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Abstract The mode localization phenomenon is an effective technique to enhance sensor sensitivity, and
some low noise floor mode-localized sensors, including accelerometers, mass sensors, and electrometers, have
been successfully realized. To further improve the performance of the mode-localized accelerometer, we report
a microelectromechanical system mode-localized accelerometer based on 4-degree of freedom (DoF) weakly
coupled resonators (WCRs) with a stress-relief structure eliminating the thermal stress generated during the
silicon-on-glass fabrication process. Experimental results show that compared with the state-of-the-art 3-DoF
mode-localized accelerometer (4.40 g~1), the amplitude ratio-based sensitivity of the proposed accelerometer
(119.36 V-g~1) is improved by 2612%. Moreover, the noise floor is 0.64 pg-Hzfl/2 from 0.01 to 3 Hz under
the closed-loop circumstance. To the authors’ best knowledge, this is the lowest measured noise floor for
mode-localized accelerometers.

Keywords mode localization, weakly coupled resonators, accelerometer, degree-of-freedom, microe-
lectromechanical system

Citation Kang H, Ruan B, Hao Y C, et al. Mode-localized accelerometer with ultrahigh sensitivity. Sci China
Inf Sci, 2022, 65(4): 142402, https://doi.org/10.1007/s11432-020-3057-y

1 Introduction

Over the past few decades, microelectromechanical system (MEMS) accelerometers have become an im-
portant type of accelerometer owing to their various applications in automotive and consumer electronics.
The noise floor of MEMS accelerometers is constantly improving and is being used to detect feeble fluc-
tuant signals such as earth tides [1] and earthquakes [2].

The state-of-the-art accelerometers with ultrahigh sensitivity are mostly based on the ultralarge proof
mass [3-5]. In this study, we propose an ultrahigh sensitivity accelerometer based on the mode localization
phenomenon, which has been recently used for developing various high-sensitivity resonant sensors, such
as mass sensors [6, 7], force sensors [8,9], accelerometers [10-14], and electrometers [15,16]. In structure
dynamics, mode localization is an extension of Anderson localization in the field of solid-state physics
and is usually manifested in the periodic structure of weakly coupled resonators (WCRs). When a small
disorder is applied, the mode shape of the WCRs will be drastically changed and the vibration energy will
mostly be confined to some specific modes of the WCRs [17]. In this method, the sensitivity is amplified
by the energy confinement of the mode localization phenomenon, thus enabling an obvious increase in
the sensitivity even if the proof mass is small. The sensing scheme based on mode localization enables
the sensor’s high sensitivity and low-noise floor and rejects environmental common mode noises such as
temperature [18-20] and pressure [21].

The amplification of sensitivity and noise floor of the mode-localized sensor is proportional to the
number of the degree of freedoms (DoFs) in the WCRs, as observed in 2-DoF (181 pug-Hz~'/?) and 3-
DoF (32.7 ug-Hz~'/?) mode-localized accelerometers [6,7] characterized using the fast Fourier transform
(FFT) method. Therefore, the mode-localized accelerometer with large DoF's is an alternative to achieve
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Figure 1 (Color online) Schematic of the 4-DoF mode-localized accelerometer.

a low noise floor accelerometer. However, a large DoF system is difficult to implement owing to severe
feedthrough and dense mode distribution, implying that the resonance frequency difference of the first two
modes is quite small. In a previous study [22], an electrically coupled 4-DoF mode-localized accelerometer
was demonstrated. However, this accelerometer was measured only under open-loop circumstances and
showed no expected performance improvement. In this study, we demonstrate a 4-DoF mode-localized
accelerometer realized by mechanical coupling instead of electrostatic coupling [19] for better coupling
stability. Furthermore, under the closed-loop circumstance, the current mode-localized sensors are single-
input and dual-output systems because the amplitude ratio is used as an output metric; thus, there are
two output channels. In this study, a divider circuit was proposed to enable an accelerometer with a
single input and output. The experimental results showed that a remarkable improvement was achieved
in the sensitivity and noise floor of the 4-DoF mode-localized accelerometer.

