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Abstract. A microwave sensor array for tumor detection and localization was designed
and fabricated on an FR-4 substrate. The sensor consists of three square-shaped
split-ring resonators coupled to a microstrip feeding line. Each sensing cell produces a
stopband in the transmission spectrum of the device. The sensing cells are mutually
decoupled, so that the deposition of the sample on one of the cells induces shift of
resonant frequency of only that cell, thereby enabling spatial resolution. The sensing
performance was experimentally verified with the samples of animal tissues in an ex vivo
setting. Pork fat and lean tissues were used for preparing the samples, since the dielectric
contrast between them roughly corresponds to the contrast between healthy and
tumorous tissue. Experimental results suggest that the designed sensor can be effectively
used for tumor detection and localization.
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1. INTRODUCTION

Alongside traditional applications such as wireless communication, satellite and radar
systems, microwave technology has also been successfully employed in material sensing
and particularly in biomedicine and healthcare settings for both diagnostic and therapeutic
purposes [1]—[2]. In biomedical applications, propagation media for microwaves are biological
materials that are distinctly inhomogeneous and susceptible to anatomical, physiological and
biochemical variations [2]. Consequently, the main challenge in using microwaves for such
applications is understanding the interaction between electromagnetic (EM) waves and
biological materials and translating that knowledge into effective system design.
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Interactions between EM waves and biological materials can be of thermal or
non-thermal character. Applications based on thermal interactions include sterilization of
laboratory and medical equipment, microwave ablation therapy used to treat malignant
tumors in the liver, kidney, lung and bone tissues [3], and controlled heating treatments
against viruses such as human papilloma virus [4]. Microwave therapies can increase the
effectiveness of treatment, reduce the discomfort and shorten recovery time [2]. Non-thermal
interactions are of great significance in medical diagnostics where antennas and microwave
sensors are used for microwave imaging, biosensing, diagnosis of malignant tumors and
real-time analysis of body fluids [2],[4].

Non-invasive characterization of biological materials and living systems can be
performed by sensors that exploit the non-thermal wave-matter interaction. These sensors
can be designed to operate in different parts of the EM spectrum. The choice of operating
frequency depends on the specific sensing application, where a compromise must be made
between the achievable resolution, the penetration depth into the material under test
(MUT), the device size, and the cost of its manufacture. Shorter waves, such as ultraviolet,
cause damage to DNA and proteins due to their ionizing nature, which makes them
unsuitable for biomedical applications [4]. On the other hand, longer waves, such as
microwave and terahertz (THz) waves, are classed as non-ionizing and are much safer for
biological MUTs. Although THz sensors offer high resolution and are relatively small in
size [5]-[8], they suffer from low penetration depth into the MUT due to strong EM
absorption at high frequencies and relatively high manufacturing costs. In contrast,
microwave sensors are less expensive to manufacture and operate at even longer
wavelengths, which can penetrate more deeply into the MUT.

Various designs of microwave sensors for biosensing have already been investigated. A
planar sensor with a printed spiral presented in [9] was designed to determine the concentration
of D-glucose in pig blood. Microwave sensors based on coplanar waveguides [10], and
electric-LC resonators [11] were tested for real-time glucose detection. Differential sensors
constitute a distinct class of sensors whose sensing principle relies on symmetry between two
sensing elements [12]. Microwave sensors with split-ring resonators (SRR) of various shapes
were designed for organic tissue analysis and ablation therapy [13]-[14].

The organic tissue analysis for tumor detection and localization utilizing microwave
sensors represents a promising cost-effective addition to the traditional methods for
diagnostics such as computerized tomography (CT), X-rays and magnetic resonance
imaging (MRI) [15]. Detection of a tumor in the surrounding healthy tissue is based on the
dielectric contrast between them. The relative permittivity of abnormal tissue is
approximately 10 — 30% higher compared to healthy tissue [14]. On the other hand,
localization of abnormality benefits from the sensor’s ability to perform spatial mapping
of tissue under test (TUT), which can be taken into consideration during the design process.
The ability of spatial mapping is achieved by integrating individual sensing elements into
an array. In [16], a 10x10 electronically controlled complementary spiral-resonator array
for skin tumor detection was investigated. The experimental results demonstrated that the
array can detect tumor tissue as small as 10 mm in diameter. A multi-layer metasurface
loop-dipole sensor array for near-field breast tumor detection was considered in [17],
showing that it can detect tumorous tissues in breast phantoms placed closely to the sensor.
The frequency-multiplexed planar sensor arrays, described in [15], [18], [19], are simpler
and more cost-effective, but still proven to be efficient solutions to extract the position of
the abnormality.
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In our previous works, we have designed a two-cell planar touch sensor for wearable
applications [18] and a six-cell microwave sensor for tissue differentiation [19]. With the
sensor from [19], we were able to detect the positions and distinguish two types of
deposited cube-shaped animal tissue samples (muscle or fat) using a low-cost network
analyzer.

