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A nanoresonator can be applied as a biochemical sensor based on the change in the mass of
the nanoresonator, and the mass change can be interpreted in the frequency domain. In this
paper, we present an open-loop spectrum analyzer integrated circuit (IC) for a nanoresonator.
The circuit determines the frequency characteristics of a nanoresonator, such as quality factor
(Q-factor) and resonant frequency, and detects minute resistance changes of the nanoresonator
that result in changes in Q-factor or resonant frequency. The proposed nanoresonator driver
circuit is implemented using an open-loop system, and to characterize the open-loop frequency
response of the nanoresonator, the IC includes a voltage-controlled oscillator, a transimpedance
amplifier, and a 16-bit delta-sigma analog-to-digital converter. To compensate for the parasitic
components that cause the distortions of the phase and magnitude response, a shunt-capacitance
cancelling amplifier is used to cancel the effect of the shunt-parasitic capacitance of the
nanoresonator. The simulated target nanoresonator is modeled using the Butterworth—Van Dyke
equivalent circuit model with a resonant frequency of 10 MHz. The proposed nanoresonator
driver circuit is fabricated using a standard 0.18 um complementary metal oxide semiconductor
process with an active area of 2.346 mm?. The simulated resistive sensitivity of the IC is
5.1 mV/kQ.

1. Introduction

As the nano/microelectromechanical system (NEMS/MEMS) sensor market continues to
grow, a nanotechnology-based nanoresonator is expected to have various applications in the
future, centering on the high-sensitivity sensor market. It can be applied as a biochemical
sensor that is targeted for detecting protein,(l) the density or viscosity of the surrounding
liquid, or DNA.® The surrounding medium, DNA adsorption, and so forth cause the change
in the damping parameter or mass in the equivalent mechanical lumped-parameter model. In
the equivalent electrical Butterworth-Van Dyke model®® that consists of a motional branch
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(series resistance, capacitance, and inductance) and parallel static capacitance, the damper in the
mechanical model acts as a dissipative element and is equivalent to the resistance, and the mass
is an inertial element and equivalent to the inductance. The resonator driving circuit that reads
out the motional resistance or inductance change can be applied to resonator-based biochemical
sensors. In this paper, we focus on the motional resistance readout method for the detection of
biochemical properties, such as the density and viscosity of fluid," 'V or blood glucose.

The following are the two main systems for driving a resonator: open-loop and closed-loop
systems. Several recent studies of a resonator driving integrated circuit (IC) using a closed-
loop system have been reported. 121 In a closed-loop system using self-sustained oscillation
and the resonant frequency tracking method,>*1618) it s difficult to oscillate at an accurate
resonant frequency. A resonator is a mechanical bandpass filter and if the resonator has a low
Q-factor, the difference between the passband and the attenuated band is not obvious, so the
frequency can be locked at an unwanted frequency. The parasitic capacitance of the resonator
causes the distortions of the magnitude and phase response, and also makes the locking of the
frequency at a resonant frequency difficult. Therefore, in order to develop a miniaturized high-
precision nanoresonator through the NEMS process, the distortions of the phase and magnitude
response caused by the effect of parasitic components®®?" should be adjusted.

In the closed-loop system, the quality factor (Q-factor) is indirectly measured by automatic
gain control. On the other hand, in the open-loop system, the resonant frequency and Q-factor
can be obtained from a full frequency response curve, but only in the case of a low Q-factor or
multiple resonant frequencies.®) As with the closed-loop system, it is still important to cancel
the parasitic capacitance in the open-loop system to alleviate the frequency response distortion
and achieve a high Q-factor.'?

Studies of a resonator driving IC for the determination of the resonator frequency response
using the open-loop system have been rarely conducted. In this paper, an open-loop on-
chip spectrum analyzer IC for a nanoresonator is presented. The IC determines the resonant
frequency and Q-factor from the full frequency response curve of the resonator. The shunt
capacitance cancelling amplifier is used to cancel the effect of the parasitic shunt capacitance.
As shown in Fig. 1, the proposed circuit is fully integrated into a single chip and implanted into
the human body, which can be applied as a biochemical sensor for the continuous monitoring of
blood glucose and blood pressure.

In Sect. 2, the equivalent mechanical/electrical resonator models of biochemical sensors are
presented, and the proposed spectrum analyzer scheme for a nanoresonator and the operation
principle are addressed. The simulation and experimental results are presented in Sect. 3.
Finally, the conclusions are summarized in Sect. 4.

