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Abstract—The emergence of miniaturized medical robots capable of A
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performing targeted therapeutic procedures in deep-seated anatomi- 1
cal regions presents an alternative to conventional medical treatments.
However, it remains a significant challenge to accurately locate the
miniaturized robots in the complex environments of living organisms.
Taking advantage of the short wavelength and noninvasive nature,
microwave sensing holds promise in detecting small foreign objects
embedded in tissue based on their dielectric properties. However,
the limiting factor is the tradeoff between the penetration depth and
the wavelength of the microwave signals. In this letter, we investi-
gate the feasibility of using microwave signals in the frequency range from 18 to 40 GHz to detect centimeter to
millimeter-scale metallic objects behind tissue-mimicking gelatin screens. The insights obtained from this work pave
the way for the development of novel strategies for the localization of miniaturized medical robots using microwaves.

Index Terms—Microwave/millimeter wave sensors, miniaturized medical robots (MMRs), object detection.

I. INTRODUCTION

Over the years, a variety of different components have been de-
veloped that are essential for the autonomous control of miniaturized
medical robots (MMRs), including actuators [1], [2], [3], [4], sen-
sors [5], [6], and localization systems [7], [8]. Accurate localization of
the MMRs in the human body is crucial for enabling precise control and
navigation. However, this task is challenging due to the typically small
dimensions of the MMRs, which range from a few centimeters to a sub-
millimeter scale. Conventional medical imaging techniques, such as
magnetic resonance imaging [9], computed tomography scanning [10],
or ultrasound [11], have been investigated as potential means of track-
ing MMRs. However, these imaging modalities are either not suitable
for patients with metallic medical implants, utilize ionizing radiation,
or provide limited spatial resolution. In contrast, microwave-based
sensing distinguishes objects by their dielectric properties, which
could enable the tracking of MMRs with high spatial and temporal
resolution [12], [13].

Microwave signals in the sub- to low-gigahertz range have been
used successfully in a variety of biomedical applications, including
tissue ablation and wireless power transfer for medical implants [14],
[15], [16]. Signals in this frequency range are able to reach a deeply
situated target in the human body [17]. However, the wavelengths in the
centimeter range are generally not suitable for detecting MMRs with
dimensions ranging from a few millimeters to micrometers [18]. On
the other hand, at millimeter-wave frequencies (upper gigahertz range),
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the tissue absorption rate increases dramatically, quickly limiting the
signal penetration depth [19]. Generally, signals at higher frequencies
allow detection of smaller objects, but they get attenuated stronger in
the scattering media. Therefore, the feasibility of using microwaves
for tracking MMRs depends on striking a balance between the desired
spatial resolution and the tissue penetration capabilities. In this work,
we investigate the possibility of using electromagnetic signals in the
upper microwave range (from 18 to 40 GHz) to detect MMRs. We first
characterize the signal attenuation properties of bio-mimicking media,
i.e., gelatin screens, and then evaluate how well we can detect metallic
objects behind the gelatin screen based on the measured reflection
coefficient.

II. EXPERIMENTAL SETUP

We design an experimental setup (see Fig. 1) to measure the attenu-
ation properties of the tissue-mimicking gelatin material (scattering
medium) and the reflection characteristics of the metallic objects
(target). The setup includes a sample holder that is placed between
two broadband horn antennas (LB-180400H-KF, A-info, Inc., USA)
connected to a vector network analyzer (VNA) (N9952 A, Keysight
Technologies, USA) [see Fig. 1(d)]. The sample holder is made of
an acrylic frame with an opening supported by a fabric-based net
to keep the gelatin screen in place [see Fig. 1(b) and (c)]. The size
of the opening, i.e.,, 160 x 160 x 3 mm?, is chosen to ensure that
the antenna beams fit fully within it and the sample holder does not
affect measurement results, which was confirmed during preliminary
setup testing. The measurement setup was calibrated prior to the
start of measurements using a standard mechanical calibration kit
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Fig. 1. Experimental setup. (a) Computer-assisted design model with
the scale bar (black) depicting 20 cm. (b) Expanded view of the model,
including a sample holder, a metallic object, a gelatin screen, a trans-
mitting antenna (antenna 1), and a receiving antenna (antenna 2).
(c) Close-up view of the actual sample holder including an acrylic frame
and a fabric-based net with the scale bar (black) depicting 10 cm.
(d) Broad view of the actual setup, including the VNA with the scale bar
(white) depicting 20 cm.

TABLE 1. Nomenclature and Details of Gelatin Screens and Metallic
Objects Used in the Experiments

Nomenclatures Thickness  Dimensions  Description

Gelatin screens:

Gy 3mm 160 x 160 mm> "old" sample fabricated more
than 3 hours before experiment

Gy 3 mm 160 x 160 mm? "fresh" sample fabricated less
than 3 hours before experiment

Gs 6 mm 160 x 160 mm?> Gg in front of Gy with regard
to antenna 1

Metallic objects:

My 1mm 150 x 150 mm? steel plate

Mo 1mm 100 x 100 mm? steel plate

M3 1mm 50 x 50 mm>  steel plate

M, 3 mm 7 x 7 mm? standard M4 nut (DIN934)

for 10 MHz to 50 GHz (N4693-60001, Agilent Technologies, USA),
and all experiments were carried out in an anechoic chamber to avoid
spurious clutter reflections.

