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Abstract—This paper presents the design, implementation,
and characterization of a fully integrated accelerometer using a
bondwire inertial sensor. The accelerometer was implemented
in a standard CMOS process without microelectromechanical
processing. The system consists of a gold and aluminum bondwire
inertial sensor and readout circuitry. Finite-element analysis
was used to characterize the mechanical performance of the
accelerometer and reinforce empirical data. The system includes a
fully differential frequency modulation downconversion architecture and consumes 13.5 mW while achieving a gain of 10 kHz/g,
a bandwidth of 700 Hz, and a resolution of 80 mg. The chip was
fabricated in an 0.13- m CMOS process with an area of 1.1 mm2 .
Index Terms—Accelerometer, bondwires, sensors.

I. INTRODUCTION

M

ICROELECTROMECHANICAL (MEMS) inertial
sensor technology was first developed in the 1980s
and has traditionally been used in guidance, navigation, and
control applications [1]. Recently, accelerometers have been
incorporated into many types of mass-produced commercial
products, such as automobiles, pedometers, mobile phones,
PDAs, and gaming consoles. These new applications necessitate sensors that offer low-cost and miniaturization rather than
high precision. As the number of applications in new markets
increases, there will be further demand for accelerometers that
are small, robust, have a low production cost, and have the
capability for high-volume manufacturing [2].
The physical transduction mechanisms underlying MEMS
accelerometers include capacitive, piezoresistive, piezoelectric,
optical, and tunneling [3]–[7]. These sensors provide stable and
accurate acceleration detection. Their fabrication cost, however, is relatively high due to their complicated structures and
large size. Bulk micromaching techniques [8] were developed
to integrate MEMS devices with electronic circuitry on the
same substrate. Although this technique is successful, the post
processing and wafer-level assembly reduce the flexibility and
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constrain the size of the proof mass. Since the actual sensing
element is fabricated in a nonstandard technology [9], [10],
the cost reductions are not as significant as they would be in a
standard IC process.
The ability to integrate an accelerometer into any IC would
enable many important capabilities, including device orientation, shock detection/prediction, and motion detection.
Our proposed Acceleroemter comprises: 1) a technique for
using standard IC bonding wires as inertial sensors and 2) a
low-power readout circuit architecture that can be designed in
any IC process. In order to implement an accelerometer that
is compatible with a completely standard IC technology, we
investigated the mechanical and electrical properties of bondwires, which are widely used to electrically connect a silicon
chip to its package [11]. Bondwires are typically 1–5 mm long,
have a 1-mil diameter, are composed of gold or aluminum,
and trace an approximately parabolic arc. As process nodes
shrink, bondpad pitches reduce, causing the mutual inductance
between wires to become an increasingly large contributor
to the total wire inductance. Under acceleration, bondwires
exhibit mechanical deflection that is especially prominent at
the apex of the parabolic curve [12]. Changing a bondwire’s
geometry or material will result in a change in the magnitude
of the wire’s deflection for a given acceleration. By controlling
the material and/or geometry of two adjacent bondwires, the
relative distance between the two can be altered under acceleration, causing changes in the magnetic coupling. Thus, the
resulting change in mutual inductance is proportional to the
package acceleration.
This paper is organized as follows. Section II presents the proposed sensing scheme. Section III presents the corresponding
bondwire models, which are verified with finite-element method
(FEM) simulations. The noise analysis of the mechanical and
electrical system is shown in Section IV. Section V describes
the system and circuit implementation, followed by the experimental results in Section VI. Finally, conclusions are briefly
outlined in Section VII.
II. PROPOSED SENSING SCHEME
Fig. 1 shows the diagram of the proposed sensing scheme
using a bondwire inertial sensor. A dense and relatively elastic
gold (Au) wire is used in conjunction with a stiff and less dense
aluminum (Al) wire. The difference in material properties creates a relative deflection between the two bondwires during acceleration. Table I shows the relevant mechanical properties of
these two materials. Despite the fact that Au and Al have a similar Young’s modulus, Au is 7.14 times denser than Al, resulting
in a much greater bondwire displacement for the same applied
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Fig. 1. Proposed sensing scheme.
TABLE I
BONDWIRE MATERIAL

acceleration. The peak displacement per acceleration of gravity
(g) at the apex of a semicircular bondwire is derived as [12]

Fig. 2. FEM simulation of the bondwire deflection for 1-g acceleration along
the X-axis.

