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SUMMARY 

This paper discusses the design and testing results of a res- 
onant accelerometer developed for integrated surface-microma- 
chining processes. First- and second-generation designs are 
presented, The sensors use leverage mechanisms to transfer 
force from a proof mass to double-ended tuning fork 
resonators, used as force transducers. Each fork forms the basis 
of an integrated oscillator to provide the output waveforms. The 
DETF's on the first-generation device have a nominal frequency 
of 175 M z ,  and the sensor has a measured scale factor of 2.4 
Hdg. The oscillators on this device exhibit a root Allan vari- 
ance Aoor of 38 mHz (220 ppb). The second-generation, higher- 
sensitivity sensor uses DETF's with a nominal frequency of 68 
kHz and has measured a scale factor of 45 Hdg. 
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INTRODUCTION 

A resonant sensor is a device whose output is a frequency 
shift, Historically, sensors based on vibrating elements have 
been considered highly attractive. They are generally very sen- 
sitive and possess a wide dynamic range [l]. The quasi-digital 
nature of the output makes this sensor class easy to integrate 
into digital systems [2], Commercially, quartz-based resonant 
sensors have been used in many applications, such as naviga- 
tion-grade precision accelerometers [3 ][4]. 

Some recent work has looked at micromachined resonant 
sensors in bulk silicon processes [5][6], but this class of sensor 
has not yet been pursued in surface-micromachining technolo- 
gies. Because of this, the design trade-offs are not well-under- 
stood. Resonant sensing is a powerful measurement technique, 
and surface-micromachining has already proven itself as a man- 
ufacturable technology. The combination could result in a high- 
quality, low-cost sensor. 

To demonstrate the feasibility of resonant accelerometers 
in this technology, a prototype device has been fabricated at 
Analog Devices in the BiMEIVIS foundry process. The trans- 
ducers themselves are double-ended tuning fork (DETF) reso- 
nators whose natural frequencies are a function of an applied 
force. The sensor uses leverage mechanisms to transfer that 
force from the proof mass to the forks, with the leverage 
increasing the scale factor of lhe sensor. Oscillators based on 
&e tuning forks provide the output waveform of the sensor. A 
microphotograph of the die, which contains four separate 
devices and some stiction experiments, is shown in Figure 1. 

. .  

Figure 1: Die photo of ADI-fabricated accelerometer chip 

M I E C M C A L  DESIGN 

A microphotograph of the accelerometer is shown in Fig- 
ure 2. The tuning fork tines in this picture are 2 2 0 p  long, and 
the proof mass is roughly 1 2 0 p  x 1 5 0 ~ .  When an accelera- 
tion is applied to the device, the proof mass hinges about the 
pivot beam and applies forces to the two DEW's. One of these 
forks is subject to a tensile force which raises its natural fre- 
quency. The other, with a compressive force applied, has its fre- 
quency lowered. Each fork is kept resonating at its natural 
frequency by a sustaining amplifier. The frequency difference 
between the two forks is the output of the sensor. This push-pull 
configuration gives the device a first-order temperature compen- 
sation. 

In order to maximize the scale factor available fiom the 
small inertial mass, a leverage system is used io magnify the 
force applied to the tuning forks 171. The pivot beam and proof 
mass approximate a fulcrum and lever, as shown in Figure 3. 
This magnifies the force applied to the tuning forks by roughly 
an order of magnitude. -Naturally, the scale factor of the sensor 
is magnified by the same amount. To compensate for any bend- 
ing moments applied to the tuning forks, the beams linking the 
DETF structure to the lever arm are sized so that the average 
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Figure 2: Microphotograph of fabricated accelerometer 

moment across each tuning fork is zero. This insures that the 
tuning fork tines are not differentially loaded [7]. 

ELECTRICAL DESIGN 

Each of the tuning forks on the accelerometer structure has 
its own sustaining amplifier. In ench case, the amplifier and tun- 
ing fork form an oscillation loop that generates an output wave- 
form at the natural frequency of the tuning fork. These 
oscillators must be as stable as possible in order to minimize the 
sensor noise floor. 

The basic oscillation loop is shown in Figure 3. The tuning 
fork itself is a variant of previously-demonstrated microma- 
chined resonators [8]. Each tine has drive and sense combs 
attached to it, and the two tines of each fork are driven and 
sensed in parallel. This arrangement rejects unwanted vibration 
modes, and gives the resonator a series RLC electrical model 
similar to that of a quartz crystal. Near resonance, the reactive 
components of the impedance are small, and the DEW has a 
primarily resistive behavior. 

The amplifier, whose purpose is to convert the output cur- 
rent from the tuning fork into a voltage used to drive the struc- 
ture, consists of two inverter stages [SI. The first stage is an 
inverting amplifier with a PMOS device, used as a resistor, 
placed in feedback around it. This stage is responsible for the 
actual transimpedance function, with the PMOS device serving 
as a variable resistor that sets the gain of the stage. The second 

Figure 3: Schematic of leverage mechanism 

vgain J- Transimpedance stage 
PMOS resistor, 

,- Inversion 

Figure 4: Simplified schematic of oscillation loop 

stage 

stage is a simple inverting amplifier, the output of which is sent 
both to an output buffer and back to the fork itself. 

Left to itself, this circuit would drive its tuning fork far into 
the nonlinear vibration regime, which is detrimental to oscilla- 
tor stability [9]. To limit the amplitude of oscillation, an off- 
chip gain control loop was implemented. After filtering, a diode 
rectifier and low pass filter are used to detect the output ampli- 
tude and set the voltage on the gate of the PMOS resistor. The 
effect is that as the oscillation amplitude grows, the gain of the 
amplifier drops. When the gain is no longer enough to cause the 
amplitude to grow, a steady state condition is reached. 

