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Abstract—In this paper, we propose a CMOS biosensor that
can be extensively tuned by voltage control using an active
inductor. In order to detect circulating tumor cells (CTCs) and
exosomes, a Vvoltage-controlled oscillator (VCO) with active
inductors is employed to operate at a wider frequency range with
a chip area of 0.086 mm? including PAD, which is smaller than
that of conventional circuits. To verify the operation of the
proposed biosensor, electromagnetic (EM) simulation shows that
the electric field extends to the cells on the interdigital capacitor
(IDC) in the sensing area. Based on the simulation results, we
conducted experiments on a prototype fabricated using the TSMC
65-nm standard process. The biosensor was found to vary from
about 1.78-4.43 GHz with a power consumption of 39.0-45.8 m\W.
2 pl of purified water was dropped onto the sensor multiple times
and successfully detected water with an average frequency shift of
0.702 GHz. These results indicate that the proposed biosensor has
the potential to detect biomarkers such as CTCs and exosomes.

Keywords—CMOS, biosensors, active inductor, circulating
tumor cells (CTCs), exosomes, interdigital capacitor (IDC).

. INTRODUCTION

In recent years, biomarkers such as circulating tumor cells
(CTCs) and exosomes have been attracting attention for the
early detection and treatment of cancer. There are several
biological substances that have attracted attention as biomarkers
in liquid biopsy, and Circulating Tumor cells (CTCs) and
exosomes, which are extracellular vesicles containing genetic
information such as mRNA, are representative examples. By
detecting these biomarkers in body fluids and analyzing the
genetic information contained in them, highly accurate and
label-free cancer diagnosis based on the genetic information of
cells is possible, and minimally invasive cancer treatment can be
realized [1], [2].

Currently, the main biosensors are based on optical methods.
The optical method requires label processing and is expected to
have various applications with high sensitivity, but it has the
disadvantage of large size and high cost because it requires
equipment such as a light source, spectrometer, and detector.
Therefore, optical methods limit the possibility of developing
simple inspection methods [3]. On the other hand, electrical
methods, such as those represented by CMOS biosensor
integrated circuits, do not require label processing, and have the
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Fig. 1. Conceptual image of the proposed biosensor.

advantage of simple and rapid detection with small equipment,
as well as low cost due to mass production of integrated circuit
chips. Therefore, the electrical method using dielectric
properties has the potential to realize a simple and inexpensive
device for liquid biopsy using CTCs and exosomes as
biomarkers.

In previous studies, several biosensors have been proposed
based on the frequency shift of LC oscillators [4]-[6]. The
disadvantage of these sensors is that their operation is narrow-
banded due to the use of LC oscillators. In this study, we
confirmed by EM simulation that the electric field extends over
the chip, and verified the effectiveness of the proposed biosensor
from actual measurements of water drops on the prototype
sensor.

Il.  SYSTEM OF PROPOSED BIOSENSOR

Fig. 1 shows the conceptual diagram of our proposed
biosensor. The target biological material is detected by using the
frequency change of the LC oscillator to detect it. The operating
frequency of the LC oscillator is expressed as follows:

1
2mVLC

f= (1)
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Fig. 3. Small-signal equivalent circuit of a simplified active
inductor.

where L and C represent inductance and capacitance,
respectively. The value of capacitance increases with the
dielectric constant of biomarkers such as CTCs and exosomes
placed on the biosensor chip. If the value of capacitance
increased by cells is C,.;;s, the new oscillation frequency can be
rewritten as follows:

1

27'[\/ L(C + Ccells) .

Based on the change in this oscillation frequency, biomarkers
can be detected. In this LC-oscillator-based sensor, target
molecules can be detected even when the target and the circuit
are far apart. In determining the operating frequency, we focused
on the dielectric dispersion of biological tissues and cells.

f= (2)

Due to polarization of counterions, interfacial polarization
between cell membrane and cytoplasm, and dielectric dispersion
of bound water, o-dispersion (-10 kHz), p-dispersion (1-100
MHz), and y-dispersion (1 GHz-) occur in cells, respectively [7],
[8]. Since the relaxation of bound water can be observed in the
GHz band, cells can be detected, and we aim to realize a
broadband VCO to directly capture the dielectric relaxation
caused by the intercellular structure.

Fig. 2 shows the proposed biosensor. The circuit consists of
a variable active inductor, a sensing region, and a cross-coupled
pair, where the inductance can be varied with voltage V., [9].
The designed circuit area is 0.086 mm? . For the active inductor,
if only the DC component is taken into account, transistors M,
and M, form a cross-coupled pair, while M; and M, form a
drain-grounded amplifier circuit. Also, at the operating point of
the circuit, M, M,, M5, and M, are all in the saturation region.
M; and M are modeled by g5 and g4 at the operating point,
respectively. When 2g,,1+9ms > gass, the circuit shown in Fig.

