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1. INTRODUCTION

Microwave tomography (MWT) is a technique that utilised radiofrequency within the microwave
(3-300GHz) band of the electromagnetic spectrum to reconstruct image of an object. This is a non-
invasive imaging technique that uses microwave signals to create detailed images of the internal
structure of objects, including biological tissues [1]. This technique is also used for
communications channel characterisation which involve studying and understanding the behaviour
of channel under investigation. Radiofrequency tomography or MWT imaging was first introduced
in 2010, as an alternative non-ionizing diagnostic method to assess bone health [1-5]. The key
components of MWT experiment include Antenna System, Signal Processing Algorithms, and
Microwave Signal Sources. An array of antennas that transmit (Tx) and receive (Rx) microwave
signals form the antenna system component of the MWT experiment setup.
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This configuration of the antennas can vary based on the specific application and the desired
imaging characteristics. The raw data collected by the antennas with the help of network analysers
like Vector Network Analyser (VNA) are processed using sophisticated signal processing
algorithms. Reconstruction algorithms, such as inverse problem-solving techniques are employed
to convert the measured signals at specific operating frequency into an image that represents the
distribution of electrical properties (dielectric constant E) within the object [6]. MWT systems use
controlled microwave sources such as signal generator or the VNA as a source to generate the
signals that interact with the target object. These sources can be designed to produce specific
frequencies or a range of frequencies, depending on the imaging requirements. Image
reconstruction tends to have sharper image at higher frequencies as previous studies showed that
the spatial resolution of the image is proportional to the frequency (wavelength) of the signal [7].
MWT technique has applications in various fields, such as medical diagnostics, industrial testing,
and material characterization [1,6, 8-13]. Communication channel characterisation that helps in
designing systems that effectively transfer information regardless of the channel being perturbed
with impairments like attenuation, noise, and distortion. Applications in the industry are mostly
for inspection and monitoring purposes [6]. Recently, MWT are integrated with the control unit of
the industrial system to increase system efficiency and processing quality [6].

This paper focused on microwave engineering that utilised the MWT to characterised 3-D objects
using scattering parameters (S-Parameters) at high frequency signal. In this regard, magnitude of
the signal in terms of how much gain or loss in decibels (dB) are the point of interest in our
measurement. This characterisation involved the theoretical analysis and practical measurement to
understand how the signal at high frequency interacts with the 3-D object/Device Under Test
(DUT) based on the measured transmission and reflection of the signal during the interaction with
the 3-D object made from specific material. The aim of this experiment is to contribute to designing
efficient communications systems with optimal performance at high frequency. Previously,
microwave imaging has been primarily based on numerical simulation data and on 2-D
reconstruction. Recently, MWT imaging from 3-D experimental data been reported based on
space—time beamforming [14] and tomographic reconstruction [15]. This work contributes more
work on how to setup an experiment and acquire data when interacting with 3-D object within the
imaging area. The 3-D microwave imaging system consists of a transmitting and receiving
monopole antennas that are placed equidistance (15 cm) around a square (15cm x 15cm) imaging
area. In this study, we scan the receiving antenna using an apt precision motion controller that
rotate 360-deg. This was done to avoid mutual coupling when using an array of antennas.

2. Materials and Method

The experiments were caried out using state-of-the-art equipment that include a VVector Network
Analyser (VNA) capable of operating up to 1.1THz with VDI-WR1.0 extenders. This is an
equipment with capability of measuring complex (magnitude and phase) S-parameters that
represent signal reflection and transmission. This VNA was connected to other hardware
equipment and software for effective data collection and measurements as shown in figure 1. Table
| summarises the equipment and software used for the experiment and measurement with
descriptions. In this experiment set up, a THORLAB 3-Channel APT precision motion controller
was used to control a rotational 3-D sample object holder stage through an APT server (ActiveX
Control) software. Details of how the set-up was made and connections between different
component of the experiment is given in the subsequent subsections.
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A microwave tomography technique was used to acquire data for characterizing a solid 3-D object
as a sample. Four different materials considered for the 3-D object construction are wood, metal,
glass, and aluminium. The data measured was used to characterize these materials and to be use
for accurate reconstruction of the 3-D object using the image reconstruction algorithms in the
future work.

