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In this paper, an antenna sensor for a radio-wave-type endoscope to detect a blood vessel
in fatty tissue is proposed. The antenna sensor consists of one transmitting antenna and two
receiving antennas. As the antenna element, microstrip antennas are used. The relationships
between the antenna arrangement and the magnitude of the reflected wave from the blood
vessel are discussed using a 2.5-times scale simulation model. In the simulation, it is confirmed
that the blood vessel of 10 mm diameter can be detected at a distance of 10 mm from the top
surface of the fatty tissue in the 2.5-times scale model using the proposed antenna sensor.

1. Introduction

Recently, endoscopes have been used in many surgical operations. In endoscopic surgery,
holes are bored in the abdomen to permit the insertion of the endoscopes and surgical
instruments. However, the holes are very small. Therefore, endoscopic surgery has some
great advantages. One of them is that the postoperative pain is minimal and another is that the
wound heals faster than in the case of an abdominal operation. However, endoscopic surgery
has a major drawback. In many cases, the fatty tissue attached to the surface of the viscera
covers the blood vessels on the viscera. Therefore, the surgeon must remove the fatty tissue
first in the endoscopic operation. In the surgical operation, the ultrasonic inspection device
is used to detect the position of the blood vessel. In the endoscopic operation, however, as the
abdominal cavity is filled with carbon dioxide, it is impossible to obtain a supersonic wave
image using only a supersonic wave probe on the surface of a body." Although an endoscope
using supersonic waves has been developed recently,(l’z) it is not used to detect the blood vessels
behind fatty tissue. In the present endoscopic surgery, an infrared laser is used to detect the
blood vessels behind the fatty tissue. However, the infrared laser is greatly affected by the fatty
tissue. The detectable depth for blood vessels seems to be around 2 mm from the surface of
the fatty tissue. In current endoscopic surgery, there is a risk of damaging the blood vessels.
Under such conditions, a new instrument for detecting blood vessels behind the fatty tissue is
required.
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Generally, the propagation loss of the radio wave is small compared with that of the infrared
ray. Therefore, an endoscope using radio waves has the possibility of detecting the blood vessel
deep into the fatty tissue, which is impossible with the infrared laser endoscope. An endoscope
using radio waves has not yet been proposed. The aim of this study is the development of
an endoscope that can project an image of a blood vessel using radio waves in real time.
Therefore, as a sensor for detecting the blood vessel, antennas are used. The proposed antenna
sensor consists of one transmitting antenna and multiple receiving antennas. The position
of the blood vessel is detected by processing the signal of the received radio wave into image
data. Generally, antennas for wideband operation, such as a Vivaldi antenna® and a bowtie
antenna, are used for buried-object detection. In the endoscope, however, the area where the
antennas are installed is very small. Moreover, multiple antenna elements must be installed.
Therefore, although the impedance bandwidth is narrow, a microstrip antenna (MSA)(6) is
adopted as the antenna element because of its low profile and easy miniaturization. In this
work, the possibility of the proposed antenna sensor is investigated by examining the simulated
transmitting coefficients in both the frequency and time domains.

2. Specification of Endoscope in a 2.5-times Scale Model

In blood vessel detection, the resolving power must be maintained over a depth of
approximately 2—5 mm from the top surface of the fatty tissue to the blood vessel. As the
frequency increases, the resolving power of the radio wave also increases. Generally, the
resolving power is a fraction of the wavelength. At 10 GHz, the wavelength in the fatty tissue
(relative permittivity = 4) is 15 mm. Therefore, a frequency higher than 10 GHz is suitable to
obtain the required resolving power. However, as the frequency increases, the attenuation of
the radio wave in the fatty tissue also increases. In this sensor, therefore, it is planned to use
microwave in the frequency range from the 15 to 25 GHz band. The diameter of the practical
endoscope is very small (less than 10 mm). In the proposed antenna sensor, multiple antennas
must be arranged in a small area. Therefore, as the first step of our study, a 2.5-times scale
model of the proposed sensor is examined to facilitate the fabrication and measurement of the
antenna sensor. The frequency range from 15 to 25 GHz corresponds to the frequency range
from 6 to 10 GHz in the 2.5-times scale model.

Figure 1 shows the analytical model. The transmitting and receiving antennas are located
on top of the fatty tissue and face towards both the fatty tissue and the blood vessel. The
dimensions of the fatty tissue are Wy x Ly x Dy The diameter of the blood vessel is dj. The
distance between the top of the blood vessel and the top surface of the fatty tissue is /.
Although the thickness of the fatty tissue depends on the person, Dy is set to 50 mm in this
paper. The dimensions of the fatty tissue are also set to Wy x Ly =200 x 200 mm?.