2 Device design and theory analysis
2.1 Device design

Figure 1 shows a schematic of the 4-DoF accelerometer. Adjacent resonators are weakly coupled using two
“E” type coupling beams. Two proof masses located on the outer sides of resonators 1 and 4, respectively,
are used to sense acceleration. Tune electrodes are used to change the resonator’s effective stiffness to
adjust the initial working point. Resonators 1 and 4 are driven by comb fingers and sensed by differential
parallel-plate capacitors, which are intentionally designed to eliminate the feedthrough signal from the
driving electrodes. T'wo limit blocks are set at the side of each proof mass in the acceleration direction to
avoid a large displacement caused by the strong shock. Moreover, the gap between the proof mass and
limit block is 2.5 pm to limit the maximum amplitude of proof mass to 2.5 pum.

Furthermore, for each resonator, two stress-relief structures are designed between the coupling beam
and anchor (Figure 1). When thermal stress is generated in the device layer during the fabrication process,
the stress-relief structure will deform in the y direction owing to the small stiffness in this direction. Thus,
there is no displacement in the x direction (i.e., vibration direction) of the resonator. The stress-relief
structures ensure the symmetry of the initial gap of the differential detection capacitor and the effect
of the elimination of the feedthrough signal. Table 1 shows the dimension parameters of the designed
stress-relief structure.
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Table 1 Parameter of the accelerometer

Parameter Value Unit
Outer resonator beam length Lo 445 pm
Outer resonator beam width Wo 6 pwm
Middle resonator beam length Lm 195 pm
Middle resonator beam width Wm 5 pwm
Coupling beam length Lcb 492 pwm
Coupling beam width Wcb 10 pwm
Stress relief structure length Lrb 150 pm
Stress relief structure width Wrb 8 pm
Device thickness 50 pwm
Finger gap 2.5 pwm

Outer resonator beam stiffness 74 N-m~*!

Middle resonator beam stiffness 208 N-m~*!

Coupling factor 0.028 —

Proof mass value 0.266 mg

Proof mass stiffness 34.7 N.m~*!
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Figure 2 (Color online) (a) Acceleration-sensing mechanism. (b) Variation in the simulated stiffness with the input acceleration.

2.2 Sensing mechanism

Figure 2(a) shows the entire acceleration-sensing mechanism. Electrostatic negative stiffness is intro-
duced in the system by the potential difference between the proof masses and resonators. The gap of the
acceleration-sensing capacitors changes when the acceleration acts on the proof mass. Hence, the electro-
static negative stiffness changes. The stiffness perturbation applied to the 4-DoF WCRs system induces
the mode localization phenomenon, and the amplitude ratio between resonators 1 and 4 is drastically
changed. Finally, the acceleration is obtained by measuring the amplitude ratio between resonators 1 and
4. Table 1 lists the parameters of the accelerometer. The change in the electrostatic negative stiffness
caused by acceleration is

cAV? cAV?
Ako(a) = — , 1
= T 2y W

where A is the overlap area of the acceleration-sensing capacitors, dg is the initial gap of the acceleration-
sensing capacitors, V is the potential difference between the proof masses and resonators, m is the mass
of the proof mass, a is the acceleration, k, is the mechanical stiffness of the proof mass, and k. is the
initial electrostatic negative stiffness between the proof mass and resonator. The variation in the stiffness
of the resonator is a linear function of an input acceleration, and the variation in the simulated stiffness
with the input acceleration is shown in Figure 2(b).
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Figure 3 The lumped parameter block diagram of the 4-DoF accelerometer.