Table I: Summary of Experimental Hardware and Software

S/N Name Model Description

1 PNA VNA N5224A 10MHz-43.5GHz and
750GHz-1.1THz VDI
WR1.0 extender
capabiltiy

2 SOLT KIT HP85033C Content 3.5mm
500hm Short-Open-
Load-Through
(SOLT) adapters for
the VNA calibration

3 APT Precision BSC102 THORLABS 3-
Motion Controller Channel
4 3D Object Holder NR360S/M THORLABS 360-deg
movable sample
holder
5 APT Server (ActiveX | V3.0.4(2.0.6) THORLABS ActiveX
Control) Software Control Software for
APT precision
controller
6 Antennas 10GHz Monopole antennas
operating up to
10GHz

The method employed to conduct experimental 3-D object characterization using MWT system
consisted of two monopole antennas (Tx and Rx), a square (15cm x 15cm) imaging area, an APT
precision motion controller (BSC102), a 3-D object stage (NR360S/M), a VNA (N5224A), and a
desktop/personal computer (PC) running ActiveX software as shown in figure 1. The imaging area
is an open free space containing only the 3-D object and the stage. The precision motion controller
configured and activated using ActiveX control software served as a mechanical scanning system
that moves the stage and the antennas (Tx and/or Rx) around the imaging area with high precision.
As aresult, the 3-D data acquisition was carried out effectively with flexible multiview transmitters
(Tx)/receivers (Rx) on given measurement around the 3-D object to be imaged. This setup method
was aimed to avoid the mutual coupling issue in an actual array. The VNA is used to collect both
the incident field (the field without 3-D object in the area) and the total field (the field with 3-D
object in the area) in the form of S-parameters. In this case, we used the port 1 and 3 as the active
test ports in which Sz measurements with and without 3-D object in the imaging domain in the
area (corresponding to the total field Ssiand incident field Ss1) are recorded, these parameters will
be defined in subsequent section. The 3-D object samples for this experiment setup are Glass,
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Aluminium, Wood, and Metal. The motion control, its scanning speed and location, and data
collection by the VNA are controlled by a desktop computer.

Figure 1: Exrment Setup on a THORLABS Bench

This method and MWT experimental setup have several advantages such as: (1) the coupling
between multiple transmitting and receiving antennas in a typical high-resolution 3-D microwave
imaging system is minimized due to the use of scanning antennas, thus simplifying the design; (2)
the antenna positions are known to a high precision and (3) the system does not require switching
devices as in systems containing multiple antenna array elements. Therefore, this reduces the
additional noise and loss from these switching devices. However, the main disadvantage is the
relatively long data acquisition time, but this is not critical and will be improved in the subsequent
experiments.

2.1. Vector Network Analyser Calibrations

The Vector Network Analyzer (VNA) was calibrated using Short-Open-Load-Through (SOLT)
calibration method which consists of measurements of each of the test ports (1 and 3). Specifically,
a HP85033C coaxial calibration kit containing 3.5 mm SOLT adapters with 50-ohms terminations
as shown in figure 2 was used. This calibration (vector error correction) removed the characterized
systematic error analytically from the raw measurements (raw data) [6]. This also helps VNA to
provide measurements on the DUT with an accuracy that exceed the raw performance of the VNA
[6]. Considering the test ports 1 and 3, the correct (left) and noisy (errored) calibrations carried out
before starting experiments with VNA is shown in figure 3. This modern calibration technique
facilitates accurate measurements with minimum connections.
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Figure 2: HP 85033C Calibration Kit Adapters Descriptions and Model
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Figure 3: Good Calibration and Noisy/Error Calibration @ 10GHz

Several calibration techniques require reflection calibration for the test ports. However, SOLT is
probably the best-known calibration technique that consists of a one port calibration on each test
port followed by a known through (T) calibration between the test ports. The reflection calibration
for each port requires three or more standards namely: an open circuit, a short circuit, and a
matched 50-ohm load. In this case, we used the three standards (SOL) followed by one through
(T). The frequency band of operation determines the calibration standards and test cables to be
used for the calibration. Ensure not to exceed the frequency capability of the test set, cables,
adapters and calibration kit. Coaxial calibration kits come in multiple versions to allow for
different types of adaptors including the 3.5mm used in this calibration experiment.