2. Proposed Open-loop Spectrum Analyzer IC for Nanoresonator
2.1 Resonator model

The equivalent mechanical and electrical resonator models are shown in Fig. 2. In the
mechanical model, protein or DNA adsorption results in the changes in mass and resonant
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Fig. 1.  (Color online) Fully implantable IC in human body.
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Fig. 2.  (Color online) Equivalent mechanical and electrical resonator models.

frequency. Damping parameter changes with the state of the surrounding medium, which in
turn changes the Q-factor. The damping parameter is equivalent to the motional resistance in
the equivalent electrical model and the mass to the inductance so that they are equivalent to the
changes in resistance and inductance in the electrical model of the resonator. The density and
viscosity of the surrounding liquid or target materials can be detected by sensing the change in
motional resistance or inductance.

In the equivalent electrical model, the motional series resonant frequency (MSRF) at which
the effect of the parasitic capacitance Cop is ignored is expressed as

L,C

m=m
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and the parallel resonant frequency that considers the parasitic capacitance Cop is approximately
expressed as

1 1 R}
@, = + -5 @
LmCm LmCO Lm
In the case of Cp >> C,, Eq. (2) is approximated as®®
C
0,= 0. | 1+, 3)
p rs CO

According to Egs. (1)—(3), as the parasitic capacitance affects the frequency characteristics of
the resonator, it is necessary to cancel the effect of the shunt parasitic capacitance to achieve the
exact resonant frequency and high Q-factor.

2.2 Proposed architecture of open-loop spectrum analyzer

Figure 3 shows the detailed architecture of the open-loop spectrum analyzer for the
nanoresonator. As shown in Fig. 3, the target nanoresonator can be modeled by the
Butterworth—Van Dyke equivalent circuit model with a resistance of 39 kQ, an inductance of
30.9 mH, a capacitance of 8.4 fF, and a shunt parasitic capacitance of 4.15 pF with an MSRF of
10 MHz.

According to Egs. (1)—(3), the shunt parasitic capacitance must be cancelled using the
parasitic capacitance canceller in the proposed scheme. This canceller consists of the unit
gain inverting amplifier and programmable compensation capacitor. The unit gain inverting
amplifier forms the antiphase clock from the voltage-controlled oscillator (VCO) output clock.
The VCO output clock is incorporated into the shunt parasitic capacitance of the resonator, and
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Fig. 3. (Color online) Proposed architecture of the open-loop spectrum analyzer.
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the antiphase clock from the VCO output is incorporated into the compensation capacitor. If
the compensation capacitor is matched with the resonator with shunt parasitic capacitance, it
acts on a minus-shunt parasitic capacitance and the parasitic capacitance can be canceled. The
compensation capacitor is made programmable to compensate for the parasitic capacitance
accurately because the shunt parasitic capacitance can be inaccurate.

The proposed spectrum analyzer IC includes the VCO and transimpedance amplifier
(TIA) to characterize the open-loop frequency response of the nanoresonator. The VCO
output frequency can be controlled from 3.7 to 22.3 MHz so the frequency response curve of
the resonator can be obtained by a frequency sweep using the VCO. The TIA output can be
saturated by the amplification of the TIA and the amplitude of the VCO output clock is reduced
using the under-unit gain inverting amplifier before driving the nanoresonator. The output
current of the resonator driven by the VCO is incorporated into the TIA and converted into
an amplified voltage. The output of the TIA is transformed to a DC peak voltage via the peak
detector (PD), low-pass filter (LPF), and buffer.

At the resonant frequency, the series inductance L, and capacitance C,, cancel each other
out. Assume that the parasitic capacitance is canceled using the parasitic capacitance canceller,
the gain from the input of the resonator to the output of the TIA at the resonant frequency can
be expressed as

B 1
R 1+SC1R3'

m

@

Ary =

As shown in Eq. (4), the TIA output amplitude varies with the motional resistance of the
resonator (R,,), and the change in motional resistance can be detected from the peak voltage of
the TIA output.

The difference in buffer output due to the resistance change can be unclear according to the
PD output. The offset-adjustable amplifier makes the difference in output obvious according to
the changes in resistance by adjusting the offset of the amplifier using an R2R digital-to-analog
converter (DAC). The buffer output is converted into a digital code by the 16-bit delta-sigma
analog-to-digital converter (ADC) and achieves a high resolution.

The schematic of the TIA is shown in Fig. 4. It has three amplification stages. For the
implemented wide input range, M| and M, constitute the folded input stage and the cascode
stage Mz—Mo secondly amplifies the input signal. The output stage uses the Monticelli class
AB consisting of Mj;—Mi¢, achieving power efficiency. The Miller capacitor C,, is used
to compensate for the frequency response and ensure frequency stability. Figure 5 is the
schematic of the PD. The same amplifier with the TIA is used for 4,. If the inverting input
node Vj, is higher than the non-inverting input node of the amplifier 4,, the output of 4, is low.
The transistor M, then turns on, C, is charged to the input voltage V;, and the output voltage
Vour follows Vi,. If Vi, is lower than the non-inverting input node, 4, outputs a high voltage and
M, turns off, then C, is discharged through the resistor R),.
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3. Experimental Results
3.1 Simulation results

The TIA input frequency is near the resonant frequency band, which is high in most cases,
i.e., the bandwidth of the TIA should be sufficiently wide. Figure 6 shows the transfer function
of the TIA. It has a DC gain of 80.5 dB, and a unit-gain bandwidth of 84.95 MHz. Frequency
stability is ensured with the phase margin of 77.78 degrees.