In this study, a planar frequency-multiplexed microwave sensor array of three SRR-based
sensing cells is fabricated, and its sensing performance is evaluated using a slab of animal fat
tissue, into which small muscle tissue abnormalities are introduced. The sensor design,
alongside its principle of operation, is discussed in Section 2. A fabricated prototype and
experimental results are presented in Section 3. The most important results of this work are
summarized in Section 4, along with further research directions.

2. SENSOR DESIGN

The microwave sensor proposed in this study is a planar structure designed for direct
contact with TUT in either ex vivo or in vivo scenarios. It consists of three sensing cells
that are coupled to a microstrip feeding line (Fig. 1). The sensing cells are square-shaped
SRRs with three gaps. Dimensions of the sensor presented in Fig. 1 are given in Table 1.
The sensor is printed on the FR-4 substrate with the following parameters: & =4.5,
tand = 0.019, thickness # = 1.5 mm and metallization thickness ¢ = 0.035 mm.

The sensing principle is based on the strong response of SRR to the incident EM field
and can be considered from two different, but mutually correlated perspectives. The
circuit-based perspective implies modeling of SRR as an LC resonant cell (if losses are
neglected) coupled to a microstrip feeding line. Inductivity of SRR comes from the
conductive square-shaped ring. The SRR’s capacitance mainly stems from the gaps, which
act as plate capacitors in the first approximation. Depositing the TUT sample on the gap
increases the effective permittivity of the dielectric in the gap and therefore its capacitance.
Consequently, the resonant frequency of SRR is shifted towards the lower frequencies.
Samples with different electrical properties induce different resonant frequency shifts, thus
leaving a unique footprint in the response.

From the antenna-based perspective, the SRR can be regarded as a half-wavelength dipole
antenna with L-shaped capacitive loads on both sides. The antenna is excited by a signal
propagating through a coupled microstrip line. The capacitive loads provide non-zero
currents at the ends of a dipole, ensuring the strong interaction with the TUT sample in the
lateral gaps, which represent the sensitive regions of the sensing cell. The bottom gap is not
affected by the sample, as the wave-sample interaction there is fairly limited due to the weak
EM field. The antenna-based perspective helps identify the sensor’s sensitive regions, which
is fairly difficult to determine from a circuit-based perspective.

During the design process, the sensor was modeled in circuit simulator AWR Microwave
Office and in software for 3D EM analysis WIPL-D Pro [20], [21]. A comparison between the
transmission spectrums obtained from AWR Microwave Office and WIPL-D Pro is shown in
Fig. 2. From this figure, it can be concluded that the circuit simulator gives sufficiently
accurate results and can therefore be used for sensor design, which is in accordance with
previously reported results [15].

Each sensing cell produces its own stopband in the transmission spectrum, centered
around its resonant frequency. The width of a stopband is determined by the strength of
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coupling between the feeding line and the corresponding SRR. To achieve narrow
stopbands, which are highly desirable for sensing applications, the width of the gap
between the feeding microstrip line and SRR should be carefully chosen. If that gap is too
wide, the SRR will be completely isolated from the line (the equivalent dipole antenna will
remain without excitation). On the contrary, if the feeding line and SRR are too close, the
coupling will be excessively strong, which will result in a wide stopband [22].

h

-—

H H H | ine
£ 8:
ESTY B2 Jlg‘u 2
' g
" ' s das SRR
di2 J——
1K} ay —i--f
day
ay

Fig. 1 The proposed microwave sensor — view from above (on the left) and cross section
(on the right)