Gelatin screens are used as scattering media between the trans-
mitting antenna (antenna 1) and the target (metallic object) [see see
Fig. 1(b)]. Two gelatin screens are prepared: a sample is fabricated
more than 3 h before the experiments (G, ), and another is fabricated
less than 3 h before the experiments (G2) (see Table 1). Note that since
the water content in gelatin decreases with time, having two samples
of different ages allows evaluating the effect that the water content
has on the attenuation properties of gelatin screens. Furthermore,
we combine both gelatin screens placing the gelatin screen Gs in
front of G; with respect to the incident signal (G3 in Table 1). For
object detection experiments, different metallic objects, including steel
plates of various dimensions (M;— M3 in Table 1) and a standard
M4 nut (M, in Table 1), are tested. The dimensions of the gelatin
screens and metallic objects used in the experiments are given in
Table 1.

18 20 22 24 26 28 30 32 34 36 38 40
Frequency [GHz]

without sample holder = = = with sample holder

Fig. 2. Reference look-through measurements of the transmission
(S21) and reflection (S},) coefficients without gelatin screens.

Using our experimental setup, we investigate signal propagation
through gelatin screens in the frequency range from 18 to 40 GHz with
afrequency step of 40 MHz. In the following section, measurement re-
sults of the reflection coefficient (S;;) and the transmission coefficient
(S21) are shown. The reflection coefficient () indicates how much
signal power is reflected back at the reference plane of antenna 1 when
it acts as a transmitting antenna, while the transmission coefficient
(S21) shows how much power is received by antenna 2 when it acts as
a receiving antenna. Note that since our setup is not a closed system,
power loss occurs during wave propagation. Nonetheless, measuring
scattering parameters enables indirect evaluation of the attenuation
properties of gelatin screens by comparing the results with reference
measurements.

[ll. RESULTS AND DISCUSSION
A. Look-Through Experiment

The attenuation properties of the gelatin screens are evaluated by
measuring the scattering parameters in the look-through experiments.
Note that all presented curves represent an average over the results of
three independent measurements. As a reference, we first measure Sy,
and S,, without the gelatin screens. The results are presented in Fig. 2
for two cases: when only a wooden platform is present without the
sample holder, and when the sample holder is added. Since the two
measurements are nearly identical, we conclude that the addition of
the sample holder, including an acrylic frame and a fabric-based net,
does not introduce any unwanted artifacts to the experimental results.

Next, we repeat the measurements with different gelatin screens
(G1—Gg as defined in Table 1). The results are plotted in Fig. 3. For G,
and Gy, which have the same thickness but different water content, we
observe a linear decrease in Sy as the frequency increases. On average,
there is a 14 dB loss in signal strength from 18 to 40 GHz. It can also
be seen that S; for the gelatin screen G is at least 5 dB higher than
for Gy. Furthermore, when the two gelatin screens are placed together
(G3), Sy is reduced to the noise level. This observation suggests that
with the output power provided by the VNA (which was 0 dBm in our
case), microwave signals of the selected range (18—-40 GHz) cannot
penetrate gelatin with a thickness of 6 mm.
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Fig. 3. Look-through measurements of the transmission (S,;) and
reflection (S;,) coefficients with the gelatin screens (G;—G3) listed in
Table 1, including the reference measurement with no gelatin screen
(dashed line), measured data (dash-dotted lines), and linear fit curves
(solid lines).

TABLE 2. Attenuation Loss of Gelatin Screens At Specific Frequen-
cies

Attenuation loss (L) [dB]

Gelatin screens 18 GHz 20GHz 26 GHz 30GHz 36GHz 40 GHz
Gy 29.3 30.7 34.9 37.7 41.9 44.7
Gy 26.8 27.9 31.4 33.7 37.2 39.5

For the reflection coefficient, we observe that S|, values are fre-
quency independent and are largely determined by the properties of
the first material that the electromagnetic wave encounters. More
specifically, the results for Gy and G3 display similar trends and are
close in value since both of them have the same gelatin screen (Gs)
placed toward antenna 1. On the other hand, S;; is 5 dB lower for
G, indicating that tissues with higher water content reflect a larger
portion of the incident wave in this frequency range. Combining
this with the results for S,; measurements, it also suggests that the
difference in water content between the two gelatin screens contributes
only marginally to the signal attenuation rate. Note that the difference
between the reference S,; measurements and the measurements with
gelatin screens quantifies the total loss in received signal strength due
to the addition of the gelatin screen. It combines the effects of the
signal attenuation within the gelatin material and the signal reflection
at its surface. Therefore, using reference measurements from Fig. 2,
we can evaluate the attenuation loss (L, ) in the gelatin screen as

Ly = S5/[dB] — S5 [dB] + S}{[dB] — S{;[dB] 6]
where Si(;’. and S{]C.f stand for the (i, j)th scattering parameters with and
without the gelatin screen, respectively. Table 2 provides estimates of
the attenuation loss (L,y) for Gy and G, at selected frequencies. Our
results indicate that a fresh 3 mm gelatin screen attenuates the signal
in the selected frequency range by at least 26 dB.
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Fig. 4. Object detection measurements of the transmission (S,;) and
reflection (S1;) coefficients in which metallic objects (M;—My) from Ta-
ble 1 are placed behind the gelatin screen G2, including measured data
(dash-dotted lines) and linear fit curves (solid lines).

