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Abstract— In this paper an experimental prototype of a robot 

controlled data acquisition system for microwave imaging is 

presented, where the transmitting and receiving antennas are 

immersed in a water-tank. The scattered field from the object 

under test is acquired by using the robot and scanning a single 

receiving antenna in cylindrical or half spherical coordinates, 

while the transmitting antenna is fixed at one position with 

possibilities to be manually moved to different positions. Careful 

design and construction of the system has given accurate 

measurements of incident and total field with a SNR of 45dB. A 

validation of the robot system is performed by comparing 

measured and computed data for a sunflower oil object. 

I. INTRODUCTION 

The microwave imaging modality focusing a lot of interest 

nowadays as a non-destructive evaluation of materials and 

biological tissues, in terms of complex permittivity. Changes 

in the dielectric properties of tissues can be related to their 

physiological condition, opening for many biomedical 

applications. One application gaining a lot of interest recently 

is breast tumor detection as an alternative mammography 

modality [1], [2]. One potential is the high complex 

permittivity contrast between different in-vivo tissues (fat, 

glandular, malign tumor, etc.) in the microwave spectrum 

compared to e.g. the density contrast in the X-ray spectrum. 

However, the increased wavelength in the microwave 

spectrum increasing the difficulties while the high diffraction 

needing more sophisticated algorithms and puts high demands 

on the data acquisition system. 

Various hardware and software setups for microwave 

imaging have been developed during the last three decades. 

The first successful experimental setup was made by Larsen 

and Jacobi in the early 80’s, which resulted in images showing 

the internal structure of canine kidneys [3]. These results are 

historical and they established a proof of principle for 

microwave imaging of biological tissues. 

Another hardware setup is the 2.45GHz planar microwave 

camera at Supélec in Paris developed by Bolomey et al. The 

planar microwave camera is composed with two horn 

antennas, one transmitter and one receiver. In the front of the 

receiving antenna a matrix of 32x32 =1024 sensors (dipole 

antennas) are used, a so called Modulated Scattering 

Technique (MST), to enable a quick data acquisition [4]-[6]. 

The next milestone was the 64 antenna circular 2.33GHz 

microwave imaging system developed by Jofre et. al. [7], [8]. 

The system, which presents a circular geometry, was proven 

to be a better choice for two-dimensional (2-D) imaging, than 

the planar geometry [7]. 

Later, Semenov et al. presented two circular microwave 

imaging systems in [9] and [10]. Similar to Semenov et al. 

Meaney et al. developed a circular microwave imaging system 

for reconstruction of 2-D electrical property distributions [1]. 

They were the first to develop a clinical prototype for active 

microwave imaging of the breast in the early 2000’s [11]. The 

hardware has been designed to have each antenna operate in 

either transmit or receive mode. In this case they used 16 

monopole antennas in a circular array configuration. Today 

one could say that this system is the state of the art regarding 

microwave imaging for breast cancer detection. 

Still today many improvements of both algorithms and 

hardware are needed for microwave imaging to be considered 

as a reliable modality in clinical situations. Having studied the 

previous works, mentioned above, carefully and try include all 

the advantages of each system into a new feasible system, the 

challenge to design and develop a flexible hardware system 

for microwave imaging was conducted. Herein a new flexible 

robot controlled microwave imaging system is presented, able 

to measure the vertical polarized field along both cylindrical 

and half-spherical surfaces around the object. The objective is 

to achieve a flexible system able to be used in both hardware, 

(antennas and system geometry), and algorithmic 

investigations for future microwave imaging systems. One of 

the purposes with this system is to investigate the possibility 

of detecting early stage breast tumors with quantitative images. 

However, in this initial study a tube filled with sunflower oil 

is used to validate the system. We are currently designing 

more realistic breast phantoms for this purpose. 

This paper is organized as follows. Section II presents the 

description of the robot controlled data acquisition system, 

including the experimental prototype system, the design and 

performance of the receiving and transmitting antennas, the 

positioning by the robot and the data acquisition ending with 

the explanation of the numerical tool used in the simulations. 