2.3 Sensitivity analysis

Figure 3 shows the lumped parameter block diagram of the 4-DoF accelerometer. The damping of each
resonator is fairly small because the accelerometer is packaged in high vacuum. To simplify the model, the
damping is neglected [23], i.e., ¢ = ¢a = ¢3 = ¢4 = 0. The masses and coupling stiffness of each resonator
are assumed to be identical, i.e., my = mo = m3 = my = m and k.; = keo = ke3 = k.. The initial stiffness
of resonators 1 and 4 are assumed to be identical, i.e., k; = k4 = k, and the stiffness of resonators 2 and 3
are assumed to be identical, i.e., ks = k3 = k,;,. Because the acceleration-induced stiffness perturbation to
the two outer resonators is opposite, assuming that the effective stiffness perturbation Ak is only applied
to resonator 4. The dynamic equations of the 4-DoF WCRs are given by

m 0 0 0 1 k+k. —ke 0 0 1 0
0mO O xg N —ke kpy + 2k, —ke 0 T2 | 0 , @)
0 0maO I3 0 —ke  kp + 2k —k. T3 0
00 0m Ty 0 0 —ke  k+k.+ Ak T4 0

where z; (1 = 1, 2, 3, and 4) are the displacements of each respective resonator. The frequencies w; (i =
1, 2) and amplitude ratios U; (i = 1, 2) of the first two modes can be derived as

o 20k +k+ ko — 2k, — /(k — k)% + 4k2
“1= 2m ’

20Kk 4k + ki, — \/(k — k)2 — dko(k — K, — 2kc)

W% = 2m , W
. —GEBEN(GE B2 RS 3emAVR(on? — 9n + 4) a1 (5)
7z~ K3 ~ 5d3kpkli3 ,

where (3, coupling factor k and 7 are defined, respectively, as

1, 9 2

—2_ 2 z 6

B=gn =151+ 5 (6)
k.

K= Za (7)
km,

= (8)

Then, the normalized sensitivity based on the amplitude ratio of the 4-DoF WCRs can be given as
Au
gA-DoFu _ (%) 5n% — 9+ 4 o)
g a(4k) 5K

From (9), it can be seen that the sensitivity of the 4-DoF WCRs becomes larger when k. is smaller
and n is larger because both the small stiffness of the coupling beam and larger stiffness of the middle
resonator can result in a weaker coupling between the two outer resonators, thus inducing a more severe
mode localization effect. With the same coupling factor, the sensitivity of the 4-DoF WCRs is nearly
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Figure 4 (Color online) Vibration modes of the 4-DoF WCRs.

two and four orders larger than 3-DoF and 2-DoF WCRs, respectively. Therefore, the output signal of
the 4-DoF WCRs accelerometer can achieve a remarkable enhancement and consequently, considerably
lower noise floor.

The design target is to dramatically increase the sensitivity of the WCRs to improve the noise floor
of the accelerometer. The designed stiffness of the middle resonators is 6.88 times larger than that of
the outer resonators because higher 7 can increase the sensitivity according to (9). The smaller x also
increases the sensitivity; however, the frequency difference between the first two modes also becomes
smaller, as analyzed in Subsection 2.4. Finally, the frequency difference is set as 0.11 Hz and & is 0.028.
Substituting the stiffness of all resonators and coupling factors as shown in Table 1 into (9), the sensitivity
of the 4-DoF WCRs with respect to stiffness perturbation (Ak/k) is calculated to be 149902.

2.4 Vibration modes

Four in-plane vibration modes for the 4-DoF WCRs are simulated in COMSOL software (Figure 4). In
the first mode (in-phase mode), two outer resonators vibrate in the same direction, while two middle
resonators are nearly stationary because the stiffness of the two middle resonators is set at almost 6.88
times larger than those of two outer resonators. Thus, the sensitivity is further improved and the
interference from the third and fourth modes is avoided. In the second mode (out-of-phase mode), two
outer resonators vibrate in opposite directions, while two middle resonators are also nearly stationary.
In the third mode, two middle resonators vibrate in the same direction, while two outer resonators are
nearly stationary. In the fourth mode, two middle resonators vibrate in opposite directions, while two
outer resonators are nearly stationary. The in-phase and out-of-phase modes are used as working modes
in this study. The simulated resonance frequency of the in-phase and out-of-phase modes are 14553.86
and 14553.97 Hz, respectively, and the resonance frequency difference is 0.11 Hz.