Table 1 shows the actual diameter dj and the distance 4y, and dp and /4 of the 2.5-times
scale model. Sinclair proposed the theory of a scaling model and derived the scale factors
in nondispersive media.”’ According to Sinclair’s theory, the relative permittivity and
conductivity must also be transformed by the scaling factor. However, as the fatty tissue and
blood vessels are dispersive media, Sinclair’s theory cannot be used in this study. Figures 2(a)
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Fig. 1.  (Color online) Analytical model.
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Table 1
Diameter and location of the blood vessel.
Diameter dj (mm) Distance 4, (mm)
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Fig. 2. (Color online) Frequency characteristics of (a) fatty tissue and (b) blood vessel.

and 2(b) show the relative permittivities and conductivities of the fatty tissue and blood vessel
including blood, respectively.®) As the frequency increases, the conductivity increases and the
attenuation of the radio wave propagating in the fatty tissue becomes large. The attenuation
affects the reception of the reflected wave from the blood vessel. In dispersive media, therefore,
the relative permittivity and conductivity in the scale model should be designed in consideration
of the attenuation. Figures 3(a) and 3(b) show the magnitude of the plane wave for various
depths of the fatty tissue and the blood vessel, respectively. The distances of the propagation
in Figs. 3(a) and 3(b) correspond to the thicknesses of the fatty tissue and the blood vessel,

respectively. The equation of the magnitude in the plane wave is expressed as

2945
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Fig. 3. (Color online) Attenuation characteristics of plane waves in (a) fatty tissue and (b) blood vessel.
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where k¢ and ¢( are the wave number and the permittivity in free space, respectively. w is the
angular frequency. &, and o are the relative permittivity and conductivity, respectively. The
magnitude of the plane wave at 9.6 GHz in the 2.5-times scale model is very similar to that at 20
GHz in the actual scale model. Therefore, the relative permittivity and conductivity of the fatty
tissue at 9.6 GHz are used in this study. Similarly, the relative permittivity and conductivity
of the blood vessel are determined. In the blood vessel, those at 10.8 GHz are used. The
relative permittivity and conductivity of the fatty tissue are 4.633 and 0.5566 S/m at 9.6 GHz,
respectively. Those of the blood vessel are 31.67 and 10.07 S/m at 10.8 GHz, respectively.
Actually, viscera exist under the fatty tissue. However, the attenuation of microwaves
is large in the fatty tissue because the conductivity of the fatty tissue is relatively high
(conductivity = 0.5566 S/m). Since the magnitude of the reflected wave from the interface
between the fatty tissue and the viscera is small, the viscera is not considered in the analytical

|exp(—ahb)

model.

3. Antenna Design

To investigate the antenna arrangement method, the structure of the antennas in
Fig. 4 is analyzed. The antenna element #1 for transmission is located at the center and
the four surrounding antenna elements #2—#5 are for reception. Rectangular MSA is
used for the antenna elements. The antenna size is adjusted so that the center frequency
becomes approximately 8 GHz. The size of all the antenna elements is the same,
Ly x Wy =770 x 3.0 mm?. Antenna elements #2 and #4 are arranged in parallel to antenna
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Fig. 4. (Color online) Geometry of antenna.

element #1, and antenna elements #3 and #5 are arranged perpendicular to antenna element #1.
The antennas are fed by a coaxial feed through the dielectric substrate from the ground plane.
The ground planes of all the antenna elements are shared. The impedance matching of the MSA
is tuned in accordance with the position of the feed point. The feed point in antenna #1 is on the
positive y-axis. Although the feed point in antenna #2 is also located on the positive y-axis, that
in antenna #4 is located on the negative y-axis. The feed points of antennas #3 and #5 are also
located at the sides opposite to each other’s origin on the x-axis. The diameter of the antenna,
dg, 18 25 mm. The thickness of the dielectric substrate is ;= 3.2 mm. Its relative permittivity
and dielectric loss tangent are ¢, = 3.8 and tan ¢ = 0.022, respectively.

In this work, two study cases of the positional relationship between the transmitting antenna
and the blood vessel are examined. Figure 5 shows the two cases, A and B. In case A, the
blood vessel is located parallel to transmitting antenna #1. In case B, the blood vessel is located
perpendicular to transmitting antenna #1.