2.2. Experimental Setup

This experiment was set up on THORLABS bench shown in figure 1. The APT precision motion
controller and monopole antennas were mounted on the THORLABS experiment bench. The setup
utilized the VNA connected to personal computer running ActiveX control software and antennas
(Rx/Tx) connected to the test ports 1 and 3 using cables terminated with 50-ohms impedance as
shown in figure 1.
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Figure 4. Flowchart (Left) and Pictorial (Right) Representation of the Experimental Setup

Figure 4 illustrates the connection between different components involved on the right and the
flowchart of the signal/data traversing the system on the top left conner of the figure. This clearly
showed how the data was acquired and how the component of the experimental setup is
interconnected on the THORLABS bench.

3. Theoretical Framework

Microwave (MW) engineering theory was used to measure the S-parameters using the principle of
2-ports network of the VNA as shown in figure 5 and then numerically calculate the values
deducted from the s-parameter matrix (1) and equations (2) to (6). These are simplified to generate
the transmission (Si3/Ss1) and reflection (S11/Ss3) coefficients measured from the VNA

experiments.
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Figure 5: S-Parameters Viewed from the 2-Ports Network of a VNA with 4-Ports

Considering VNA test ports 1 and 3 as shown in figure 2 viewed from the 2-input directions of the
network, the matrix in equation (1) below is determined.

by\ _ (S11 513) a,
(b3) B (531 S33 (a3) @
Computing and expanding the matrix in (1) will give the following equations (2) and (3)
by = a,511 + a3S13 (2)

b; = a;831 + asSs3 3)

Substituting conditions when a;=0 (view of the input signal from port 3) and when az =0 (view
from port 1), equations (4) and (5) can be used to determine the S-parameters for the 2-port network
shown in figure 5. Values of the reflection (S11) and transmission (S13) coefficients are determined
from equation (2) which led to equation (4) as follows.

S _b =0 and S _b
11_a1’a3_ an 13—a3

;ap =0. (4)

While values of the reflection (Ss3) and transmission (Ss1) coefficients are determined from
equation (3) as follows.
b3 b3

Saz = —; =0 d Sy;; =—; =0 5
33 a; a; an 31 a as (5)

Numerical values of the transmission (S13/S31) and reflection (S11/Szs) coefficients obtained in
equations (4) and (5) are dimensionless (i.e without unit) but usually measured in dB using the
logarithmic function to base 10 as in equation (6).

Sij(dB) = 10logy,o {%} (6)

]

where the value of i, j = 1 or 3 in this case, or any value assigned to the active ports during the
measurements and experiment.
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Results and Discussion

Measurements were carried out experimentally to characterized different 3-D material objects
including Aluminium, Glass, Metal, and Wood using reflection and transmission (S-parameters)
coefficient. The results from the experimental were used to characterized 3-D objects based on the
material used to make it and how signal is reflected (S11/Sss) or transmitted (S13/Szs) within the
imaging area. The transmission coefficient (S13/Ss1) between the transmitter and receiver separated
by 15 cm, is measured as a function of frequency, as shown in figures 6 to 9 [8]. The curves in
these figures represent the background Si3/Ss: with the 3-D objects manufactured with four
different materials mentioned. It is noted that at 10 GHz, corresponding to the common frequency
for the S11/S33 parameters shown in the figures. The background S13/Ss: is approximately -4 dB for
all the different materials use in making the 3-D objects, while the scattered Si3 and Ss; are
approximately between -32 dB (wood), and -53 dB (metal). The use of a lower frequency would
yield a weaker scattered field, as well as lower resolution in the image reconstruction. These used
10 GHz frequency to image and characterize 3-D objects fabricated using unique materials.
Although not all of the 3-D objects in this experiment may be use for the subsequent experiment,
it serves as a good test for the 3-D inverse scattering algorithm and 3-D microwave imaging
experimental setup. Subsequent research will be investigating realistic 3-D objects characterization
within sub-THz region and imaging by array antennas.
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Figure 6: Transmission and Reflection measured for Aluminium at 10 GHz