A smaller £ of the WCRs corresponds to a smaller frequency difference Af of the first two modes;
however, the effect differs for the WCRs with different DoFs. Figure 5 shows the relationship between
the frequency difference between the first two modes and the s of the WCRs with different DoFs. Some
common WCRs parameters are assumed, i.e., the stiffness of the outer and middle resonators is 100 N-m !
and 200 N-m ™!, respectively, and the mass of the resonator is 6.27 x 10° kg. Figure 5 shows the relationship
between Af and x of WCRs with different DoF's according to the resonance frequency of the first two
modes (Egs. (3) and (4)). When x = 0.05, Af of 2-DoF is 981.03 Hz, while that of the 4-DoF WCRs
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Figure 5 (Color online) Relationship between the frequency difference of the first two modes and the coupling factor of the WCRs
with different DoFs.

is only 2.22 Hz. Af decreases with k. When x« = 0.01, Af of the 2-DoF WCRs is reduced to 200 Hz,
while that of the 4-DoF WCRs is only 0.019 Hz. Af of the WCRs with the same x will sharply decrease
as the DoF number increases because the WCRs with higher DoF have a severe mode localization effect,
resulting in a denser mode distribution; thus, the resonant frequencies of the first two modes are closer
than those of the WCRs with smaller DoF. Although the sensitivity of the WCRs with higher DoF can
be significantly enhanced, Af will also be very small, which makes it difficult to design and fabricate the
device. Moreover, to avoid mode aliasing, which means that the resonance peaks of two modes overlap
and cannot be clearly distinguished, Af should satisfy the following equation:

1
Aw > 2 X Aw_3 g = 2 X —wp. (10)

Q

From (10), it can be seen that quality factor @ of the WCRs must be sufficiently large to obtain a
narrow —3-dB bandwidth. According to (10), the minimum @ for the WCRs with different x can be
obtained. From Figure 4, the Q of 4-DoF WCRs with x = 0.01 must be larger than 2.11x10° and that
of 2-DoF WCRs with the same  only needs to be larger than 200 to avoid mode aliasing. Generally, it
is difficult to realize a WCRs with higher DoF.

3 Fabrication and experimental setup

3.1 Device fabrication

The fabrication process of the mode-localized sensors is fully compatible with the current popular MEMS
fabrication technology, such as silicon on insulator (SOI) [24] and silicon on glass (SOG). In this study,
the accelerometer was fabricated using a standard SOG process with an SOI wafer with a thickness
of 464 (400 + 4 + 60) wm. The major fabrication steps are shown in Figure 6(a): (i) photoresist
deposition and patterning, (ii) 10-pm groove etching, (iii) bonding with glass, (iv) removal of handle and
oxide layers of SOI, (v) photoresist deposition and patterning, (vi) gold deposition, (vii) gold electrode
patterning, (viii) photoresist deposition and patterning, and (ix) front-side structure etching and removal
of photoresist. Then, the wafer was diced using the grinding wheel. Finally, the devices were packaged
in a vacuum environment. Figure 6(b) shows the optical image of the fabricated accelerometer.

During bonding between silicon and glass, the maximum temperature of 633.15 K was achieved. When
the temperature was decreased to room temperature, different shrinkage deformation occurred owing to
the large difference in thermal expansion coefficients (TEC) of silicon and glass. Because the glass TEC
is larger than the Si TEC, the shrinkage of glass is larger to generate thermal stress in the Si layer. This
thermal stress causes the resonator anchors on both sides to move inward, which induces compressive
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Figure 6 (Color online) (a) SOG fabrication process of the accelerometer. (b) Optical image of the fabricated 4-DoF mode-
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Figure 7 (Color online) (a) Thermal stress simulation of the WCRs without and with the stress-relief structure and displacement
of the capacitor plate. (b) The capacitor plate initial gap of the accelerometer without the stress-relief structure. (c¢) The capacitor
plate initial gap of the accelerometer with the stress-relief structure.