4. Results and Discussion

For the calculations in this study, the simulation software package XFDTD version 7.6,%)
which is based on the finite difference time domain method, is used. In the simulation software,
a perfectly matched layer (PML) with 7 layers is used as the boundary condition surrounding
the analytical space. The sizes of the cell along the x-, y-, and z-axes are the same, from 0.097
to 0.92 mm.

In this paper, the transmission coefficients determined by the simulation are discussed. In
the experiment, they can be measured using the network analyzer. As the network analyzer has
the dynamic range of 100 dB, the reception level from the blood vessel is set to —60 dB.
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Fig. 5. (Color online) Positional relationships between antennas and blood vessel. (a) Case A and (b) case B.

4.1 Analysis in frequency domain

Antennas for communication in the far field are designed so that the magnitude of the
reflection coefficient is less than or equal to —10 dB. Although the antennas are used in the
near-field region in this study, the reflection coefficient should be as small as possible to receive
the signals with the slight reflection from the blood vessel. Figure 6 shows the simulated
reflection coefficient |Snn| (n = 1, 2, 3, 4, and 5) in the case with the fatty tissue, but without the
blood vessel. In the MSAs, the input impedance around the resonant frequency can generally
be adjusted by changing the position of the feeding point. In this analytical model, however, the
input reactance is around 50 Q because of the existing fatty tissue and the many feeding pins.
Therefore, the minimum reflection coefficients of the optimized antennas are from around —6
to —9 dB at 8.0 GHz. In this study, therefore, the reflection coefficient is set to —5 dB.

Figure 7 shows the transmission coefficients [Sml| (m = 2, 3, 4, and 5) in case A. dp is
10 mm and 4y is from 5.0 to 12.5 mm. In the case without the blood vessel, the magnitudes of
the transmitting coefficient of all the receiving antennas are from —25 to —30 dB around 8 GHz.
Regardless of the direction of the antennas, the mutual couplings between the transmitting and
receiving antennas are at the same level. The differences in |[S21] and |[S41| between the presence
and absence of the blood vessel are observed from 6 to 12 GHz. However, the differences in
|S31] and |S51| are very small for the following reason. The electric current on the transmitting
antenna flows strongly along the y-axis. Therefore, the y-component of the electric near field is
greater than its x-component. Therefore, the y-component is produced strongly in the reflected
wave from the blood vessel. The direction of receiving antennas #2 and #4 is the same as that
of transmitting antenna #1; however, the direction of antennas #3 and #5 is perpendicular to
that of antenna #1. Therefore, antennas #2 and #4 are excited strongly by the y-component of
the electric field reflected from the blood vessel compared with antennas #3 and #5. It is found
that although the antennas in this sensor are used in the near-field region, the antennas must
be arranged in consideration of the relationships among the directions of the transmitting and
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Fig. 6.  (Color online) Simulated reflection coefficients.
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Fig. 7. (Color online) Simulated transmission coefficients in case A. (a) [S21], (b) [S31], (c) |S41]|, and (d) |S51].

receiving antennas. Although antennas #2 and #4 are located symmetrically to antenna #1, the
position of the feed point in antenna #2 is different from that in antenna #4. Therefore, [S21] is
also different from |S41|.

Figure 8 shows the transmission coefficients |[Sml| (m = 2, 3, 4, and 5) in case B. Similar to
case A in Fig. 7, the differences between the presence and absence of the blood vessel in |S21|
and |S41| are observed from around 6 to 12 GHz. Since the tendencies in cases A and B are the
same, the simulated results for case B will be omitted hereafter.
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Fig. 8. (Color online) Simulated transmission coefficients in case B. (a) [S21], (b) |S31], (c) [S41], and (d) |S51].

Figure 9 shows the magnitude of the electric field distribution within the fatty tissue
(z=5 mm) at the xy-plane in the case without the blood vessel. The time is 0.3 ns and frequency
is 8.0 GHz. Although the electric field in the vicinity of the feed pin of the transmitting antenna
is strong, the electric field in the vicinity of all the receiving antennas is uniformly distributed.

Figures 10(a) and 10(b) show the magnitude of the electric field distributions within the fatty
tissue in the case with the blood vessel in the xz- and yz-planes. The blood vessel is located
at i, = 5 mm along the y-axis (Case A). The frequency is 8 GHz and time is 0.3 ns. It can be
observed that the radiated electric field is attenuated by the blood vessel, and the magnitude of
the electric field under the blood vessel decreases.