(1)

to accurately reproduce bonds. Additionally, the smaller the
bondwire diameter, the larger the displacement the bondwire
will experience due to a decrease in stiffness. Fig. 4(a) shows
the difference between Au and Al bondwire deflections along
all three axes. The bondwires exhibit the largest relative displacement along the -axis, which is 20 times larger than in
the -axis and 100 times larger than in the -axis.

where is the radius of the semicircle, is the radius of the
is the Young’s modulus, and is the density. Equawire,
tion (1) demonstrates that the displacement is dependent on the
configuration, radius and materials of bondwires. FEM simulation results of Au and Al wires in various configurations are
presented in Section III. The relative displacement of adjacent
bondwires creates mutual inductances changes which are converted to a frequency deviation by an oscillator. In the low-gigahertz range, bondwire inductors can have a quality factor between 30 and 70, improving the phase-noise performance of the
low power front-end sensing circuitry. The oscillator has a large
amplitude output (hundreds of millivolts), which is less sensitive
to induced noise. The frequency-modulated signal offers immunity to amplitude noise and can be decoded and digitized by a
conventional FM architecture. Section III presents analysis and
simulation results describing the expected relative mechanical
deflection from the bondwire sensor.
III. MECHANICAL AND ELECTRICAL MODELING OF THE
INERTIAL SENSOR
A. Mechanical Modeling Using FEM Simulation
We used FEM techniques to find approximate solutions
of integral and partial differential equations (PDE) to model
the 3-D parabolic arc. A commercial FEM software package
(COMSOL Multiphysics) was used to simulate the bondwire
deflection under acceleration and characterize the performance
of the sensor. The model of the bondwire sensor along with our
coordinate reference is shown in Fig. 2. Intuitively, the structure
is most compliant in the -axis and much stiffer in the - and
-axes. The performance metrics of an inertial sensor include
mechanical sensitivity, bandwidth, linearity, isolation between
axes, and resolution. The mechanical gain is a measure of
displacement versus acceleration. Fig. 3 shows the simulated
difference in the magnitude of deflection for bondwires with
different length, diameter, and arc height. As the length and
arc height increase, the amount of mass suspended by the
clamped ends increases, causing a larger force to be applied to
the wire under the same acceleration. However, the arc height
is limited by the IC package and the ability of the wirebonder

B. Resonant Frequency
In this open-loop inertial sensor system, the operational bandwidth is determined by the mechanical resonant frequency
of the bondwires. At , the bondwire displacement is ampli. To simplify the
fied by the mechanical quality factor
calculation of the mechanical resonant frequency of the bondwires, we assume that the wire can be described by a parabolic
arc. Then, the resonant frequency of a bondwire can be calculated by [13]
(2)
where is the second moment of inertia, is the length of wire,
is the Young’s modulus, is the material density, and
is
is related
a constant for a given vibration mode. Note that
, where is the height of the bondwire arc. For a circular
to
cross section, the second moment of inertia is
(3)
where is the radius of the bondwires. Thus, the mechanical
resonant frequency is proportional to the radius but inversely
proportional to the length of the bondwire. From (2), the bandwidth of the proposed gold and aluminum bondwire sensor will
be limited by the lower resonant frequency of the gold bondwire. Equations (1) and (2) reveal a tradeoff between sensitivity
and bandwidth of the sensor. Sensors using longer bondwires
have a lower resonant frequency (and thus bandwidth) but will
be more sensitive due to larger displacements. These design
parameters can be controlled and optimized to match the desired application. Based on these design considerations, a pair
of 3.5-mm-long, 1-mil-diameter bondwires were chosen for our
sensor. The bondwire spacing is set by the minimum pitch of the
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Fig. 3. Simulated bondwire displacement plotted against different arc heights (a) Au and (b) Al (length
(c) Au and (d) Al (height
0.5 mm) at 1-g acceleration.

