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Abstract—A fully integrated CMOS circuit based on a vector
network analyzer and a transmission-line-based detection window
for circulating tumor cell (CTC) and exosome analysis is presented
for the first time. We have introduced a fully integrated architec-
ture, which eliminates the undesired parasitic components and en-
ables high-sensitivity, to analyze extremely low-concentration CTC
in blood. The detection window was designed on the high-sensitive
coplanar waveguide line. To validate the operation of the proposed
system, a test chip was fabricated using 65-nm CMOS technology.
Measurements were performed after adding a tiny lump of silicone
or a droplet of water on its detection window. The measured results
show |S_21| degradation of −1.96 dB and −6.04 dB for the silicone
and the droplet, respectively, at 1.4 GHz. In addition, in another
measurement using magnetic beads, it is confirmed that the pro-
posed circuit can analyze even low concentrations of 20 beads/µL.
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As well as microbeads, measurement with CTCs was successfully
demonstrated.

Index Terms—Circulating tumor cell (CTC), CMOS, coplanar
waveguide (CPW) line, dielectric properties, exosome, on-chip
VNA.

I. INTRODUCTION

CANCER is one of the leading causes of mortality world-
wide, occupying for 8.8 million deaths in 2015, especially

1.69 million deaths owing to lung cancer according to World
Health Organization (WHO). Moreover, it is estimated to in-
crease the number of new cases by approximately 70% for the
next two decades.

In order to reduce the risk of cancer, it is generally known
that the early detection of cancer cells is very important because
treatments become more effective for cancer diagnosed at an
early stage. Moreover, the early detection is also likely to render
survival rates higher. However, the current method for cancer
diagnosis, so-called tissue biopsy, is not very beneficial for early
detection. The tissue biopsy is a medical test to examine a sample
directly obtained from tumor likely to be cancerous and detect
cancer cells by using a microscope. However, the biopsy might
be invasive, dangerous and painful; which can be harmful to
patient’s body and organs. Furthermore, the patient might need
to face the pain to go through repeated biopsy processes after
the treatment or even if the cancer recurs.

On the other hand, there is one promising approach to improve
the early detection of cancer, which is liquid biopsy [1]. The
liquid biopsy is a medical procedure conducted on a sample
taken from a person’s body fluid such as blood and urine to look
for cancer cells or a tumor. Hence, the liquid biopsy normally
has the potential to achieve non-invasive and rapid diagnosis in
addition to the early detection of cancer. What is more, it helps
to see if cancer cells are growing or not, being able to monitor
the effect of a treatment in real time, as doctors are capable of
taking a sample more easily than by tissue biopsy.
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TABLE I
EXAMPLES IN SIZE OF CTCS

Examples of biomarkers for the liquid biopsy is circulating
tumor cells (CTCs) and exosomes, which are tumor cells de-
tached from primary tumors and circulating in the bloodstream.
As mentioned above, CTCs analysis has the possibility to play a
crucial role in early cancer detection, monitoring a treatment ef-
fect in real time and prognosis of cancerous cells. Table I shows
the examples in size of CTCs. The size of CTCs are in the range
of 10∼20 μm in general, which has usually no relationship
between cancer stages.

One of the most critical challenges in CTCs/exosomes anal-
ysis is that the CTCs/exosomes concentration is considerably
low in blood; therefore, the CTCs/exosomes analysis requires a
highly sensitive biosensor to detect the cells signal even in the
presence of various noise. There are some approaches to detect
CTCs/exosomes which have been studied over the past years
[1]–[7].

Over a few decades, biomolecule sensing technique using
a microwave has been proposed for its highly sensitive, rapid
and reliable measurement [8]–[12]. This is mainly due to the γ
dispersion which a microwave causes shows a significant vari-
ation in the dielectric constant. Another reason for employing
a microwave-sensing approach is that a microwave is sorted as
non-invasive radiation, leading to non-invasive detection of a
living biomolecule.

A label- and antibody-free biosensor using microwave for
identifying cancer cells has recently been proposed in a previ-
ous study [12]. The biosensor can realize rapid, high-sensitive
and accurate tumor cells analysis even at low cell concentrations
of 20 cells/μL because it can eliminate the parasitic microwave
effects generated from the polarization of cultured medium and
substrate material. Compared to conventional impedance mea-
surements, this does not require reference electrode, which is
one of the most difficult challenges for guaranteeing accuracy.
Nonetheless, the biosensor might not be very clinically prac-
tical since its signal process requires an area-consuming and
expensive external vector network analyzer (VNA).