Section III explaining the experimental validation of the 

system. Finally, conclusions are given in section IV. 



II. ROBOT CONTROLLED MICROWAVE IMAGING SYSTEM 

A. System Overview 

The main components of the system are an ABB robot 

(IRB140), a 2m diameter water-tank into which an object-

fixture is immersed, two monopole antennas connected to a 

vector network analyzer (VNA) (Rohde&Schwarz ZV8), and 

a developed Matlab™ interface controlling the data 

acquisition. The entire setup is depicted in Fig. 1. 

The receiving antenna is placed on the tip of the robot arm 

moving, along cylindrical or half-spherical surfaces, (other 

possible geometries could be programmed), around the object 

under examination. The radius and angular steps are 

adjustable for the different geometries before each 

examination. The object is positioned on a rotation axis in the 

center of the tank (center point of the system), controlled by a 

step motor. In this way multi-view examination is possible 

with an angular step as small as 1.8°. The transmitting antenna 

is fixed at one position through the examination, but can 

manually be moved to different positions. Through the 

examination the control interface receive wideband 

measurements from the VNA, at each position. First, the 

incident field (without the object) is measured before the total 

field (with the object present) is measured, in the form of S21-

parameters. The control interface storing data from both fields 

and the field scattered by the object can be computed by 

subtracting the incident field from the total field. 

 

 
Fig. 1 Experimental setup of the robot controlled data acquisition system. The 

robot (I) with the receiving antenna (II), water-filled tank (III) with fixture 
(transmitting antenna, rotational board, object and step motor) (IV), VNA (V), 

and the PC (VI). 

 

The advantages of the robot controlled microwave imaging 

system are: (1) the positioning of the receiving antenna is 

adjustable in a variety of geometries (2) high accuracy and 

stability in positioning the receiving antenna <0.1mm; (3) a 

flexible receiving antenna positioning enable investigations of 

different antenna array geometries without introducing 

coupling effects between multiple antenna elements in the 

system design stage; (4) a wideband system makes it possible 

to investigate suitable frequency band for the imaging 

application; and (5) a fast data acquisition time for broad band 

frequency measurements, which is 1s for each receiver 

position when the robot is using a very slow movement-mode. 

B. Antenna Design and Performance 

The electromagnetic fields are measured with a linearly 

polarized monopole antenna; an identical antenna is used for 

transmitting. A motivation for using the monopole antennas is 

that the monopole can be easily modeled as a line source in a 

2-dimensional (2-D) imaging problem [1], [12]. The antennas 

are made of a semi rigid coaxial cable and the physical length 

of the inner conductor is 11mm designed to work in water 

with a complex permittivity of ε* = 83.2+j7.3, estimated from 

the Stogryn’s model [13]. The ground plane is designed as 

four rigid wires arranged in a cross, where each wire is 

perpendicular to the antenna depicted in Fig. 2. A design like 

that will not give a rotational symmetric radiation pattern in 

the horizontal plane, which implies to keep the orientation of 

the receiving antenna always in same direction in relation to 

the center point of the system. The return loss is below -14dB 

at 1 GHz for both antennas and they are broad banded in water 

from 950MHz – 1150MHz with return loss less than -10dB. 

The antennas are the critical points when choosing the usable 

frequency band of the system. However, other antennas for 

other frequencies or with a wider frequency band can be 

designed to gain from the wide band capability of the system. 

 

 

Fig. 2 The receiving monopole antenna mounted on the robot arm 

 

C. Geometrical Receiving Antenna Positioning 

The usage of the robot to conduct data for microwave 

imaging gives an opportunity to evaluate different antenna 

configurations in a very rapid and straightforward way, while 

eliminating the interferences that an array of antennas might 

introduce. Due to the high precision, in the order smaller than 

tenths of a millimeter, the robot allows a good reproducibility 

of the measurement conditions.  