B. Object Detection Experiment

After investigating the attenuation properties of the tissue-
mimicking gelatin screens, we evaluate the feasibility of detecting
metallic objects embedded behind them. A metallic object is fixed
between the gelatin screen G, and the sample holder so that the gelatin
screen serves as a scattering medium between the transmitting antenna
and the metallic object [see Fig. 1(b)]. The purpose of this arrangement
is to simulate the localization scenario in which an MMR is embedded
in biological tissue. Complete details of the metallic objects used in the
experiments are provided in Table 1, while the measured transmission
(S21) and reflection coefficients (S;,) are presented in Fig. 4.

From the measured transmission coefficient of the smaller metallic
objects (M3 and My), one can observe a frequency-dependent signal
loss due to the attenuation of the gelatin screen. This trend is similar
to the look-through measurement results without the metallic object
in Fig. 3. With larger metallic objects (M; and Ms), the transmission
coefficient is reduced to the noise floor. This outcome can be expected
since the signal transmission path is fully blocked when the object size
is larger than the effective wavefront area of the transmitted signal.

The measurements of the reflection coefficient (S;;), on the other
hand, provide a small but clear distinction with regard to object
sizes. For instance, the average value of S, for metallic object M,
is -10.93 dB. It drops to -11.53 dB for M, -12.68 dB for M3, and
-13.41 dB for M. For comparison, we list the values of the reflection
coefficient at specific frequencies in Table 3. As a reference, we also
provide the results from Fig. 3 for gelatin screens G; and G5 alone,
i.e., without the metallic objects. Since the gelatin screen Gy has
aged during the time between the look-through experiments and the
object detection experiments, its properties in the object detection
experiment became closer to those of G;. Therefore, we compare
the S;; measurements with metallic objects to the measurements of
the old gelatin screen (G;). We observe that the reflection coefficient
measured with the embedded metallic object (see Table 3) is higher
than the measurement of G; from Fig. 3, which is around —15 dB. This
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TABLE 3. Reflection Coefficient of Gelatin Screens and Metallic Ob-
jects Embedded Behind Gelatin Screen G, At Specific Frequencies

Reflection coefficient (S;;) [dB]

Samples 20GHz 24GHz 28GHz 32GHz 36GHz 40GHz
Gelatin screens:

Gy -15.08 -14.86 -14.64 —1442 -1419 -13.97
G» -11.00 -11.08 -11.16 -11.24 -11.32 -11.40
Metallic objects:

My -10.65 -10.77 -10.88 -10.99 -11.10 -11.22
M, -1116 -11.31 -11.46 -11.61 -11.76 —-11.91
Ms —12.27 -1243 -1260 —-12.77 -1294 -13.10
M, -13.41 -1341 -13.41 1341 -13.41 —-13.41

suggests that we can detect metallic objects behind a gelatin screen by
measuring the scattering parameters. Furthermore, it might also be
possible to differentiate objects based on their sizes by comparing the
measured reflection coefficient. This result demonstrates the potential
of using microwave signals of the considered frequency range to detect
objects of varying dimensions.

IV. CONCLUSION

This letter explores the feasibility of using signals in the upper
microwave range (from 18 to 40 GHz) for detecting metallic objects
embedded behind tissue-mimicking gelatin screens. Based on the
measurements of the scattering parameters, we assessed the attenuation
of the transmitted signal in the test sample and the reflection of the
signal from it. More specifically, measurements of the transmission
coefficient offer insight into signal attenuation properties through
the scattering media (gelatin screens), while measurements of the
reflection coefficient show the signal reflection from the embedded
metallic objects. Our analysis of the results suggests that it is possible
to detect the presence of metallic objects embedded behind a 3 mm
gelatin screen with signals in the specified frequency range. However,
improving spatial resolution while providing sufficient penetration
depth remains a challenge.

Future investigations will explore strategies to mitigate this chal-
lenge. For example, a high-gain antenna with a focused narrow
beamwidth can be used to increase the penetration depth despite the
use of high-frequency signals. The reduced beamwidth of the high-gain
antenna can be compensated for by using a scanning mechanism, for
example, by attaching the antenna to a robotic arm. Furthermore,
the detection of the reflected signal can be facilitated by adding a
radio frequency transponder to an MMR. A possible option for such
a transponder could be a passive nonlinear tag that is powered by the
illuminating signal, such as the one proposed in [20], for example.
These strategies can help enable the use of microwave sensing for the
localization of embedded MMRs.
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