=

Fig. 4. Simulated (a) gain and (b) frequency response (length

= 3.5 mm, diameter = 1 mil) and lengths and diameters

= 3.5 mm, diameter = 1 mil, and height = 0.5 mm) for a 1-g acceleration.

bonding pads (90 m). The mechanical performance was characterized by FEM simulation. Fig. 4(a) shows a linear gain of
32 nm/g in the major axis ( ). Fig. 4(b) shows the frequency
response for 3.5-mm-long gold and aluminum bondwires with
a diameter of 1 mil and a height of 500 m. The simulated mechanical resonant frequencies are 2.9 and 8.3 kHz for gold and
aluminum bondwires, respectively.
C. Bondwire Inductance
Bondwires appear as explicit or parasitic inductors in RFIC
design. Bondwires have a larger surface area per unit length

compared to planar spiral inductors and are further from the
ground plane. This increased distance from the ground plane
reduces parasitic capacitance and resistive and substrate losses,
resulting in a high inductor. The self and mutual inductance
of parallel bondwires can be modeled as given by (4) and (5),
shown at the bottom of the following page, where is the diameter, is the height from the ground plane, is the distance
between two wires, and is the length of the bondwire [14].
For two wires carrying differential currents, the effective inducis – . For bondwires of fixed length, the effectance
tive inductance is approximately linear under acceleration due
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A. Mechanical Noise
The mechanical noise of the system can be characterized by
the Brownian motion of the structure. Brownian motion, a type
of mechanical-thermal noise that is caused by molecular collisions from the surrounding environment, represents the fundamental noise limit of an inertial sensor. The Brownian noise
equivalent acceleration (BNEA) can be calculated by [16]
(7)

Fig. 5. Simulated differential inductance of bondwires versus displacement
(length 3.5 mm and height 0.5 mm).

=

=

to the proportionality of the mutual inductance to
and the
small changes in . The finite-difference time-domain (FDTD)
method and quasi-c-static method are used by CAD tools to
model bondwire inductance and coupling [15]. Simulated results are shown in Fig. 5. The bondwires are modeled using
six-segment coupled transmission lines and show a differential
inductance sensitivity of 350 ppm/ m for a pair of 3.5 mm bondwires. Due to the small displacements of the bondwire (and the
corresponding small changes in inductance) under acceleration,
the oscillator frequency can be linearly approximated as
(6)
where
is an on-chip capacitance that is independent of acceleration. Thus, for a 2-GHz bondwire oscillator with a 30-nm
relative displacement due to a 1-g acceleration, we conclude that
the center frequency will shift 10.5 kHz, which is detectable by
a conventional demodulator. This equation reveals that a 10%
variation in inductance will result in a 50-mg gain deviation
while the oscillator frequency is fixed. This gain error can be
calibrated by on-chip tuning scheme.

is Boltzmann’s constant, is absolute temperature,
where
is the damping coefficient,
is the proof mass,
is meis the mechanical
chanical self-resonant frequency, and
quality factor. Microstructures with large mass and high quality
factors are needed to reduce the noise from Brownian motion in
an accelerometer design. From simulation, a 3.5-mm-long Au
30 g,
3 kHz, and
200,
bondwire has a
which leads to the input-referred noise density of approximately
at room temperature. This value can be further re0.73 g/
duced by operating the accelerometer in vacuum, which would
.
eliminate viscus dampling and result in a higher
B. Front-End Oscillator Noise
In addition to the fundamental mechanical noise, minimizing
electronic noise is critical. The residual frequency is an important specification which defines the RMS value of the frequency
fluctuation within a frequency range. The residual frequency can
be derived from the phase noise of an oscillator as
(8)
where
is the single sideband (SSB) noise power spectral
is the offset from the carrier frequency. As a
density and
first pass, the phase noise of an oscillator can be modeled by
Leeson’s phase-noise formula [17]

IV. NOISE ANALYSIS
One of the challenges in this sensor architecture is detecting
the small induced frequency deviation which can be overwhelmed by noise. Noise sources in an accelerometer consist
of the mechanical noise of the sensor and the noise of the
readout electronics. These contributions will be discussed in
the following subsections on mechanical and front-end oscillator noise.

(9)
where is the oscillator noise factor, is the quality factor of
the resonant tank, is the absolute temperature, and
is the
average power at the output of the oscillator. The integration
in (8) can be performed by using a known phase-noise profile within the sensor bandwidth. Fig. 6 shows the calculated

(4)

(5)
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Fig. 6. Calculated residual frequency versus different phase-noise levels at a
10-kHz offset.