The robot moves in the coordinate system with its origin at 

the center of the water-tank (the center of the measured 

object). To verify where the origin is, the object is calibrated 

in relation to the robots coordinate system. The examination 

object and the transmitting antenna can then be placed 

accordingly.  

The receiving antenna can be moved along two types of 

patterns:  cylindrical or half spherical. Several parameters can 

be chosen for each type of movement, such as radius, angular 

distance between points, the starting and ending frequencies, 

speed of the robot and number of points. 

In the cylindrical movement, the following parameters are 

used as inputs: radius r, height of cylinder hcyl; angle between 

points, stepϕ, where ϕ is the angle relative to x-axis; stepz, the 

distance between points along the z-axis, to which the cylinder 

I 

III 

II 

IV 

V 
VI 

I 

V 



is aligned; wideness of the measurement given in degrees. The 

target positions p will be given by: 

 

 

 

The orientation of antenna’s coordinate system can be 

described by a rotational matrix that describes the direction of 

the axes of the coordinate system in relation to a reference 

system. The antenna will always be parallel to the surface of 

the cylinder, and the orientation of the antenna is given by the 

following rotational matrices, depending on if y is positive or 

negative: 

 

 

 

 

 

An example of a cylindrical pattern followed by the 

antenna will be similar to the one in Fig. 3. In this case, the 

measurement is 270
o
 wide. 

 

 

Fig. 3 An example of the path followed when in cylindrical pattern 

 

Later on, also a spherical pattern could be used. In this case 

the input parameters for the spherical pattern are r, step , and 

step . Where r is the distance from the Tool Center Point 

(TCP) to the center of the measured object, step  is the 

angular distance between points at the same height, and step  
is the angular distance between consecutive heights, relative 

to the z-axis, as shown in Fig. 4. The location of any 

measurement point p at the surface of the sphere is given by: 

 

 

 

Besides the position, the robot needs to know the 

orientation of the antenna, and with both, the robot targets are 

calculated.  

 

 

Fig. 4 Coordinate system in spherical measurements 

 

The position and orientation values are calculated to each 

target and stored in an array, which is then used to move the 

robot. When the movement is started the first measurement 

target where the antenna goes is at the top of the sphere. It 

then follows a pattern similar to the one in Fig. 5. The change 

of direction is necessary because the robot has not the 

possibility to rotate more than 360
o
. When the last 

measurement target is reached, the robot returns to the default 

initial position, following exactly the same path. This is done 

to guarantee that the robot does not stop because one of its 

joints reached its limit. 

 

 

Fig. 5 Path followed when in spherical pattern 

 

D. Data Acquisition 

In order to coordinate the robot and the vector network 

analyzer (VNA), a Matlab program is used for communication 

and final data acquisition. The examination object positioned 

in the water-tank is illuminated by the electromagnetic field 

from the transmitting antenna and the receiving antenna 

collects the scattered field at different locations controlled by 

the robot system.  

The VNA is measuring the fields in form of complex 

scattering parameters (S-parameters) between the transmitter 

and the receiver. The particular scattering parameter used is 

S21, where the index 1 and 2 refer to the transmitter and 

receiver, respectively. This is repeated for each receiver 

position and stored in the Matlab interface as follows  

 

  (1)  

 



related to the incident field (r) without an object in the 

imaging domain, and 

 

  (2)  

 

for the total field when the object is present in the imaging 

domain. The index r represents the receiving points. Φ is a 

calibration term of the unknown amplitude and phase 

difference between the experimental system and the numerical 

model. 

The measured scattered field  due to the object can be 

derived from the incident and total field measurements 

 

 (3) 

 

E. Numerical Tools 

In order to simulate the data and then validate the 

performance of the robot data acquisition system, a 2-D scalar 

electromagnetic direct solver has been used. It consists of 

computing the complex values of the scattered field  

from the incident field ), and a known object, 

characterized by its complex permittivity distribution .  