stress on the support beam of the resonator. For a conventional resonator without a stress-isolation
structure, the resonator was deformed in the vibration direction because of the thermal stress. Then,
the initial gap of the sense-plate capacitor is not completely symmetrical, which affects the elimination
of the feedthrough signal. However, there is almost no displacement in the x direction for the resonator
with the stress-relief structure. Figure 7(a) shows the COMSOL simulations for the above two cases.
When thermal stress is applied to the resonator, the relative displacement of the moving and fixed plates
of the sensing capacitor without the stress-relief structure is 1020 nm and that of the resonator with
the stress-relief structure is 58 nm. Thus, the stress-relief structure significantly reduces the influence of
thermal stress on the resonator.

Figures 7(b) and (c) show the fabricated capacitor plate of the accelerometer without and with the
stress-relief structure, respectively. The initial gap difference between the pair of differential detection
capacitors of the accelerometer without the stress-relief structure is approximately 0.74 pm (2.33 and
3.07 um) and that of the accelerometer with the stress-relief structure is only approximately 0.04 pm
(2.75 and 2.71 um), which is typically consistent with results of the COMSOL simulation analysis.

3.2 Measurement circuit

The frequency responses of the 4-DoF mode-localized accelerometer with no acceleration input were
measured using the open-loop measurement setup, as shown in the open-loop part in Figure 8. A DC
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Figure 8 (Color online) Schematic of the open- and closed-loop measurement circuits.

voltage of 5 V was applied to all resonators, and the two proof masses were connected to the ground. An
AC sweep signal of 50 mV from a dynamic signal analyzer (DSA) was applied to the drive port of the
resonator. The two output current signals from each resonator were first converted to a voltage signal
through a charge amplifier (CA) and then sent to the instrumentation amplifier (INA) to eliminate the
feedthrough signal. Finally, the output signal of each resonator can be observed on the DSA.

The measurement of the accelerometer in the time domain was realized using a closed-loop self-
oscillation circuit implemented based on a previous study [11]. Different from the previous study, the
lock-in amplifier and divider circuit were used to obtain one output voltage signal of the amplitude ratio
in this measurement scheme. The schematic of the closed-loop measurement circuit comprises a lock-in
amplifier (Zurich Instruments HF2LI) and signal extraction, peak detection, and divider circuits (Fig-
ure 8). The signal extraction circuit comprises four CAs, which are used to amplify and convert the weak
current signals from each resonator into a voltage signal. The INA is used to differentially amplify the
signals of the two output electrodes of each resonator to eliminate the feedthrough signal. The lock-in
amplifier is used to compensate for the phase difference because the integration operation introduces a
phase difference of 90° through CAs. The active peak detection circuit is used to obtain the peak values
of the AC output signals of the two resonators. The divider circuit, comprising an analog multiplier and
operational amplifier, is used to divide the output signals of the two resonators to make the accelerometer
a single-input single-output system. Thus, one voltage signal, which equals the amplitude ratio, is ob-
tained after sending two amplitude signals to the divider circuit. A 5-V DC bias voltage is applied to the
DC drive ports, and the output signals are observed on a digital voltmeter. The accelerometer parame-
ters, including sensitivity, bias instability, noise floor, and signal to noise ratio (SNR), are all measured
under the closed-loop circumstance. The printed circuit board (PCB) circuit with an accelerometer is
fixed on a rotary table, and acceleration can be applied along the sensing direction of the accelerometer
by changing the gravitational acceleration component by rotating the table.
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Figure 9 (Color online) (a) Magnitude frequency responses of the accelerometer without acceleration. (b) The 3-dB bandwidth
of the accelerometer.

4 Results and discussion

4.1 Frequency responses

Figure 9(a) shows the measured amplitude frequency responses of the 4-DoF accelerometer with no accel-
eration input. The resonance frequencies of the first two modes are measured as 15284.6 and 15360.2 Hz,
respectively. The frequency difference is 75.6 Hz, which is considerably higher than the designed value
(0.11 Hz) owing to the fabrication tolerances, causing stiffness or mass mismatch of the two outer res-
onators.