Fig. 7. Top-level schematic of the proposed system.

residual frequency for different phase noise levels at 10 kHz
with an integration window from 1 Hz to 5 kHz. Assuming
the gain of the accelerometer is 10 kHz/g, and assuming a
phase-noise slope of 20 dB/decade, the oscillator requires a
phase noise of approximately 50 dBc/Hz at a 10 kHz offset
to achieve a full bandwidth resolution of 0.1 g. The resolution
can be further improved by increasing the power consumption
of the oscillator, using a higher resonant tank, or limiting the
bandwidth of the sensor signal.
V. SYSTEM AND CIRCUIT IMPLEMENTATION
A. System Overview
Fig. 7 illustrates the overall block diagram of the implemented inertial sensor readout system. The interface
circuitry relies on a fully differential architecture to mitigate common-mode noise and power supply noise. The
sensor readout circuit comprises a 2-GHz sensing oscillator,
phase-locked loop (PLL), downconverter, baseband amplifier,
and a bandgap-stabilized low-dropout (LDO) supply regulator.
VCO1 is the sensing oscillator, which has its oscillation frequency modulated by the deviation in bondwire inductance. A
second-order PLL provides a stable quartz-locked frequency
reference (VCO2). Fig. 8 shows the measured spectrum of

Fig. 8. Measured spectrum of a (a) free-running and (b) PLL-locked oscillator.

the free-running oscillator and the PLL-locked oscillator. The
in-band noise of the locked oscillator is suppressed by the loop.
Thus, the noise of the system is dominated by the free-running
oscillator (VCO1). The loop bandwidth of the PLL is 50 kHz,
setting an upper bound for the applied acceleration frequency.
Acceleration above that frequency is not suppressed by the
PLL and will result in signal cancellation. In any case, it is
outside the bandwidth of our inertial sensor. In addition, the
control voltage of the PLL can be used to calibrate the temperature-caused and longterm frequency drifts of the bondwire
oscillator. The frequency output from VCO1 is downconverted
to 20 MHz for easy detection and to prevent the two oscillators
from frequency locking (undesired synchronization). To reduce
digital switching noise coupling, the digital and analog supplies
use separate regulators.
B. Circuit Block Implementation
Fig. 9 shows the 2-GHz bondwire sensing oscillator. To
reduce noise up-conversion due to nonlinearity, varactors were
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Fig. 9. Schematic of the bondwire oscillator.

Fig. 10. Schematic of the LDO regulator.

avoided. In order to compensate for variations in the wirebonding process and fabrication, the oscillator is tunable from
1.5 to 2.5 GHz by utilizing a 4-b discrete capacitor bank. A
similar oscillator with a varactor is employed in an integerPLL. The frequency deviation between the two oscillators is
established by the divide ratio and programmable in 8-MHz
steps. To further enhance the power-supply-rejection-ratio
(PSRR) and reduce the temperature dependency of the sensing
oscillator’s frequency, an on-chip bandgap reference and
LDO regulator (LDO) is used to convert a 1.5-V external
battery supply to a clean, internal, 1.2-V supply. The LDO
is shown in Fig. 10 and consists of a temperature-stabilized
bandgap reference and an error amplifier. Combined with a
PMOS output stage, this topology can achieve a low-dropout
regulation without the need for a large overdrive voltage. A
bandgap reference is used to provide a stable biasing voltage
over temperature variation. In order to further enhance supply
rejection, the bandgap reference is regulated by adding
and controlled by an error amplifier. The bias voltage at the
gates of
is from the output of the bandgap reference,
creating a negative feedback loop that enhances stability. The
regulator can accommodate a load current up to 16 mA with
a 10-mV drop from 1.2 V at the output. Fig. 11 shows the
measured voltage output of the regulator versus temperature
(0 C–100 C) and input voltage (1.3–1.6 V). The maximum
voltage deviation is 7 mV across temperature and the measured
low-frequency PSRR is 32 dB from 1.35 to 1.55 V.
The RF mixer downconverts the modulated RF signal to a
low frequency to facilitate demodulation. Unlike conventional
FM receivers, the mixer in this design is driven by two large signals. Though this provides noise immunity, it also leads to signal
distortion and LO pulling that can overwhelm the input signal.

Fig. 11. Measured regulator output voltage over (a) temperature and
(b) voltage.

Fig. 12. Schematic of the double-balanced mixer.

CMOS passive mixers have been demonstrated to produce better
linearity and low flicker noise [18]. A two-stage cascaded buffer
inserted between the oscillator and the mixer reduces the effect of the local oscillator (LO) pulling in the sensing oscillator.
The double balanced topology, as shown in Fig. 12, cancels the
LO feedthrough and offsets at the output. The third order active RC low-pass filter amplifies the signals and consequently
reduces the effect of amplitude induced errors in the baseband
demodulator.
VI. EXPERIMENTAL RESULTS
Fig. 13 shows the micrograph of the prototype accelerometer
fabricated in a 0.13- m CMOS process. The accelerometer
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Fig. 13. Micrograph of the accelerometer IC. The active area is outlined in
white (online version) boxes.
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Fig. 15. Measurement results of a three-axis acceleration test.