Figures 7(a) and 7(b) show the simulation results of motional resistance sensing. Figure 7(a)
shows the AC simulation result obtained with the change in the R,, of the nanoresonator model
shown in Fig. 3. From the R,, change of 37 to 41 k(Q, the output voltage of the TIA changes by
about 0.14 dB per kQ. Under the same condition in the resistance change, the simulation result
of the buffer output is shown in Fig. 7(b). The buffer output settles within 125 ps, and the output
voltage change per 1 kQ motional resistance change (resistive sensitivity) is about 5.1 mV/kQ.
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buffer output voltage.

3.2 Measurement results

Figure 8 is the die photograph of the proposed spectrum analyzer IC of the nanoresonator.
The IC is designed using a complementary metal oxide semiconductor (CMOS) process with
one 0.18 pm polysilicon layer and six metal layers (IP6M) with an active area of 2.346 mm?.

Figures 9(a) and 9(b) show the results of the buffer output measurement using crystals in
the frequency range of £2 kHz at each resonant frequency. Commercial crystals with a shunt
capacitance of about 7 pF are used, and the programmable compensation capacitor array is
adjusted to the shunt capacitance of the crystal. Figure 9(a) shows the measurement result
of the frequency curve obtained using the crystal with a resonant frequency of 10 MHz.
The measured resonant frequency is 9.9998 MHz, the cut-off frequencies are 9.99953 and
10.00028 MHz, and the Q-factor is 13421.48. The result of the 6 MHz crystal is shown in Fig.
9(b). The measured resonant frequency is 5.9998 MHz, the cut-off frequencies are 5.99961 and
6.0016 MHz, and the Q-factor is 10908.93.

The measurement results of the PD output voltage noise and TIA input-referred current noise

are shown in Figs. 10(a) and 10(b), respectively. As shown in Fig. 10(a), the output voltage noise
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Fig. 9. Results of buffer output measurement using crystals with resonant frequencies of (a) 10 and (b) 6 MHz.
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Fig. 11. Measurement results of 6-bit R2ZR DAC output according to digital input trim.

Table 1

Performance characteristics of proposed open-loop spectrum analyzer IC for nanoresonator.

Parameter This work Ref. 13 Ref. 14 Ref. 22
Technology (pm) 0.18 0.18 0.35 0.35
Supply voltage (V) 1.8 2 2.5 7
Power consumption (mW) 5.92 8.7 6.9 18
Frequency (MHz) 10 8.29 20 25.6
Q-factor 13421 1040 160000 334
Input referred current noise (nA/\/E ) 52.6 — — —
Resistive sensitivity (mV/kQ) 5.1 — — —
Architecture Open-loop Closed-loop Closed-loop Closed-loop
Parasitic cancellation Yes No No No
Active area (mmz) 2.346 0.24 0.15 0.006

is measured as 22.8 uV/\/E at 500 mHz and 5.49 uV/\/E at 200 Hz. Figure 10(b) shows the
TIA input-referred current noise. It is determined by dividing the feedback resistance of the
TIA by the PD output voltage noise because the PD has unit gain. The TIA input-referred noise
1s measured as 218 nA/\/E at 500 mHz and 52.6 nA/\/E at 200 Hz.

The 6-bit R2R DAC output measurement results are shown in Fig. 11. As the digital input
is trimmed from 0 to 63 in decimal, the R2R DAC output changes from 0.07 to 1.77 V in an
almost linear manner. The output incorporated into the inverting input node of the offset-
adjustable amplifier appropriately adjusts the offset. The performance characteristics of the
proposed on-chip spectrum analyzer IC for the nanoresonator are shown in Table 1.

4. Conclusions

An open-loop on-chip spectrum analyzer IC for a nanoresonator is presented. The proposed
IC is designed using a 0.18 pm 1P6M CMOS process with an active area of 2.346 mm?.
The total power consumption of the IC is 5.92 mW with a 1.8 V supply. As shown in the
measurement results obtained using crystals, the proposed IC operates as a spectrum analyzer of
a nanoresonator that can obtain a full frequency curve and detect the frequency characteristics
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of the nanoresonator such as the resonant frequency and Q-factor. In the motional resistance
change detection simulation, as shown in Figs. 7 and 8, the IC outputs different DC voltages
with the change in motional resistance, and different frequency curves with different Q-factors
or resonant frequencies can be obtained. The proposed IC can also detect the motional
resistance change of the nanoresonator via these outputs and has a resistive sensitivity of about
5.1 mV/kQ.
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