PXBRTCATION AND TESTING 

The resonant accelerometer described above was fabricated 
in the Analog Devices BiMEMS foundry process [lo]. Ln order 
to achieve a high enough Q for oscillation, the device had to be 
tested in vacuum. A bell jar was constructed to allow a ceramic 
DIP package to be held at 150 mTorr by a roughing pump dur- 
ing testing. The feedtbroughs of this bell jar were attached to a 
circuit board, and the board and jar were bolted together. This 
allowed gravitational acceleration to be applied to the chip 
while in vacuum. For higher forces, the test electrodes to either 
side of the proof mass were used to apply electrostatic forces. 

The response of the tuning forks to these applied forces is 
shown in Figure 5. The nominal frequencies of the forks are 

. -174.9 and 176.1 Mz. a mismatch of 0.7%. The scale factor as 
measured with a f l g  test is 2.4 Hzlg. As can be seen, the 
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Figure 5: Tuning fork response to applied forces 
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response of each fork is in line with expectations, and the sensi- 
tivities of the two forks are well-matched, despite the asymme- 
try of the sensor design. 

In order to characterkc the oscillators, the two outputs 
were multiplied against each other, the high-frequency compo- 
nent removed, and the resulting frequency difference analyzed. 
The noise contributions from each fork are assumed to be equal, 
an assumption borne out by comparison of the two power spec- 
tra. This analysis method allows the measurement of small frac- 
tional fluctuations without need of an external reference. The 
Allan variance was chosen as a figure of merit based on its 
applicability to signal processing of resonant sensor outputs [SI. 

The frequency difference power spectrum and single-oscil- 
lator Man variance data are shown in Figures 6 and 7, respec- 
tively. For an oscillation amplitude of 58 dB/Hz over the noise 
ffoor, the constant region of the root Allan variance, or "fre- 
quency Bicker floor," occurs at 38 mHz (220 ppb). Using model 
fitting techniques, the Q of open-loop forks on the same chip 
was estimated at 72000. 
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Oscillator Noise 

Much better noise performance is expected from oscillators 
based on these high-Q elements. There are two major sources of 
noise present in this system - one linear and one nonlinear. The 
dominant linear noise source in the system is the PMOS resistor 
in the sustaining amplifier. This resistor, located at the front end 
of the circuit, generates a large amount of current noise and 
gives the oscillation loop a very high noise ffoor. The effect at 
low oscillation amplitudes is to bury the signal in white noise, 
making it hard to detect and difficult to limit to linearregimes of 
operation. If the noise due to this source demands that the oscil- 

slation be at a nonlinear amplitude, the oscillator will never be 
very stable. In addition, this noise source is responsible for the 
1 / ~  portion of the root Allan variance graph, demonstrating that 
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Figure 7: Allan variance behavior of integrated oscillator 

white noise hinders frequency measurements at high rates. An 
improved front end of this circuit based on a Pierce configurn- 
tion should reduce this noise source by at least an order of mag- 
nitude. 

The second noise source in this system is nonlinear, and the 
dominant noise source at lower sampling frequencies. This 
source has been shown to be a nonlinear mixing of the I/f noise 
of the sustaining amplifier around the carrier signal 191. This 
mixing takes place when low-frequency drift in the sustaining 
circuits causes a series resistance drift in the tuning fork itself. 
Because the resonator is not vibrating in a truly linear regime, 
some amplitude-frequency effect remains. The resistance shift 
interacts with the gain control circuitry to produce an amplitude 
shift and along with it, a change in frequency. This noise source 
can be minimized by reducing the amplitude of vibration to 
reduce the nonlinearity, by reducing the l/f noise of the cir- 
cuitry, or by an integrated AC coupling scheme to remove the 
low-frequency drift from the tuning fork drive comb. 



’- 04/02/97 13:58 a 5 1 0  643 6637 

Figure 8: Micrograph of second-generation accelerometer 

Increased-Sensitivity Design 

The two primary factors affecting the noise floor of a reso- 
nant sensor are the scale factor of the device and stability of its 
oscillators. While the first-generation design is usefid to show 
proof of concept, it does not maximize the scale factor possible 
in a surface micromachining technology, To this end, a second- 
generation accelerometer has been fabricated in Sandia 
National Lab’s integrated surface-micromachining process [ 113, 
and is shown in Figure 8. In this figure, the tuning forks are 
180pm long, and the proof mass is roughly 460pm x 5 4 0 ~ .  

The mechanical design of this sensor incorporates several 
design improvements. The low-stress-gradient polysilicon 
allows a larger proof mass and the improved leverage system 
provides greater magnification, both increasing the scale factor. 
Making the leverage system symmetric removes any potential 
sensitivity to angular accelerations, and improves the overall 
robustness of the device. It also removes the necessity to design 
the tuning fork against transferred moments. Testing on the 
device is still underway, but in initial characterization, the sen- 
sor has shown a base output frequency of 68 kHz, and has dem- 
onstrated a sensitivity of 45 Hz/g in flg tests. 

CONCLUSIONS 

First- and second-generation resonant accelerometer 
designs have been produced in two different surface-microma- 
chining technologies. These devices are functional and their 
behavior is in line with expectations. With the further study of 

’ these sensors and their design models, the trade-offs involved in 
using resonant sensing techniques in surfacemicromachining 
technologies can be more deeply understood. Targets for future 

devices include lower-noise oscillators and sensor designs for 
real-world specifications 
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