Table 1 Sensor dimensions (in mm)

ai 17.1

a2 13.7

as 11.3

g1, 212, 813, 221, 822, 823, 831, 32, 233 0.5
S1, 52,83 0.3

W, Wi, w2, w3 2.8

di2, d3 4.5

/ 61.1

To obtain spatial resolution, the sensing cells must be mutually decoupled so that the
response of one cell does not affect the response of the others. The independence of sensing
cells is ensured during the design process by choosing an appropriate distance between
neighboring SRRs (d =3h,d € {d,,,d,;}). As a result of decoupling, the presence of a sample
on one sensing cell alters only the peak that corresponds to that cell, while other peaks
remain unchanged. Therefore, a spatially resolved reconstruction of the sample can be
performed. The number of pixels in the reconstruction is equal to the number of sensing cells.
Additionally, each resonance can be tuned independently, which can significantly shorten the
analysis time, especially when using a full-wave simulator.

During the design process, it is necessary to choose the operating frequency range. The
upper frequency limit £, (for the proposed sensor f, = 5.2 GHz) determines the number of
sensing cells. If a sensing cell resonates at frequency £, it also resonates at frequencies f,
where k is a positive integer. Consequently, to ensure the independence of resonances and
unambiguous sample localization, the first resonant frequency fi must be greater than f,/2.
Additionally, resonances cannot be too close to each other, since the presence of the sample



Microwave Sensor Array Based on Split Ring Resonators for Tumor Detection and Localization 5

induces a frequency shift toward lower frequencies. That frequency shift is determined by
the electrical properties of the TUT sample. For example, if a sample deposited on the
second sensing cell induces a frequency shift larger than £, — fi, the second peak will move
ahead of the first one, and it will be incorrectly concluded that the sample is located on the
first sensing cell. The resonances from Fig. 2 are 3.060 GHz, 4.020 GHz and 5.120 GHz
for AWR and 3.047 GHz, 4.022 GHz and 5.198 GHz for WIPL-D.
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Fig. 2 Comparison of s,i-parameters obtained from AWR Microwave Office and WIPL-D Pro

3. SENSOR PROTOTYPE AND EXPERIMENT SETUP

The sensor prototype was printed on an FR-4 substrate, according to the layout of the design
from Fig. 1, created in Altium Designer [23]. The fabricated prototype is presented in Fig. 3.
For the preliminary validation, the performance of the fabricated sensor prototype was
experimentally tested with animal tissue samples in an ex vivo setting.

Pork fat and lean tissue samples that were used for experimental verification are shown in
Fig. 4. The contrast between fat and muscle animal tissue roughly corresponds to the contrast
between healthy and malignant breast tissue [24]. In ex vivo conditions, the contrast between
tissues is slightly lower than in in vivo conditions due to the lack of blood supply [24]. To
preserve a sufficiently large contrast, samples were kept fresh and stored at temperatures below
5°C to reduce water evaporation and maintain the existing water content in the tissue. To
prepare the samples shown in Fig. 4, the slab of pork fat tissue was first cut into blocks matching
the dimensions of the sensor prototype. Then, holes were punctured in the blocks of fat tissue.
Finally, the pieces of muscle tissue that represent tumors were inserted into the punctured
holes. One block of fat tissue remained unpunctured to serve as a reference sample of
healthy tissue without tumors.

For the measurement of the scattering parameters, a vector network analyzer, Agilent
N5227A PNA, was used. To perform measurements with the TUT, an isolation layer was
inserted between the sensor and the sample to protect the sensor from the high conductivity of
tissue and to facilitate cleaning between uses. For that purpose, a 0.5 mm-thick plastic plate
matching the dimensions of the sensor was prepared to act as an isolation layer. The final
measurement setup is shown in Fig. 5.
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Fig. 3 Fabricated sensor prototype

A

Fig. 4 Samples of animal tissues. Pieces of lean tissue are inserted into the slabs of fat
tissue. Bottom left slab is without inserted pieces

Fig. 5 Setup for s»;-parameter measurement. Measurement device is vector network
analyzer Agilent N5227A PNA
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4. MEASUREMENT RESULTS AND DISCUSSION

First, the s;1-parameter was measured for the sensor without an isolation layer or
sample. The comparison between the simulation and measurement results is presented in
Fig. 6. The local minima of the prototype’s transmission spectrum are slightly shifted in
frequency and amplitude compared to the initial design. These differences are due to small
deviations in substrate parameters and sensor dimensions.