The values of the transmission (S13/Ss1) and reflection (S11/Ss3) coefficient parameters measured
for the 3-D object fabricated with Aluminium as shown in figure 6 indicated the lowest value of
approximately -4 dB for the reflection coefficient while transmission coefficient value was found
to be -45 dB. This showed that there is more signal reflection than transmission when the 3-D
object material is an aluminium.
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Figure 7: Transmission and Reflection measured for Glass at 10 GHz

The transmission and reflection coefficient parameters measured for the 3-D object fabricated with
Glass as shown in figure 7 indicated the value of approximately -4.3 dB for the reflection (S11/S33)
coefficient while transmission coefficient value was found to be approximately -36 dB for Si13 and
-38 dB for Sa1. This showed that there is more signal reflection than transmission when the 3-D
object material is a Glass, but this is somewhat better than aluminium in terms of transmission
performance.
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Figure 8: Transmission and Reflection Measured for Metal at 10 GHz

17



Bisu, A.A - Journal of NAMP 70, (2025) 9-20

The transmission and reflection coefficient parameters measured for the 3-D object fabricated with
Metal as shown in figure 8 indicated the value of approximately -4.7 dB for the reflection (S11/Ss3)
coefficient while transmission coefficient value was found to be approximately -52 dB for S13 and
-53 dB for S31. This also indicated more signal reflection than transmission when the 3-D object
material is a Metal, but this is somewhat better than aluminium and glass in terms of transmission
performance.
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Figure 9: Transmission and Reflection Measured for Wood at 10 GHz

Lastly, the transmission and reflection coefficient parameters measured for the 3-D object
fabricated with Wood as shown in figure 9 indicated the value of approximately -4.4 dB for the
reflection (S11/Ss3) coefficient while transmission coefficient value was found to be approximately
-32 dB for Si3 and -33 dB for Ss1. This also indicated more signal reflection than transmission
when the 3-D object material is a Metal, but this is somewhat lower than other materials terms of
transmission performance.

Overall, the results obtained and summarized in Table Il showed that the strength of the
transmission and reflection coefficients parameters of a 3-D objects depends on the material used
for the fabrication of the object under study. Considering the magnitude of the S-parameters
measured in this experiment, it was observed that more signal was transmitted (S13/Ss1) more than
it was reflected by the 3-D objects under investigation as in Table I.

Table: Results Summary at 10GHz

3-D Object Material S11(dB) S33(dB) S13(dB) S31(dB)
Wood -4.43 -4.48 -32.24 -32.71
Metal -4.72 -4.63 -51.57 -53.04
Aluminium -4.07 -4.17 -45.59 -45.10
Glass -4.29 -4.32 -35.79 -37.71
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| Calibration | -4.61 | -4.47 | -31.15 | -31.50

Conclusion

This paper demonstrated an experiment for 3-D object characterization using microwave
tomographic imaging system and how to set up the experiment using state-of-the-art VNA.
Calibration of the VNA was also carried out to reduce error to the barest minimum during the
measurement as well as serving as a form of vector error correction while using the VNA for the
experiment. This employed the SOLT calibration technique and used the PNA VNA as the key
equipment for the measurement of transmission (Sz1/S13) and reflection (S11/Ss3) coefficients. In
this system, two dipole antennas are designed to transmit and receive electromagnetic signals at
10 GHz. This technique reduced the mutual coupling of antennas and resulting in accurate
measurements of scattered near-field waves. The acquired 3-D object S-parameter data were used
to unravel the multiple scattering effects for four different fabrication materials. The results
showed that 3-D object fabricated with the Wooden material has the highest transmission (S13/Saz1)
coefficient of -32 dB compared with metallic material with -52 to -53 dB transmission coefficient.
Future work includes developing a 3-D object characterisation using microwave tomographic
imaging system designed for a more realistic heterogeneous communication channels and for
clinical applications such as identifying brain tumour in a 3-D skull.
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