4.2 Analysis in time domain
The waveforms in the frequency domain are processed by inverse Fourier transform to

obtain the waveforms in the time domain. Inverse Fourier transform is expressed using the

following equations.

JO=[" F(r)e " df @)

F(f)=6(1)P(f)H(f) )
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Fig. 9. (Color) Simulated electric field distribution without blood vessel in xy-plane.

-~

i Fatty tissue

(b)

Fig. 10. (Color) Simulated electric field distribution with blood vessel. (a) xz- and (b) yz-planes.

where f'and ¢ are frequency and time, respectively. G(f) is the simulated data in the frequency
domain, P(f) is a weight function, and H(f) is a rectangular window function that is zero-
valued beyond 25 GHz. The third derivative of the Gaussian function with the center frequency
of 8.0 GHz is used for P(f).

Figures 11(a)—11(d) show the amplitudes of the transmission coefficients Sml (m =2, 3, 4, and 5)
in the time domain in case A. In the amplitude with respect to S21 and S41, the differences
between the cases with the blood vessel from 4, = 5.0 to 12.5 mm and the case without the blood
vessel are observed from ¢ = 0.25 to 0.45 ns. Figures 12(a) and 12(b) are the enlarged figures
of the time range from 0.25 to 0.45 ns in Figs. 11(a) and 11(c), respectively. As the distance of
propagation increases, the arrival time of the radio wave becomes late. In both §21 and S41, the
regularity of the arrival time can be observed in the reflected waves from the blood vessel at the
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Fig. 11. (Color online) Simulated transmission coefficients in time domain. (a) S21, (b) S31, (c) S41, and (d) S51.
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Fig. 12. (Color online) Enlargement of Figs. 11(a) and 11(c). (a) S21 and (b) S41.

depth from £, = 5.0 to 10.0 mm. In the amplitudes with respect to S31 and S51, the differences
depending on /4, are not obvious. In the time domain, it is also confirmed that the antennas
must be arranged in consideration of the polarization plane.

Generally, it is required that the bandwidth of the weight function with a magnitude of —3 dB
be included in the impedance bandwidth of the antenna. As shown in Fig. 6, in the proposed
antenna, the bandwidth of the —5 dB reflection coefficient is approximately from 7 to 11
GHz. The impedance bandwidth of the antenna corresponds to the frequency range where the
magnitude of the third derivative of the Gaussian function with the center frequency of 8.0 GHz
becomes —1 dB. In order to satisfy the condition of the bandwidth of the weight function, the
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higher derivate should be applied. However, although the weight function does not satisfy the
impedance bandwidth of the antenna, it is confirmed in Fig. 12 that the presence of the blood
vessel can be observed. A detailed discussion of the relationships between the bandwidth of the
weight function and the accuracy of blood vessel detection is needed. This is one of our future
tasks.

The transmission coefficients in Figs. 11 and 12 include the following four waves:

(1) the reflected wave from the side surface of the fatty tissue,
(2) the reflected wave from the bottom surface of the fatty tissue,
(3) the direct wave from the transmitting antenna, and

(4) the reflected wave from the blood vessel.

Figure 13 shows the four waves. In order to evaluate the reflected wave from the blood
vessel, subtraction processing is applied to the transmission coefficients. Figure 14 shows
the concept of subtraction processing. To remove the reflected wave from the bottom surface
of the fatty tissue, the thickness of the fatty tissue is extended from Dy = 50 to 300 mm. By
subtracting the simulated values of the extended model without the blood vessel from those with
the blood vessel, the reflected wave from only the blood vessel can be obtained, as shown in
Fig. 14.

The differences between the cases with the blood vessel from /4, = 5.0 to 12.5 mm and the
case without the blood vessel are shown in Figs. 11 and 12. Therefore, subtraction processing

Direct wave from
transmitting antenna

Reflected wave from to receiving antenna
side surface of
fatty tissue

Reflected wave

Reflected wave from . from blood vessel
bottom surface of fat Fatty tissue

Fig. 13. (Color online) Four kinds of radio waves included in simulated transmission coefficients.