This paper proposes a fully-integrated circuit based on CMOS
composed with a biosensor referred to the previous study [12]
and an on-chip VNA for CTC analysis. The proposal is expected
to achieve more accurate and sensitive analysis of CTC owing to
the elimination of the undesired parasitic effects from substrate
and cables in comparison with other papers [8]–[12].

In addition to the conference proceedings [13], this paper
presents detail of the implementation, measurement with CTC,

Fig. 1. Conceptual diagram of the proposed CMOS CTC/exosome analysis
platform.

and discussions for exosome analysis. Compared to the previ-
ous study [14], this paper includes measurement using higher
frequency with real CTCs samples, which improves feasibility
for practical applications. Section II provides the proposed
fully-integrated CTCs/exoxomes analysis system. Section III
shows test chip design and measurement setup. Section IV
presents discussions for exosome analysis. Section V concludes
the paper.

II. FULLY-INTEGRATED CTCS/EXOSOMES ANALYSIS SYSTEM

Fig. 1 shows a concept image of the proposed architecture for
analyzing CTC/exosomes using a CMOS circuit based on mi-
crowave. In the figure, S21 indicates the insertion loss. When a
sinusoidal wave input to the system on which blood samples in-
cluding CTCs/exosomes are added, there should be variations in
a phase and amplitude of the output signal, that is S-parameter,
because of the CTCs/exosomes’ impedance change by differ-
ent types and the number of CTCs/exosomes on the detection
region. Moreover, the S-parameter can be measured by a part
of CMOS integrated circuit. Therefore, there is two main build-
ing blocks composing with the proposed architecture: one is a
detection area referred to the previous study mentioned above
and the other is an on-chip VNA based on CMOS technology
for S-parameter measurement. In the following sub-sections,
electromagnetic (EM) and SPICE simulations are performed us-
ing CST MW Studio and SPICE simulation with 65-nm PDK,
respectively.

For practical application, microfluids will be employed for
avoiding overflow of the sample liquids and conductivity
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Fig. 2. (a) Structure of the detection area, (b) cross section of the detection
area, and (c) equivalent circuit of the detection area with CTC (L = 500 μm,
S = 182 μm, G = 12 μm, tC u = 3.4 μm, and h = 300 μm).

changes. Besides, issues of electrostatic discharge (ESD) with
HBM/CDM modeling must be addressed.

A. Detection Area With Transmission-Line-Based
Detection Window

Fig. 2(a) describes the structure of the transmission-line-
based detection area investigated in [12]. The structure is based
on the coplanar-waveguide (CPW) line, which consists of a sig-
nal line in the middle and two ground lines at both sides. The
biosensor also has a detection window for CTCs/exosomes in
the middle of the signal line so that the EM waves concen-
trated on the signal line significantly penetrate CTCs/exosomes.
In Fig. 2(b), the cross section of the detection area is illus-
trated, which is fabricated on a semiconductor substrate and
intermetal dielectric (IMD) and copper composing with the
CPW line on the top. Fig. 2(c) shows an equivalent circuit
of the detection area including CTCs/exosomes dropped on it.
The values of R(f)C T C s and C(f)C T C s correspond to the re-
sistance and capacitance of the CTCs/exosomes, respectively
while R(f)C P W , L(f)C P W , G(f)C P w , and C(f)C P W are the
lumped-element resistance, inductance, conductance, and ca-
pacitance for the CPW line, respectively. In this circuit model,
the cell-based parameters of R(f)C T C s and C(f)C T C s repre-
sent all of CTCs/exosomes on the detection area. The two cell-
based value can be obtained from the transformation between a
ABCD matrix and S-parameter matrix:(

S11 S12
S21 S22

)
⇔

(
A B
C D

)
. (1)

According to the transformation and the ABCD matrix of the
equivalent circuit shown in Fig. 2(c), the following expressions
can be derived as follows:

B = Z0 (f)
(1 + S11) (1 + S22) − S12S21

2S21
=

1
Y2

, (2)

Y2 =
1

R(f)C P W + jωL(f)C P W

+
1

R(f)C T C + 1
jωC (f )C T C

,

(3)

Fig. 3. Electrical field distribution (a) top-down view of the unloaded detection
area, (b) cross section at the central part of the detection area.