The mechanical bandwidth of the accelerometer is defined as the frequency range in which the gain at
the resonance frequency of the accelerometer decreases by 3 dB. The 3-dB bandwidth of the accelerometer
is 0.4136 Hz according to the amplitude frequency response shown in Figure 9(b). Thus, quality factor
Q of 15284.6/0.4136 = 36955 can be obtained.

4.2 Sensitivity

Ideally, the initial working point is at the veering point, which is defined as the point where there is
no stiffness perturbation (i.e., no stiffness mismatch between resonators 1 and 4). At this point, the
frequency difference between the first two modes is minimum and the amplitude ratio between resonators
1 and 4 is one. However, the stiffness mismatch between resonators 1 and 4, which is caused by the
fabrication tolerances, shifts the initial working point away from the veering point; then, the frequency
difference between the first two modes becomes larger, and the amplitude ratio is considerably larger
than one. Thus, the amplitude of one resonator becomes considerably larger and the other amplitude
becomes considerably smaller. It is obvious from Figure 9(a) that only one resonant peak can be detected
for each resonator because of the initial working-point shift. Hence, the accelerometer with the output
metric of the amplitude ratio cannot be working at the current initial working point. Therefore, the
effective stiffness of resonator 1 or 4 should be changed to shift the initial working point to ensure that
the amplitude in the first two modes can be measured. Then, the initial working point of 2.12, close to
the veering point, is obtained by applying a tuning voltage of —4.7 V to resonator 4. The response to
acceleration is measured from 0 to 0.19 g by rotating the rotary table from 0° to 11°.

Figure 10(a) shows the measured amplitude ratios of the accelerometer as a function of the accelera-
tion and the nonlinearity error. The higher acceleration induces a larger amplitude ratio, implying that
the amplitude of one resonator becomes extremely small to be detected. The maximum acceleration is
0.19 g in this measurement. When acceleration is larger than 0.19 g, the measurement circuit noise will
cover signals of the smaller amplitude variation. Thus, to further extend the sensing range, the ability to
measure small amplitudes must be improved. First, it is necessary to reduce the noise of the electronic
circuit, which is dominant in the noise of the accelerometer, and some methods are available, such as
reducing the power consumption of the circuit, optimizing the selection of electronic components, and
using the application specific integrated circuit (ASIC) circuit instead of the PCB circuit. Furthermore,
the amplitude of the resonator must be increased by increasing the quality factor of the device and further
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reducing the impact of the feedthrough signal on the output signal. Moreover, instead of capacitance
sensing, optical detection can be considered as an alternative amplitude measurement method to extend
the sensing range of the accelerometer. In addition, the measurement environment with constant tem-
perature and vibration-free environment is also needed to reduce the influence of external environment
on the accelerometer. Further, the amplitude ratio varies slowly with acceleration, and the minimum
nonlinearity error is 4.52% in the blue zone (0-0.104 g). This range is the inherent strong nonlinear
zone for mode-localized sensors [25,26]. The sensitivity and nonlinearity error of the accelerometer are
significantly enhanced when the working range is outside the strong nonlinear zone. In the linear zone,
the sensitivity and largest nonlinearity error are 119.36 V-g~! and 1.24%, respectively. The sensitivity
of the 4-DoF mode-localized accelerometer is enhanced by 2612% and 9042% compared with that of the
3-DoF [12] and 2-DoF [11] mode-localized accelerometers, respectively.

The resonance frequency as a function of acceleration is also measured, and the measured sensitivity is
53.19 Hz-g~! (Figure 10(b)). To compare the sensitivity of the resonance frequency and amplitude ratio
in the same scale, the relative sensitivity is calculated as shown in Figure 10(c). The relative sensitivity
based on the amplitude ratio (23730000 ppm-g~!) is 6828 times higher than that based on the resonance
frequency (3475 ppm-g~1t).

