 400-500

(a)

(b) (c) (d) (e)



 
Figure 5: Simulation results. The effect of in line rotation uncertainty to the size of reconstructed target (a) 

Ground truth: no uncertainty (b) -1° rotation of P2 (c) -0.5° rotation of P2 (d) -0.1° rotation of P2 (e) 1° 

rotation of P2 (f) 0.5° rotation of P2 (g) 0.1° rotation of P2 

 

Angle (°) % Blurring  

-1 0.14 

-0.5 0.00 

-0.1 0.01 

1 0.28 

0.5 0.23 

0.1 0.05 

Table 4: the effect of Blurring is simulated by introducing the uncertainly into in-plain rotation. 

 

C) Experimental Evaluation 
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Primitive investigation using active-echo element 
An experiment was conducted to confirm the feasibility of the proposed idea. Universal robot (UR5, 

Universal Robot) was used to move the transducer and pre-beamformed RF signals were collected from 

clinical ultrasound machine (Sonix Touch, Ultrasonix Inc.) using DAQ device. A point target was placed 

in a water tank at 3.5 mm depth. A 38.4 mm L14-5W transducer with 128 elements was prepared and the 

center 32 elements (9.6 mm) were used for easier comparison toward our proposed method. By doing so, 

the F number was kept high, and the imaging depth was extended. In the single pose case, the target was 

located at the center with respect to the transducer. 19.2 mm aperture was generated by sweeping the probe 

4.8 mm to the left and 4.8 mm to the right relative to the center position of single pose. This condition is 

expressed as two positions because it is equivalent to two 9.6 mm probes that doesn’t overlap. 5MHz 

center frequency was transmitted with 40MHz sampling frequency. The dynamic range of -20 dB is set 

for display. 

 

For the ultrasound calibration, we applied one directional lateral translation, so two rotations were aligned 

using active-echo element [5]. Active-echo element reports the mid-plain of the ultrasound transducer as 

well as the depth of the element. After that, two relative rotations of the probe to the robot end effector 

was manually aligned to fit to the robot-based coordinate, which enabled sweeping the transducer in pure 

translation corresponding to the robot.  

 

Figure 3 depicts the experimental result of the robotic synthetic aperture focusing. Reconstructed images 

of conventional SAF and R-SAF are compared. During the reconstruction, the existence of uncertainly 

caused by limitation calibration and control accuracy is confirmed in pre-beamformed signals, and the 

axial direction correction was done to mitigate the artifact from misalignment. The lateral resolution of R-

SAF was better than SAF by comparing the width of target at 3.5 mm depth. 



 
Figure 6: Experimental result. (a) Reconstructed images of SAF (left) and R-SAF (right), and (b) beam profile of 3.5 mm 

depth of SAF (upper) and R-SAF (lower) 

 

Synthetic Aperture Imaging with Robotic Tracking 
The final process is to combine ultrasound calibration part and synthetic aperture reconstruction. To 

be specific, we track the calibrated ultrasound transducer using active-echo calibration, and taking 

images when moving robots to multiple positions. The relation of image is connected by tracked 

information and SA algorithm is used for reconstruction. Multipurpose ultrasound phantom (Nuclear 

Associates 84-317) is used. Since the accuracy of tracking has limitation, image shift compensation 

was necessary. 

 

The experiment result is shown in Fig. 7. There should be two line inclusions at 6 mm and 18 mm, 

but only two poses condition could clearly see the line phantoms. The contrast of two poses was 

worse than single pose because the received ultrasound signals was not stable. 
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Figure 7: Experimental result of ultrasound phantom using tracked transducer. 

 

3. Discussion 
From the result of the simulation, we can see that uncertainty of the lateral resolution is not really 

problematic compared to the axial resolution because axial resolution is sensitive to the center frequency 

of transmission. A probe with a center frequency of 5MHz was used in simulation to correspond to the 

center frequency used in the experiment, and decreasing the center frequency canceled the effect of axial 

resolution degradation. In reality, low frequency probe was used to visualize the deep sight because it is 

hard to receive signals using high frequency due to attenuation. Since the intrinsic resolution of low 

frequency probe is bad, expansion of aperture size is necessary; in other words there is a strong demand 

to apply the proposed method. 