3 can be simplified using the equivalent inductance L., ,
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Fig. 4. Architecture of the designed IDC. (a) Top view, (b) Side
view.

resistance R, and conductance G, of the active inductor. Each
parameter is shown as follows:

2(Cgs1 + Cgs3)

= , (3)
o Yass (ngl + Gmz — gdss)
— Z(sts + gml) (4)
* Yass (ngl + Gmz — gdss) '
Ja
Gy =5 (5)

IIl.  SIMULATION RESULTS

A. Electromagnetic simulation

Fig. 4 shows the designed IDC. For the capacitance of the
sensing area, the interdigital capacitor (IDC) consists of
multiple fingers and is a capacitor that utilizes the capacitance
generated in the gap between conductors. When a standard
capacitor is used, the electric field does not extend over the chip,
but when an IDC is used, the electric field extends over the chip
and the presence of a measurement target changes the
equivalent capacitance value. Therefore, it can be used not only
to detect the presence or absence of a target, but also to measure
conductivity, permeability, and dielectric constant [10]. Since
the proposed circuit is fabricated in the TSMC 65 nm CMOS
process, the thickness and dielectric constant values of the
passivation layer, copper interconnections, and internal
dielectric layer were determined with reference to the process
rule. Since the top metal in the CMOS process used to fabricate
this circuit is the ninth layer, the internal dielectric (IMD) is
stacked to correspond to the ninth metal layer. The design of
this IDC has a capacitance of about 250 fF. The simulation was
performed using CST Microwave Studio 2021 for
electromagnetic field simulation to evaluate the electric field
distribution of the IDC. Fig. 5 shows the electric field
distribution when a differential signal is given to the designed
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Fig. 5. Electromagnetic simulation of the designed IDC. (a) Top view, (b)
Cross section.
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Fig. 6. Simulated relationsip between oscilllation frequency and
frequency shift.

IDC. From the simulation results, it was determined that the
electric field generated by the IDC would spread to the top of
the passivation layer, and the electric field would be sufficiently
applied to the target dropped on the chip.

B. Post layout simulation

In order to verify the feasibility of the proposed concept,
simulations were performed using the Process Design Kit (PDK)
for the TSMC 65-nm standard CMOS process, after extracting
the wiring parasitic elements and the instance parameters of the
specified design elements in the designed layout.

Since there is limited information on the dielectric properties
of CTCs and exosomes, in this simulation, the equivalent
capacitance of the cell (C,.;;s in Fig. 2(a)) was set to 10 fF, the
value of capacitance of a typical cell, based on the dielectric
parameters of a typical cell [11]. Furthermore, the simulation
results of the relationship between the oscillation frequency and
frequency shift when the capacitance to be added is changed to
20 fF and 30 fF are shown in Fig. 6. Since the magnitude of the
frequency shift changes by changing the value of the added
capacitance, it can be confirmed that the system is capable of
detecting parameters that affect the dielectric properties of
biomaterials, such as the size and concentration of biomaterials.
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Fig. 9. Measured frequency shifts.

IV. MEASUREMENT RESULTS

The spectrum analyzer (Anritsu MS2830A) and the power
supply (Agilent U8002A) have been used for the measurement.
The output has been connected to the spectrum analyzer via
SMA cables. The supply voltage other than V,,,, is 1.8 V. The
post layout simulation and the actual measurement results of the
prototype chip are shown in Fig. 8. The proposed biosensor
achieves a wide frequency range of about 1.78-4.43 GHz
depending on the V,,, and the oscillation frequency changes
linearly depending on the V,,,,. In the postlayout simulation, the
oscillation frequency only started at V.,,, of 0.4 V, but in the
prototype chip, the oscillation frequency was the same at 0.3 V
due to the influence of parasitic capacitance. The power
consumption was 39.0-45.8 mW. The operating frequency and



on the sensor changes. In the actual measurement using the
prototype, water was successfully detected. Therefore, this
biosensor has the potential to detect biomarkers such as CTCs
and exosomes.
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TABLE I. COMPARISON TO THE PREVIOUS WORKS
JSSC’ 2016 JSSC’ 2018 APCCAS’ 2019 .
This Work
[4] [5] [6]
Circuit LC-VCO LC-VCO Lc-vCo LC-vCO
configuration (Injection (Transformer) (Inductive) (Active Inductor
Locked) and IDC)
Operation
frequency | &% (ljcl ﬁ)7 130 14137 0.00113 1.78-4.43
(GHz)
Detection
limit 1.25 0.3 70 N.A.
(ppm)
Power
consumption 65 5.0 39.6 39.0-45.8
(mW)
Circuit Area 0.212 0.17 113 0.086
(mm?)
CMOS 65 nm 65 nm 65 nm 65 nm
Technology
Magnetic
Label Unnecessary Beads Unnecessary Unnecessary

the frequency shifted when 2 pl of purified water was dropped
five times on the IDC by a micropipette are shown in Fig. 9. The
frequency shift was 0.702 GHz on average, and we conclude that
the water was successfully detected.

Since the dielectric constant of the sample differs between
the case where the sample dropped on the IDC contains only
water and the case where the sample contains water with
biological substances such as CTCs and exosomes, the detection
of biological substances is possible by measuring the amount of
frequency shift for both over several times. The results of
previous measurements and simulations conducted in our
laboratory suggest that the amount of frequency shift changes
between a drop of water only and a solution containing
exosomes and CTCs[6], [12].

Table | shows the comparison to the previous works of
CMOS biosensors using LC-VCO. The proposed system can
achieve 49.41% chip area reduction compared to the previous
works. In order to achieve broadband operation, the proposed
circuit utilizes an active inductor with variable inductance value
instead of the spiral inductor used in our previous work, which
shows that the proposed circuit has a large frequency tunability
compared to the previous work.

V. CONCLUSION

In this paper, an active inductor-based VCO with a relatively
small chip area and wide bandwidth operation is employed for
the detection of CTCs and exosomes. Since the detection
principles of the proposed circuits are both based on the
dielectric constant of biological materials, magnetic bead
labeling is not required for target detection. In addition, the
proposed active inductor biosensor can operate over a wide
frequency range in y-dispersion and is expected to detect a wide
range of dielectric properties. Using IDC as the capacitance in
the detection region, we have demonstrated the feasibility of cell
detection on the biosensor chip by electromagnetic field
simulation. Furthermore, Post layout simulation was performed
using PDK. We confirmed that the amount of frequency shift
changes when the equivalent capacitance of the cells dropping
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