Fig. 16. Measurement results of a rotation test.
Fig. 14. Measured waveforms of the bondwire and commercial accelerometer
under 1-g acceleration at 40 Hz.

is completely integrated except for an 8-MHz quartz crystal
and bypass capacitors. The chip was mounted in a 44-pin
plastic leaded chip carrier (PLCC) using aluminum/gold wedge
wire bonding without encapsulation and powered by one AA
battery. The stiffness of the PLCC isolates the bondwires from
frequency shifts induced by PCB strain or other undesired
external forces. Two commercial accelerometers were mounted
on the PCB near the chip to ensure accurate calibration of the
applied acceleration from a shaker table. The prototype PCB
was mounted on a custom machined aluminum platform to
maximize the mechanical energy transferred from the shaker
to the accelerometers. The outputs were monitored by an
oscilloscope and a spectrum analyzer. The waveforms at the
output of the bondwire accelerometer and a commercial MEMS
accelerometer are shown in Fig. 14. We applied an acceleration
of 1 g at 40 Hz along the sensitive axis ( ) and normalized the
output amplitude to the gain of the different accelerometers.
Fig. 15 shows the measurement results of a three-axis acceleration test on the bondwire accelerometer, revealing a linear gain
of 10 kHz/g (matching calculations) and greater than 20-dB
isolation between the sensitive axis ( ) and nonsensitive axes
( and ). As a control, the same test was performed on a chip
which was completely encapsulated in nonconductive epoxy
(Stycast 1266). The goal of this experiment was to decisively
show that the frequency deviations under acceleration were
caused by bondwire deflection. The control package exhibited
no detectable output from acceleration along any axis. A 90
rotation test with acceleration only from gravity was performed,

Fig. 17. Measured frequency response of the bondwire accelerometer.

and the result is plotted alongside the expected sinusoidal response in Fig. 16. Fig. 17 shows the measured accelerometer frequency response, exhibiting a gain of 10 kHz/g within a 700-Hz
bandwidth. The mechanical resonances of the Au and Al bondwires are visible at approximately 3.1 and 8.7 kHz, respectively,
which is consistent with the FEM simulation.
The bondwires exhibit a high electrical quality factor
, allowing a low sensor oscillator phase noise of
64 dBc/Hz and 121 dBc/Hz at 10-kHz and 1-MHz offsets,
respectively, while consuming 2 mA. Fig. 18(a) shows the measured phase noise of the sensing oscillator, PLL, and IF stage,
confirming that the accelerometer noise floor is dominated by
the free-running sensor oscillator. The Allan variance is often
used to define a clock system and sensor performance [19].
Fig. 18(b) shows the measured Allan variance of the outputs of
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affects the
a 4-b on-chip capacitor array. The variation in
sensitivity of the sensor and is approximately proportional to
the variation in bondwire separation. The largest contribution of
variance in bondwire separation comes from bonding off-chip.
This source of error can be mitigated by bonding precisely
between two on-chip pads.
VII. CONCLUSION
We presented a low-cost implementation of an inertial sensor
using two adjacent bondwires with differing material properties. The peak 1-g displacements of 3.5-mm-long and 0.5-mmhigh gold and aluminum wires were simulated to be 37 and
5.3 nm respectively, which gives an inductive change of 350
(ppm/ m). A bondwire accelerometer was fabricated with a
chip area of 1.1 mm in a standard 0.13- m CMOS process
without post processing. A bandwidth of 700 Hz and a sensitivity of 10 kHz/gf were measured with a power consumption
of 13.5 mW. The accelerometer was used to demonstrate orientation and tilt applications with a resolution of 80 mg. These
measurement results were supported by theoretical calculations
and FEM simulation results. In the future, temperature stabilization, digital data processing/calibration, and wireless data transmission can be employed with this prototype accelerometer on
the same silicon substrate.
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In a batch of sensors, a Gaussian distribution of height and
mean separation exists in the Al and Au bondwires due to
and
in (6)
random bondwire process variation. Both
is an offset error in , which
are affected. The variation in
was measured to be up to 10%, and can be calibrated by using
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