— T =

Extended Extended Extended
fatty tissue fatty tissue

fatty tissue

Model of extended fatty tissue
with blood vessel

Model of extended fatty tissue
without blood vessel

Fig. 14. (Color online) Concept of subtraction processing.
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is applied to S21 and S41. Figures 15(a) and 15(b) show the simulated results obtained by
subtraction processing. Regardless of the distance /;, the same waveform occurs from 0.0 to
0.1 ns. The waveform from 0.0 to 0.1 ns corresponds to the direct wave from the transmitting
antenna. Since impedance matching in the case with the blood vessel is different from that
without the blood vessel, the magnitudes of the radiated electric field are also different in the
cases with and without the blood vessel. In subtraction processing, therefore, the direct wave
from the transmitting antenna could not have been subtracted completely. Similar to Figs. 11(a)
and 11(b), the differences depending on #4; are observed in the time range from 0.25 to 0.45 ns
in Figs. 15(a) and 15(b). Figures 16(a) and 16(b) are the enlarged figures of the time range from
0.25 to 0.5 ns in Figs. 15(a) and 15(b), respectively. In both S21 and S$41, as /; becomes longer,
the arrival time becomes late. This characteristic of the arrival time is the same as that of the
transmission coefficients shown in Figs. 11(a) and 11(b). In the time range from 0.35 to 0.45 ns,
the maximum amplitudes of S21 are 0.052 in A, = 5.0 mm and 0.95 in Ay = 7.5 mm. Although
the blood vessel is shallower at 4, = 5.0 mm than at 4, = 7.5 mm, the maximum amplitude is
smaller in /; = 5.0 mm than in 4, = 7.5 mm. However, the maximum amplitude (0.03) is smaller
in p = 12.5 mm than in /45 = 7.5 mm. These are due to the following reason. As the position
of the blood vessel becomes shallow, the incidence angle from the transmitting antenna to the
blood vessel and the reflection angle from the blood vessel to the receiving antenna become
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Fig. 15. (Color online) Reflected waves from blood vessel in time domain. (a) S21 and (b) S41.
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Fig. 16. (Color online) Enlargements of Figs. 15(a) and 15(b). (a) S21 and (b) S41.
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wide. As these angles become wide, the amount of reflection by the blood vessel decreases.
However, as the position of the blood vessel is deep, the amount of attenuation due to tan ¢
of the fatty tissue increases. In S21, therefore, the maximum amplitude in /4 = 7.5 mm is the
largest.

Next, the amplitude of the transmission coefficients in the case that the antennas are moved
in the vicinity of the blood vessel is investigated. Figure 17 shows the positional relationship
between the directions of the movements of the antenna and the blood vessel. The blood vessel
exists between x =—5 and +5 mm. The antenna sensor moves perpendicular to the blood vessel.

Figure 18 shows the simulated amplitudes of the transmission coefficients in the case that the
antennas are moved from x = —20 to +20 mm. The distance of the blood vessel is /; = 5 mm.
In Fig. 18, the amplitudes between —0.25 and 0.25 are shown in a color gradation image and the
others are shown in black. In S21, the reflected wave can be confirmed at around ¢ = 0.25 ns
and from x = —6 to +9 mm. In $41, it can be confirmed at around ¢ = 0.3 ns and from x = —12
to 0 mm. Although the blood vessel can be detected, the positions of the blood vessel obtained
by the reflected wave deviate from the actual position in both §21 and S§41. In S41, moreover,

Blood vessel

Fatty tissue

|
|
T T T T
20 105 0 -5-10 -20 [mm]

Fig. 17. (Color) Positional relationships between the directions of the movements of the antenna and the blood
vessel.
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Fig. 18. (Color) Simulated amplitudes of transmission coefficients when the antenna sensor is moved from x = —20
to +20 mm (hp =5 mm). (a) |S21| and (b) [S41|.
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the virtual image appears at around x = +8 to +18 mm. In S31 and S51, the reflected wave from
the blood vessel cannot be observed. Therefore, S31 and S51, in the case that the antennas are
moved, are omitted in this paper.

4.3 3-element model

From the above simulated results, the receiving antennas should be arranged so that their
directions are the same as that of the transmitting antenna. The positions of the blood vessel
obtained from the reflected wave shift from the actual position in both S21 and S41. The
direction of the shift depends on the position of the receiving antennas. Therefore, it is expected
that the position of the image of the blood vessel can be improved by feeding receiving antennas
#2 and #4 at the same edge side and averaging the amplitudes of the reflected waves with
respect to S21 and S41.

Figure 19 shows the final antenna sensor designed in consideration of the above conditions.
The receiving antennas #3 and #5 in Fig. 4 are removed and antenna #4 is fed at the same
position on the y-coordinate.

