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EXECUTIVE SUMMARY

Frequency modulated (FM) gyroscopes have been reported to either have excellent short-term and
long-term stability depending on the implementation. This trade-off between short-term stability and
long-term stability may be related to design choices with sub-systems for amplitude and frequency
control. This work is focused on empirically studying the impact of amplitude and frequency control.
Prior to results, background information on amplitude and frequency control are presented. The results
section is composed to two sections. The first section is on the impact of the inclusion of integral control
to maintain a given amplitude. It is found that adding integral control both improves amplitude
matching, as quantified by scale factor, and long-term zero rate output stability. The second section is
on the addition of frequency control. With a combination of active amplitude and frequency control,
non-stationary noise processes are removed from the rate estimate. While the addition of frequency
control does not improve the raw zero rate bias instability, during time periods of low temperature
variation, the output can be easily compensated for by using the control voltages to maintain constant
frequency. Once compensated, the output can be further filtered using autoregressive methods to
remove correlated noise processes. As an added benefit, this filtering helps to reduce angle random
walk (ARW). This filtered output demonstrates a bias instability of 0.2 deg/hr at 1,000 sec. With future
plans to both improve the resolution of the frequency detector and add active temperature control, it is
expected that navigation-grade performance should be possible with the current sub-2 mm by 2 mm
dies.
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1. INTRODUCTION

Frequency modulated (FM) gyroscopes have demonstrated both excellent short-term and long-term
stability [1], however information related to the needed control circuity is in general opaque. In particular,
the two sub-systems of interest are the amplitude control circuit, typically an automatic gain control (AGC)
circuit, and if and how frequency is controlled. Some recent works have proposed that as scale factor
stability is not improved with amplitude control [2], to reduce power consumption, amplitude control could
be removed. Frequency control has been implemented by introducing in-phase forces [3], ignored [4] or
not a feature [5], and likely shaped combs [1].

This work aims to empirically study the impact of amplitude and frequency control on the stability of the
FM gyroscopes. Prior to the experimental results, background information on frequency and amplitude
control are presented. With the goal of not compromising phase noise performance, challenges associated
with the design of shaped combs for frequency compensation are discussed. Important factors related to
fabrication must be paid attention to so enable proper operation of the shaped combs. Next, the design of
the amplitude control circuit is presented. Compared to prior work that explicitly defined the type of
amplitude control, this work advocates for proportional-integral-type (PI) control. Before transitioning to
experimental results, information on device fabrication and testing are discussed. To support both rapid
testing and potential transition, parts were fabricated using a commercialized process. The first section of
experimental work is focused on amplitude control. It it found that amplitude control that aims to minimize
steady-state error significantly improves long-term stability. This might be an issue unique to nonlinear
operation of FM gyroscopes, but frequency control helps to removed non-stationary noise processes from
the rate estimate. During time periods of low temperature variation, the error signals from the amplitude
and frequency control circuits are corresponding lower. During this period, bias drift can be easily
compensated for by using the control voltages used to maintain constant frequencies as during this period
bias drift is likely dominated by linear long-term aging effects. By removing this drift and non-stationary
noise processes, the remaining noise processes can be removed using autoregressive methods. With the
combination of active amplitude and frequency control, bias drift observation and correction using
correlated features, and autoregressive modeling, a bias instability of 0.2 deg/hr at 1,000 sec is reported. As
frequency resolution is limited by the frequency detector, and consequently the short-term stability, and
long-term stability is potentially limited by temperature stability, future work will include increasing the
resolution of the frequency detector and adding active temperature control. With these additions, it is
expected to enable a sub-2 mm by 2 mm die that was fabricated using commercialized processes to be
capable of navigation-grade performance.
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2. FREQUENCY CONTROL

A variety of methods can be used to implement frequency control or tuning of an oscillator or resonator.
With single-transistor oscillator typologies, a classic means to pull the frequency is add a series or parallel
load capacitor [6]. This approach can work well with quartz oscillators. However, with MEMS oscillators,
it is common to implement a differential sensing mechanism to mitigate common-mode noise issues.
Adding the needed capacitors to the sensing circuit would be difficult as these capacitors would need to be
closely matched. It is also possible that a mismatch of these capacitors could reduce short-term frequency
stability. Due to the relationship between phase and frequency, it is important to note that short-term
frequency stability is typically quantify by phase noise measurements. As the short-term frequency
stability of the oscillator that comprises an FM inertial sensor dictates the sensor’s resolution, it is ideal that
the frequency compensation method does not degrade stability. With parallel-plate electrostatically
transduced MEMS oscillators, it is possible to tune the frequency of the oscillator by adjusting the bias
voltage. This method can work well with amplitude modulated gyroscopes where one of the modes (sense
mode) is operated with a small amplitude [7]. For FM inertial sensors, it can be challenging to get good
phase noise performance with parallel-plate transduction. For a low phase noise design, it is desirable that
the amplitude of the oscillator be as large a possible and that the current produced by the resonator be as
large as possible. The selection of the capacitive gap for electrostatic detection has competing effects with
regards to maximum displacement and current. Moreover, electrostatic transduction provides a means for
low-frequency 1/ f noise (e.g. from the detection electronics) to mix into the carrier sidebands and degrade
phase noise [8].