 

To overcome the uncertainty, image based correction is possible. The continuity of pre-beamformed 

signals can be an indicator. Also, if there is an overlap between displaced position data, the overlapping 

area should contain identical signals. Therefore, finding maximum normalized cross-correlation can be a 

way to predict possible fluctuation. If the uncertainty is predictable, it is possible to compensate for the 

displacement during the reconstruction process. 

 

For reconstruction, SAF with single active element for transmission and receive is considered. This is an 

effective way to evaluate R-SAF because this is the simplest condition, and the received aperture has no 

overlap. In the next steps, multi element receive or transmission can be considered. An advantage of R-

SAF is that assuming a single element transmits a signal, it is possible to receive signals from a wider field 

by synthetizing the received signals. 

 

Moreover, the advantage of robotically tracked transducer is that it not only can expand as aperture size 

in specific direction as linear probe, but also has huge flexibility to acquire signals such as potentially 

curvilinear or arc shape acquisition are also possible. This flexibility can be applied based on demand. 

 

4. Conclusion 
In this paper, we proposed a robotic approach to expand the idea of synthetic aperture imaging for medical 

ultrasound. Extended aperture improves the lateral resolution of the image. The effect of uncertainty 

caused by robotic tracking accuracy and transformation calibration accuracy between robot end effector 

and the ultrasound image is evaluated through simulation. Moreover, the resolution improvement is 

confirmed through experiments.  
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6. Management Summary 

A) Management Plan 

We usually worked for each topic togather, because we could have more discussion and more chance 

to integrate ideas. However, each member have their specialized tasks for the project. 

Haichong: US calibration and robotic control system, reconstruction algorithm development 

Ezgi: Synthetic aperture imaging algorithm and simulation 

 

B) Deliverables 

Minimum 

 Experimentally confirm the new calibration method is superior to segmentation based calibration. 

 Construct the design for SAUI w/ robotic tracking using active-echo system. 

Expected 

In addition to minimum, 

 Confirm SAUI w/ robotic tracking using active-echo system. 

Maximum 

In addition to expected, 

 Implement SAUI w/ robotic tracking using calibrated transducer 

 Confirm the resolution improvement through phantom experiment 

 

C) Milestones 

Milestone Expected Date Finished Date 

Confirm the performance of new US calibration utilizing 

moved phantom trajectory 

Feb 28 Feb 28 

Learn how to use active echo element Feb 28 Feb 28 

Confirm the accuracy error of the new calibration method 

is better than segmentation based method. 

March 7 March 1 

Understand synthetic aperture algorithm Feb 28 March 11 

Initial Test of SAUI using active element March 14 March 19 

Construct a simulation to test synthetic aperture imaging April 1 April 17 

Build a connector to connect phased array probe and 

ultrasound machine 

April 5 April 15 

Make an attachment for hold the probe with robot April 5 April 15 

Connect probe to ultrasound machine April 5 April 15 

Confirm resolution improvement by SAUI using active 

element 

April 5 April 15 

Try generate SAUI using calibrated probe April 11 May 6 

Confirm resolution improvement by SAUI using 

calibrated probe 

April 18 May 6 

 

Achieve the accuracy error of the new calibration method 

in sub-millimeter 

April 18 May 6 

 

D) Future Work 

As the future work, we will introduce new geometry to apply to synthetic aperture imaging because 

now we only applied 1 translational displacement. The improvement of the calibration accuracy is 

also an important task by developing proposed methods even more. At the same time, we will 

introduce a reconstruction algorithm that compensates for the uncertainty that occurs between 



multiple poses 

 

E) Lessons Learned 

During this class, we learned a lot of concepts, techniques, and tools. We learned calibration 

techniques, image registration, and robotic control system. Moreover, we learned ultrasound 

simulation through Field II which can simulate acoustic wave transmission and receive in designated 

transducer array. We also learned ultrasound reconstruction algorithm such as DAS and synthetic 

aperture focusing. 
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