Fig. 4. Block diagram of a fully integrated VNA. The dashed line indicates
the boundaries of the IC.

where Y2 is the admittance of the detection window with
CTCs/exosomes, surrounded by a red line in Fig. 2(c), and ω
is an angular frequency of the input signal. From (2) and (3),
it can be seen that Y2 , corresponding to types and the num-
ber of CTCs/exosomes, is related to the complex number of
S-parameters such as S11 and S21 , which means that the dif-
ference of CTCs/exosomes’ types and number on the detection
area results in S-parameters change.

The detection area was designed in such a way that EM
waves can be applied to the detection window, enabling the
waves to penetrate CTCs/exosomes significantly. To confirm
the effectiveness of EM waves, EM simulation was performed
with CST MW Studio. For the EM simulation, the detection area
was modeled considering the IMD materials, for instance their
thickness and dielectric constant and then simulated. Fig. 3(a)
shows the top-down view of electrical field distribution for the
detection area while Fig. 3(b) is a cross section image at the
central part. It is observed that the electrical field sufficiently
concentrates on the detection area, approximately 105 V/m.

B. Fully-Integrated CMOS-Based VNA Architecture

Fig. 4 presents a block diagram of the proposed fully inte-
grated CMOS–based VNA with the detection area. The VNA
consists of signal-separation devices and receivers for down-
converting and detecting the signals. In Fig. 4, when an incident
wave is applied to the VNA chip at a certain frequency, the
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first directional coupler of the signal-separation devices split
the incident and reference waves. Therefore, ignoring various
parasitic reflections, the incident signal on the reference path
can be expressed as follows:

Sref e = ҝcou + τcouΓcou Icou + τcou
3Γcou Icou , (4)

where τcou , ҝcou , and Γcou represent the transmission, coupling,
and reflection coefficients, respectively, and Icou represents iso-
lation of the directional coupler; these values are assumed the
same for all the couplers. Then, the second coupler is used to
distinguish the incident wave from the reflection waves from the
device-under-test (DUT), corresponding to the detection area in
Fig. 2(a). Thus, the signal on the reflection path can similarly
be shown to be

Sref l = τcouIcou + τcou
2S11ҝcou . (5)

Finally, the third coupler separates the waves transmitted
through the detection area from the incident waves. Hence, the
signal on the transmission channel is

Stran = τcou
2S21ҝcou . (6)

These equations from (4) to (6) are calculated by the
Kirchhoff’s rules.

These signals are conveyed to the receivers using low-noise
amplifiers (LNA) and Gilbert mixers for down-converting to
a lower frequency and evaluating the signals, which yields R,
A, and B of the reference, reflection, and transmission signals,
respectively, as shown in Fig. 4. In other words, Srefe , Srefl , and
Stran can be ideally exploited as R, A, and B, respectively. From
(4), (5) and (6), assuming the directional couplers have high
isolation coefficients, the S-parameters can ideally be obtained
as follows:

S11 =
A

R
=

|A|
|R|∠ (A − R) (7)

S21 =
B

R
=

|B|
|R|∠ (B − R) (8)

where |X| and ∠X represent the amplitude and phase of the
phasor signal. Besides, note that R, A, and B are the reference,
reflection and transmission signals, respectively. According to
(7) and (8), the S-parameters can be calculated from the ampli-
tude ratio and phase difference between the outputs of A and R
and those of B and R.

In the measurement, the amplitudes and phases of A, B, and
R can be obtained as the output from the mixer. Thus, we can
obtain S-parameters for analyzing CTCs and exosomes.

Following sub sections introduces design and explanation of
the building blocks.

1) Directional Coupler: The directional coupler shown in
Fig. 5 is designed for signal-separation; the coupler consists of
two inductors and capacitors [15]. To provide a low reflection
coefficient and high isolation, the following equations should

Fig. 5. Schematic of the directional coupler and signal flow of input signal at
port 1.

Fig. 6. Schematic of the inductive source degeneration LNA.

be satisfied:

ω0
2 =

1
L (C1 + C2)

(9)

2ω0
2C1C2 + ω0

2C2
2 =

1
Z0

2 (10)

where ω0 is the resonant frequency, and Z0 represents the sys-
tem impedance of 50 Ω. The waveforms in Fig. 5 are from a
simulation at 40 GHz, which illustrates that the signal at port
4 is isolated. Further information can be obtained from [15].
When a signal is input at port 1, the coupler isolates the signal
at port 4 at a frequency determined by (9) while the other two
ports receive transmitted waves. Owing to its reconfiguration,
this property is true of input signals at other ports.