4.3 Bias instability

The bias stability is measured at room temperature without vibration isolation and temperature control.
In the measurement, the proof mass is stationary and at the side of WCRs. The output voltages of the
accelerometer are recorded for 9100 points with a sampling rate of 10 points-s~! (Figure 11(a)). Then, the
accelerometer bias instability of 3.43 pg at an integration time of 6.4 s is obtained by calculating the Allan
variance (Figure 11(b)). The bias instability is not as good as the noise floor because of the following
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Figure 11 (Color online) (a) Output voltage of the accelerometer. (b) Allan variance of the accelerometer.

reasons: the accelerometer is untested under a constant temperature and vibration-free environment;
furthermore, the noise of the measurement circuit in low frequency is large.

4.4 Noise floor

The noise limit of the accelerometer cannot be lower than that of the proof mass, because the acceleration
directly acts on the proof mass. First, the quality factor of the proof mass is estimated to obtain the
thermal-mechanical noise of the proof mass. The total quality factor Qota of the proof mass and WCRs

can be estimated as
1 n 1 . 1 (11)
Qtotal QTED Qair Qanchor '

where QTgED, Qanchor, and @iy are the quality factor of the thermoelastic, anchor, and air damping,
respectively. Qrep and Qanchor of WCRs are simulated as 3.32x10° and 2.31x107, respectively, using
the COMSOL software. Then, Qi of WCRs can be calculated as 4.17x10* when the measured Qiota is
36955 (Figure 9(b)). Qair of proof mass is assumed to be the same as that of WCRs because the proof
mass and WCRs are packaged in the same vacuum environment. Further, Qanchor and Qrep of proof
mass are simulated as 1.22x10% and 1.76 x 10°, respectively. Thus, Qiotal of proof mass is estimated to be
40738 according to (11). Then, the thermo-mechanical noise of the proof mass can be calculated by [27].

4KbTUJO
n — 5 12
w=\"po (12)

where Ky is the Boltzmann constant, 7' is the temperature, and wgy, m, and @) are the angular frequency,
mass, and quality factor of the proof mass, respectively. Based on the parameters in Table 1, the thermal-
mechanical noise of proof mass is 13.44 ng-Hz /2,

The test conditions and environment for the noise floor are the same as those for the bias stability. To
obtain the actual noise floor, the FF'T results of the output signals in Figure 11 are shown in Figure 12.
The system bandwidth is related to the device and measurement circuit and reflects the ability to detect
the changing acceleration signals. In this study, the system bandwidth is assumed to be 3 Hz. Thus, the
average noise value from 0.01-3 Hz is 0.64 pg-Hz~'/2, which is more than one order of magnitude larger
than the thermal-mechanical noise value of 13.44 ng-Hz /2 because of large electronic noise. The noise
floor of the 4-DoF mode-localized accelerometer is enhanced by nearly 3 and 2 orders of magnitude com-
pared with the 2-DoF (181 pg-Hz~'/2) [11] and 3-DoF (32.4 pg-Hz~'/2) [12] mode-localized accelerometer,
respectively, using the same FFT method, which shows the effect of DoF on noise improvement of the
mode-localized accelerometer.

5 Conclusion

In this paper, we reported a 4-DoF WCRs accelerometer based on a mode localization sensing scheme that
can significantly enhance sensor sensitivity significantly. The single-input single-output mode-localized
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Figure 12 (Color online) Noise spectral density of output signal of the accelerometer.

sensor was realized by using the divider circuit. The closed-loop experimental results showed that sensi-
tivity was significantly improved compared with the 2-DoF and 3-DoF accelerometers, and the noise floor
was further improved enhanced, proving that the mode-localized accelerometer with large DoF WCRs is
effective to improve the noise floor. The proposed mode-localized accelerometer with a low noise floor is
suitable for measuring the signals with the small amplitude and low frequency owing to the limitation
of the measurement range (~0.1 g) and bandwidth (~3 Hz). Generally, the accelerometer in this paper
used herein is suitable for measuring the earthquake and gravitational field changes of the earth for en-
gineering geological survey. Further work will be focused on improving bias instability by optimizing the
measurement circuit and measurement conditions.
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