Then, the reference scenario for tumor detection and localization was simulated. The
entire sensor was first covered with a plastic isolation layer and then with a block of fat
tissue, which represents healthy tissue without malignancies. The transmission responses
measured before and after the addition of the isolation layer and sample are shown in Fig. 7.
The obtained results indicate that the isolation layer does not have a significant impact on
the response. On the other hand, the addition of a fat tissue layer introduces significant
amplitude and frequency shifts in all three stopbands. Resonances of the sensor covered
with fat tissue are 2.943 GHz, 3.867 GHz and 4.985 GHz.

Finally, samples with different positions of “tumors” were deposited on top of the
isolation layer. Measurement scenarios and results are presented in Figs. 8 — 12. The size of
the muscle tissue piece representing the tumor was 4 mm x 4 mm in all scenarios except the
one shown in Fig. 13, where a 5 mm X 6 mm muscle tissue piece was placed on the first
sensing cell in addition to 4 mm % 4 mm on the third sensing cell. For all measurements, the
reference scenario is a sensor covered with an isolation layer and fat tissue.

The results show that the detection and localization of tumors in TUT is possible for all
investigated scenarios. If the tumor is placed on the sensitive region of the first sensing
cell, as shown in Fig. 8, only the first local minimum, which corresponds to the cell with
the tumor, is altered. Similar behavior can be seen in Figs. 9 and 11 for the second and the
third sensing cell, respectively. In the scenario from Fig. 10, the tumor affects sensitive
regions of the first two sensing cells and introduces changes in both corresponding
stopbands. In the scenario shown in Fig. 12, there are two tumors placed on the first and
the third sensing cells, which alter the first and the third stopband.
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Fig. 6 Comparison between measured and simulated transmission spectrums. Simulated
result is from WIPL-D Pro
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o No isolation
= With isolation
* Healthy tissue

Fig. 7 Transmission spectrums of sensor a) without isolation, b) with isolation and c¢) with
isolation and layer of fat tissue

The lateral gaps of the second and the third sensing cell are the most sensitive to the
local changes in TUT due to their higher resonant frequencies. Introducing tumors to those
areas causes a decrease in the peak’s sharpness and deformities in the peak’s shape.
Detection and localization of tumor remains possible, but precise reading of the frequency
shift becomes more difficult. That can be potentially problematic if the goal is to determine
the dielectric properties of TUT using extraction techniques [22].

The measurement results are influenced by several parameters, which can be divided into
two basic groups. The first group comprises parameters directly related to the tissue samples,
such as freshness and storage conditions. The second group refers to the measurement
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Fig. 8 Measured transmission spectrum of sensor in given scenario with the tumor located
on the first sensing cell
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procedure itself, as well as the conditions in the room where the measurement is performed.
This group includes the positioning of the sample, the contact between the sensor and the
isolation, as well as the contact between the isolation and the sample, the room temperature, and
the duration of the measurement. Any change in these parameters compared to their state during
the experimental verification of the sensor’s performance presented in this paper can slightly
alter the shown results.
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Fig. 9 Measured transmission spectrum of sensor in given scenario with the tumor located
on the second sensing cell
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Fig. 10 Measured transmission spectrum of sensor in given scenario with the tumor
located in the space between the first and the second sensing cell
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Fig. 11 Measured transmission spectrum of sensor in given scenario with the tumor located
on the third sensing cell
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Fig. 12 Measured transmission spectrum of sensor in given scenario with two tumors
located on the first and the third sensing cell
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5. CONCLUSION

In this paper, a microwave sensor array with three SRR sensing cells coupled to a
feeding microstrip line was designed and fabricated for tumor detection and localization.
The performance of the fabricated prototype was experimentally verified with samples of
animal tissue in an ex vivo setting. When the sample is deposited on the sensitive region of
the sensor, it changes the resonant frequency of the corresponding sensing cell. The
frequency shift depends on the electrical properties of the sample. The tumorous change in
the TUT sample is detectable if the dielectric contrast between the tumor and healthy tissue
is sufficiently large. The proposed design employs decoupled sensing cells, making their
resonant frequencies mutually independent, thus enabling tumor localization. On the
example of several animal tissue samples with different positions of simulated tumors, it
was shown that the proposed sensor can successfully detect and localize the tumor in the
surrounding tissue.

Further research on this sensing technique includes possible design improvements such
as miniaturization of the sensor to enable its non-invasive use in in vivo conditions, as well
as exploiting experimentally obtained data to characterize detected tumorous tissue using
an extraction technique.
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