2) LNA: In order to achieve low noise and high gain, an
inductive source degeneration LNA with a cascode transistor,
as shown in Fig. 6, is applied. The transistor M1 converts an
input voltage into a current that stimulates an output voltage via
Ld . In Fig. 6, Ls is for input impedance matching whereas Lg

and C1 are used to improve the noise performance [16].
3) Gilbert Mixer: Fig. 7 shows a schematic of a common

single-ended Gilbert mixer for down-conversion and a spectrum
waveform in simulation of input (IN) and local oscillator (LO)
signals with frequencies of 40 GHz and 33 GHz, respectively. In
Fig. 7, the frequencies fIN and fLO represent the frequencies
of the IN and LO signals, respectively. The mixer can down-
convert by switching the current caused by the IN voltage at the
LO frequency, which generates signals multiplied with IN and
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Fig. 7. Schematic of the single-ended Gilbert mixer and a spectrum waveform
at simulation of a 40 GHz input.

Fig. 8. (a) Microphotograph of the test chip, (b) S-parameter measurement
setup.

LO, producing outputs with the differential frequency between
the IN and LO signals, fIN –fLO . As in the simulated spec-
trum waveform, the Gilbert mixer successfully outputs 7 GHz,
which is equal to the frequency fLO = 33 GHz subtracted from
fIN = 40 GHz. As mentioned in the latter measurement setup
section, due to the limitation of I/O design and measurement
setup, we have tested with 1.4 GHz input signal.

III. TEST CHIP DESIGN AND MEASUREMENT SETUP

In order to validate the operation of the proposed system, a
test chip was fabricated in 65-nm CMOS technology. Fig. 8(a)
illustrates a microphotograph of the test chip. It occupies 600 μm

× 1 mm and contains the detection area surrounded by a red
line, the on-chip VNA, and I/O pads. Fig. 8(b) represents the
measurement setup for CTCs/exosomes dielectric characteriza-
tion analysis. In this paper, owing to the limitation on I/O and
measurement devices, a 1.4 GHz input signal and a 1.2 GHz
signal are applied to the test chip, which is supposed to generate
mixed output signals of 200 MHz. S-parameters were calculated
based on (8) and (9) from the outputs R, A, and B. For measure-
ments to validate the system’s effectiveness, various dielectrics,
for example water and magnetic beads, were used in the first
step and then cells modeling CTCs were added in the next stage.

A. Measurements Using Various Dielectrics

First of all, S-parameter measurements were conducted with
the detection window on which a lump of silicone or a droplet
of water (roughly 0.2 μL) were added. The silicone and water
show 11.9 and 78 in the relative dielectric constant, respec-
tively. Furthermore, to observe the S-parameter dependence on
the concentrations, magnetic beads (Dynabeads M270) from
20 beads/μL to 2.2 × 105 beads/μL in concentration were used.
In the measurements, the dropped volume including the mag-
netic beads was approximately 0.2 μL. The M270 consists of
considerably cross-linked polystyrene and magnetic material,
which have diameters of 2.8 μm. For the measurements, the pro-
cedure was conducted repeatedly three cycles for each dielectric
to obtain the average value of the output signal amplitude. What
is more, the two types of measurements were also performed
using different test chips.

B. Measurements Using CTCs Sample

In the next stage, samples modeling CTCs, lung cancer cells
of H1975 and NCI-H82, were used in measurements. For the
observation of the S-parameter dependence on the concentra-
tion, H1975 were set at concentrations from 50 cells/μL to
1.6 × 104 cells/μL, which are almost from 10 to 3.3 × 103 cells
in the number of H1975.

In order to get the average statistic of the amplitude of the out-
put signals, measurements for each type of cells were performed
for five cycles. As with the measurement above, different chips
were used in different measurements.

C. Cells Growth

Fig. 9 shows the photograph of the cultured H1975 and NCI-
H82 cells. The average diameters of the cultured H1975 and
NCI-H82 cells are 11.7 μm and 12.5 μm, respectively. While,
those of the dead H1975 and NCI-H82 cells are 9.9 μm and
6.3 μm, respectively. The survival rates of them are 62% and
98%, respectively.