Herein, the transmitting antenna is supposed to generate an 

incident vertical TM polarized cylindrical wave, which 

illuminating an object, infinite and homogenous along the 

vertical axis. The object S, is surrounded by a homogeneous 

medium of complex permittivity . The dielectric contrast is 

then defined locally by the quantity  such that: 

 

(4) 

with : 

 

       (5) 

 

            (6) 

 

 

As mentioned above in equation (3), the total field 
 

is considered as the superposition of the incident field  

and the scattered field  . The scattered field results 

from the radiation of equivalent currents induced by the 

incident wave in the object. In such a way, the total 

electromagnetic field is given by an Electrical Field Integral 

Equation Formulation: 

 

 

 

The Green function , which is the scattered field by a line 

source, is given by . The 

index  represents the observation point, and  the source 

point in the object domain S.  

For its numerical computation the integral formulation is 

transformed to a discrete form, by applying a Method of 

Moments, with pulse basis functions and point matching: 

 

 

(8) 

 

where M represents the number of antennas positions and N 

the number of cells used for the object’s discretization.  

III. EXPERIMENTAL VALIDATION 

First Experiments have been performed with a 

polycarbonate (PC) cylinder whose diameter is 110mm, (3 mm 

thick) and filled with sunflower oil (ε* = 2.5+j0.1). The 

cylinder is placed at the center of a tank, filled by 10ºC water 

(  = 83.2+j7.3) and whose dimensions are approximately 2m 

in diameter and 1.6m in high. In such a way, the non-

reflection infinity assumption can be considered as valid. 

Moreover the complex permittivity of water which is 

supposed to be constant, is very sensitive to temperature 

variations, the use of such large amount of water helps to 

maintain the temperature constant during the experiments 

The robot is configured to scan the object along a circular 

line of 55 points using the cylindrical surface mode with a 

radius of 225mm and a 5° angular step, sweeping 270° from 

45° to 315°. The transmitter is located 114mm from the center 

at 0° in angular position. The signal to noise ratio (SNR) is 

measured to 45dB. 

The comparison between the experimental and the 

simulated data at 1 GHz is shown in Fig. 6, for both amplitude 

and phase. Note that the calculated values obtained from the 

direct solver, are calibrated by applying a global amplitude 

and phase coefficient, which is equivalent to Φ≠1 in equation 

(1) and (2). As one can see, very promising initial results are 

obtained: a well reproduced symmetry is observed, which 

means that the object is positioned with high accuracy, and a 

root mean square (RMS) error between the measured and 

simulated data less than 1.6dB in amplitude and 14º in phase 

is obtained. Note, that a good repeatability of the 

measurements, characterized by a RMS error less than 0.6dB 

in amplitude and 2.5º in phase, has been also observed.  

Future work will be concerned with the characterization of 

the image reconstruction capabilities of the system. The 

complex permittivity distribution of the object will be 

computed with an inverse scattered solver based on a Newton-

Kantorovitch iterative method [14], from a multi-incidence set 

of the Robot’s data.  

IV. CONCLUSION 

In this paper a new flexible robot controlled microwave 

imaging system able to measure along cylindrical or half-

spherical surfaces around the object has been presented. A 

first validation of the system has been performed for a 

sunflower oil filled tube, by measuring the scattered field 

along a circular arc around the object. Next, will be 

concerning with reconstruction of multi-view data from an 

inhomogeneous object, to test its ability in term of quantitative  



 

 

Fig. 6 Comparison between measured and simulated scattered field from a 

sunflower oil filled 110 mm diameter tube @ 1 GHz, amplitude (top), 

unwrapped phase (bottom).  

 

imaging. Another challenge is to develop a realistic breast 

phantom, which needs a reliable and repeatable method for 

characterization of materials’ dielectric properties.  

Once validated, the flexibility of the system, in terms of 

geometry and positioning could offer new scenarios for future 

microwave imaging in both biomedical and industrial domains. 
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