Figure 20 shows §21s of the 5-element model (Fig. 4) and the 3-element model (Fig. 19).
The position of the antenna sensor is x = 0 mm. 521 is normalized by each maximum value.
The received waves from the blood vessel are observed at around 0.23 and 0.35 ns in both
models. However, the received wave in the 3-element model is 1.5 times bigger than that of
the 5-element model. This might be due to the fact that since the mutual coupling between
transmitting antenna #l and receiving antennas #3 and #5 is removed, receiving antenna #2
becomes more sensitive to the blood vessel.

Figure 21 shows the simulated amplitudes of the transmission coefficients in the case that
the antenna sensor is moved from x = =20 to +20 mm. The amplitude between —0.15 and 0.15
is shown in a color gradation image in 4, = 5 mm. The amplitude between —0.08 and 0.08
is shown in a color gradation image in A, = 10 mm. The final antenna sensor is used. The
images can be observed at 0.23 ns in 45 = 5 mm and at 0.35 ns in 4, = 10 mm. The positions

1 I T T
» 0.8 l\ : 3-elements model [
g 0.6 { — — — : 5-elements model
5 04 &
£ 02 % /A

\ | A .
'q:) 0 | ‘ I’ e e
s on
e -04 ] \/
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-0.8
-1
0 0.2 0.4 0.6 0.8
Time [ns]
Fig. 19. (Color online) Geometry of the final antenna Fig. 20. (Color online) S21s in 5- and 3-element

sensor (3-element model). models.
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Fig. 21. (Color) Simulated amplitudes of transmission coefficients when the antenna sensor is moved from x = —20
to 20 mm. (a) 4p = 5.0 mm and (b) 4, = 10.0 mm.

of the image of the blood vessel deviate from that of the actual blood vessel in the 5-element
model. However, the blood vessel exists symmetrically to x = 0 mm in the 3-element model.
The position of the blood vessel up to 4, = 10 mm is accurately detected by feeding receiving
antennas #2 and #4 at the same edge side and averaging the amplitudes of the transmission
coefficients S21 and S41.

Figures 22(a) and 22(b) show S21 between the antenna positions x = 0 and +20 mm. S21 is
normalized by each maximum value. At 0.23 ns in x = 0 mm, the ratio of the receiving wave
to the direct wave is 0.4 in 4, = 5 mm and 0.5 in 4, = 10 mm. At 0.35 ns in x = 0 mm, the ratio
of the receiving wave to the direct wave is 0.21 in 4, = 5 mm and 0.18 in 4, = 10 mm. The
reception level from the blood vessel for the direct wave is greater than —15 dB (0.18). The
direct wave is estimated to be approximately —30 dB at 8 GHz from Fig. 7. Therefore, the
reception level for the input power at the feed point of the antenna is —45 dB (= —15-30 dB).
The designed antenna sensor satisfies the specification (—60 dB) of the reception level. When
the position of the blood vessel is shallow (4, = 5 mm), the difference in magnitude between
the signal reflected from the blood vessel and the signal in the case without the blood vessel is
large at 0.23 ns. When the position of the blood vessel is deep (4, = 10 mm), the difference in
the arrival time between the signal reflected from the blood vessel and the signal in the case
without the blood vessel is large at around 0.35 ns. For these reasons, the image of the blood
vessel is observed at 4, = 5 and 10 mm, as shown in Fig. 21.

Noise is not considered in the simulation in this study. However, noise will occur in the
measured data. The waves reflected from objects other than the blood vessel and the higher
harmonic noise components are the expected types of noise. Such noise can be removed by
installing a time domain filter and a frequency domain filter.
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Fig. 22. (Color online) S21 between the antenna positions x = 0 and +20 mm. (a) /, = 5.0 mm and (b) A, = 10.0
mm.

5. Conclusions

In this paper, the radio-wave-type endoscope has been proposed and the antenna sensor for
the endoscope was designed by simulation. As the first step of our study, the proposed antenna
sensor was examined in a 2.5-times scale model to facilitate the fabrication and measurement of
the antenna sensor. A microstrip antenna was used as the antenna element. In the simulation, it
was confirmed that a blood vessel of 10 mm diameter could be detected at a distance of 10 mm
from the top surface of the fatty tissue in the 2.5-times scale model using the designed antenna
Sensor.

In order to evaluate the feasibility and effectiveness of the proposed antenna sensor, it is
necessary to verify the simulated results in a measurement experiment. We plan to conduct the
experiment using phantoms of fatty tissue and blood vessels.
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