IV. RESULTS

A. Measurements Results Using Various Dielectrics

Fig. 10 depicts the obtained waveforms of the reference volt-
age R and the reflection voltage A from the measurement, in
which the waveforms of R and A are colored yellow and green,
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Fig. 9. Photograph of the cultured cells (a) H1975 (b) NCI-H82.

Fig. 10. Measured waveforms of the reference voltage R and the reflection
voltage A: (a) the unloaded detection area, (b) the detection area with a lump of
silicone, and (c) the detection area with a water droplet.

respectively. In the measurement, there were three conditions
of detection area: the unloaded detection area on which nothing
was added, the detection area with the lump of silicone, and
one with a droplet of water. From Fig. 10, it is clear that the
output signals are successfully mixed to 200 MHz in frequency
between the IN of 1.4 GHz and the LO of 1.2 GHz. Moreover,

TABLE II
MEASURED S-PARAMETERS FOR DIELECTRIC

Fig. 11. S-parameters dependence on the concentration of the magnetic beads.

Fig. 10 also shows the change in amplitude of the reference and
reflection waves. The measured and calculated S-parameters are
summarized on Table II from the average values of the three runs
of the measurements for each sample. In Table II, the change in
|S21 | becomes greater than |S11 |. The unloaded detection area
shows rationally the smallest transmission coefficient |S21 | of
−3.10 dB. This is because microwave penetrates and is absorbed
by dielectric on the detection window, resulting in the reduction
of |S21 | from the dielectric loss. Hence, water describes higher
transmission loss of −9.14 dB than the attenuation of −5.06 dB
for the silicone since the loss tangent, tanδ, of water is higher
than silicone. Additionally, variations of around 20% and 50%
in |S21 | for the detection area with the silicone and the water are
observed in Table II while there are changes of approximately
20% and 8.5% in |S11 |, respectively. To confirm the correct ten-
dency for the dielectrics, the MWS simulation was performed,
which offering the same relationship of the changes by both
dielectrics as the measurements.

Fig. 11 represents the S-parameters dependence on the con-
centrations of the magnetic beads. The concentrations varied at
20, 2.2 × 102, 2.2 × 103, 2.2 × 104, and 2.2 × 105 beads/μL,
corresponding to the estimation in the number of 4, 4.4 × 101,
4.4 × 102, 4.4 × 103, and 4.4 × 104 beads.

In Fig. 11, it is observed that there is the reduction in |S11 |
while there is the rise in |S21 | along with the increase of the
concentrations. The reason showing the relationship is the mag-
netic beads set on the detection window is inferior in dielectric
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Fig. 12. S-parameters dependence on the concentration of H1975.

characterization to water, which means that a small number of
magnetic beads do not interfere with the dielectric property of
water, getting closer to the value for water, |S11 | of −4.19 dB
and |S21 | of −6.55 dB. The proposed system has the potential
to analyze the magnetic beads even at low concentrations of
20 beads/μL compared to the S-parameters for water. Consider-
ing the measurement results above, the proposed fully-integrated
system can analyze the dielectric characterization of dielectrics.

B. Measurements Results Using CTCs Samples

As with the measurement using the magnetic beads mentioned
above, the measurement using lung cancer cells named H1975
cells was performed, offering the result of the S-parameter de-
pendence on the concentrations as shown in Fig. 12. The con-
centrations of H1975 set on the detection window were ap-
proximately 50, 3.5 × 102, 1.4 × 103, 6.4× 103, and 1.6 ×
104 cells/μL, which is almost estimated 10, 70, 2.7 × 102, 1.3 ×
103, and 3.3 × 103 cells. According to Fig. 12, the S-parameter
|S21 | decreases as there is the increase in the concentrations of
H1975 cells dropped on the detection area, which is the opposite
tendency compared to the S-parameter dependence of the mag-
netic beads. This seems because the dielectric characterization
of the cells is greater than the magnetic beads, meaning that the
larger number of the cells show the greater transmission loss
|S21 |. Fig. 12 depicts the proposed system is able to analyze the
S-parameter dependence on concentration of the cells modeling
CTCs, even at low concentrations of 50 cells/μL. From Fig. 12,
the limitation on the H1975 detection of the proposed system
can be assumed over 50 cells/μL, that is almost over 10 cells/μL.

Fig. 13 shows the waveforms of the reference voltage R and
transmission voltage B, which are shown by the yellow and
green line, respectively, when nothing and two CTCs-model
cells of NCI-H82 and H1975 at 300 cells/μL were set on the
detection window in order. As seen in the measurement for
different dielectrics, it can be confirmed that the output signals
of the reference voltage and transmission voltage have 200 MHz
in frequency, generated from the 1.4 GHz input and 1.2 GHz LO
with the mixer, from Fig. 13. The S-parameter were measured
and calculated from the mixed output signals shown on Table III.
In Table III, when setting NCI-H82 on the detection window,

Fig. 13. Output waveforms of the reference voltage R and the transmission
voltage B for the unloaded, the detection area with the NCI-H82, and the
detection area with the NCI-H82 and H1975 at 300 cells/μL.

TABLE III
MEASURED S-PARAMETERS FOR CANCER CELLS

there is the drop to−4.50 dB in the S-parameter compared to the
unloaded, which has the lowest transmission loss of −3.20 dB.
In addition, the drop of H1975 results in the |S21 | degradation
of −5.50 dB. The difference caused by the NCI-H82 cells is
a little more significant than by the H1975 cells. The results
of measurements using the real tumor cells modeling CTCs
demonstrate that our proposed fully-integrated architecture can
characterize the dielectric properties of cancer cells and has the
potential in the application of the practical CTC and exosome
analysis.

V. DISCUSSION

This section discusses potential for analysis of exosome.
Since exosomes are much smaller than cells, existing alterna-
tive CMOS-based methods such as DC current analysis with
well structure [17], [18] cannot be applied. Thus, optical-based
nanoparticle tracking analysis is widely used [19]. However,
optical-based method requires large footprint and is not suitable
for point-of-care testing applications.
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TABLE IV
PERFORMANCE COMPARISON

In this study, due to the limitation of the sample preparation,
only CTC measurements were performed. The diameters of exo-
somes are reported to be from 30 to 100 nm [20]. Thus, success-
ful measurement of H1975 (11.7 μm diameter) with dynamic
range of 320 (from 50 cells/μL to 1.6×105 cells/μL) imply
the possibility of exosome analysis under high-concentration
condition.

In order to realize exosome analysis under low-concentration
condition, higher sensitivity and lower noise is desired. Due to
the conservative design, we have not implemented any counter-
measures such as the CDS. However, introduction of counter-
measures will be helpful for exosome analysis.

Table IV summarizes the performance comparison. Our pro-
posed work outperform the previous work from the viewpoint
of noise performance and small form factor using on-chip VNA
architecture.

Since the proposed architecture requires generating and han-
dling millimeter wave signal, it also requires sophisticated in-
strumentations. However, signal generators, connectors, and ca-
bles are much cheaper than millimeter wave VNAs. Thus, the
proposed work is more reasonable from the viewpoint of practi-
cal application. In addition, fortunately, recent progress on mil-
limeter wave design for wireless communication will be helpful
for addressing this matter.

VI. CONCLUSION

Design and experimental demonstration of a fully-integrated
CMOS circuit based on a vector network analyzer (VNA) and a
transmission-line-based detection window for circulating tumor
cell (CTC) and exosome analysis is presented. This is the first
study in which an integrated VNA is designed with CMOS tech-
nology to process signals from CTC and achieve high integra-
tion between the VNA and the detection window. We confirmed
that S-parameters depend on the type of dielectric and observed
S-parameters measured with the proposed circuit for the change
in dielectric constant; in particular, we observed |S21 | degra-
dations of −1.96 dB and −6.04 dB, which correspond to 20%
and 50% reductions at 1.4 GHz, when a silicone resin lump and

a water droplet, respectively, were individually added on the
detection window. Moreover, from another measurement using
magnetic beads ranging in concentration from 20 beads/μL to
2.2 × 105 beads/μL, the measured S-parameters vary depend-
ing on the concentration of the magnetic beads, and even a low
concentration of the beads can be detected with the detection
window. In addition, the measurement results with CTC sam-
ples in concentration from 50 cells/μL to 1.6 × 104 cells/μL
are demonstrated. These results demonstrated that our proposed
system allows for dielectric characterization and presents the
possibility of use in practical CTC and exosome analysis.
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