To implement both transduction and frequency control, this work proposes the use of interdigitated
combs. As noted in [8], linear transducer capacitance helps to avoid low-frequency noise aliasing. Thus,
straight combs are uses for actuation and sensing. For frequency control, “weakening” shaped combs were
selected based on practicality of being successfully fabrication using available means [9]. To understand
how the force between two interdigitated combs can be used to modify the effective coupling stiffness
between the bodies the combs are attached to, see Figure 1 for a representative schematic.
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x; = finger engagement

» L = finger length

Figure 1. Shaped comb schematic [9].



Neglecting fringe field effects, the force between the two combs in the x direction is

Vzﬁot

Fe = )’ (1)
where V7 is the applied voltage bias, ¢q is the permittivity of free space, ¢ is the out-of-plane thickness of
the fingers, and h(x) is the gap profile between fingers. Thus, by the appropriate selection for h(x), one
can engineer the fingers to have a specific force profile. As the effective stiffness is proportional to the first
spatial derivative of force, one can also select h(x) for a specific stiffness profile. For active frequency
control, one can then adjust V' to tune the frequency to a desired value. This also requires ones has a means
for frequency detection. Frequency counter methods require a high sampling rate in order to have high
frequency resolution. This work advocates for the use of phase-locked loop (PLL) methods as the PLL is
able to operate at a much lower frequency without compromising frequency resolution. For Lissajous FM
gyroscopes [4] or single-resonator, time-switched FM accelerometers [10], inertial sensor information is
encoded offset from the oscillator’s frequency by some amount (typically 10-100 Hz). In these cases, one
may need to low-pass filter the demodulated frequency signal to detect frequency deviation or drift.

Using the notation from [11], the gap profile for softening shaped combs is of the form

go

h(l‘) - 1 + -/L'/-'Eolj (2)
where gy is the gap at the curved finger tip and the straight comb and x; is the dimensional constant. The
selection of these values is dictated by the needed displacement of the oscillator, the utilized fabrication
process, and the needed frequency tuning range. For as large as possible for a frequency tuning range, one
may seek to minimize both gy and z,;. However, as these values decreases, the sensitivity of the design to
fabrication issues can become very pronounced. This work proposes that the use of shaped combs for
frequency tuning for FM inertial sensors should be for modest frequency tuning to compensate for
temperature-induced drift or long-term aging effects.

To consider the design sensitivity to fabrication, it is assumed that the difference between the designed
and fabricated part is due to an isotropic over-etch. Shown in Figure 2 is the profile of the shaped comb for
the parameters given in [11] as well as an over-etch of 0.2 pm. Figure 3 is the approximate force profile
given by 1/h(x). The effective stiffness K, estimated from the first derivative from this profile, is shown in
the title of figure. While there does appear to be some nonlinearity, it is relatively modest over the designed
operating range. The main impact of over-etch for this design is a slight decrease in the effective stiffness.
In contrast, shown in Figure 4 is the comb profile from [12]. In that work, a high frequency tuning range
was desired due to the relatively high frequency of the sensor. As such, the authors noted the importance of
a fabrication process with a sub-micron minimum gap. The issue is that with designing close to the
minimum feature size, the design becomes more sensitive to problems such as over-etch. Shown in
Figure 5 is the estimated force profile. While this design is approximately 9.63 stiffer, it is about 120.65
times more nonlinear, as assessed by the second-order coefficients of their respective K values. The impact
of significant nonlinear effects associated with over-etch is that the tuning range of the combs will be much
smaller than expected. In [12], for a 40 V tuning voltage, the designed and measured frequency tuning
range was 550 Hz and 80 Hz, respectively. Thus the selection of gy and x,; should be made with regards
the the frequency compensation goals (i.e. mitigate temperature-induced drift or long-term aging), the
needed displacement to reach a given phase noise performance goal, and the limitations of the utilized
fabrication process.
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Figure 2. Profile of nominal and over-etched shaped comb from [11].
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3. AMPLITUDE CONTROL

For FM inertial sensors, works have been published that noted both the importance [4] and potential
insignificance of amplitude control [2]. In [4], it is claimed that the high scale factor stability of Lissajous
FM gyroscopes is due to the relative ease to maintain a constant amplitude. However, [2] empirically found
that amplitude control provided no significant improvements to scale factor stability. The exact type of
amplitude control implemented in [4] is unknown, but the design of the amplitude gain control (AGC)
circuit in [2] is described in [5]. In [5], a proportional-type controller is described that is used the control
the amplitude of the oscillator. Based on experiments with a proportional-type controller, the authors of
this work advocate for the use of a proportional-integral-type (PI) controller. Results to support this are
shown in the following sections. Integral control was added to address steady-state error issues. As will be
shown in a later section, simultancous active amplitude and frequency control implemented to minimize
steady-state error (i.e. PI control) provides means to improve stability of FM gyroscopes on all time scales.

A block diagram of the circuit used to maintain oscillations is shown in Figure 6. The fundamental
component of the circuit to maintain oscillations is based on the one presented in [13]. It consists of a
phase shifter that is connected to comparator. The phase shift produced by the circuit provides a means to
optimize phase noise. This phase shift can be implemented various ways, but an active all-pass filter was
selected for flexibility. A passive phase shifter or high-pass filter may provide some noise advantages with
regards to low-frequency noise from the electronics. The depending on the needed attenuation and the
supply voltage limitations of the comparator, an attenuator or the supply voltage can be adjusted to change
the amplitude of the output square wave. Automatic amplitude control can be implemented various ways
[14], but the approach in this work is relatively similar to [5] by adding a circuit that adjusts the supply
limits of the comparator. To measure the amplitude of the input, the rectifier is a “super diode” with a
simple RC low-pass filter used to smooth the output [14]. Based on the difference between the measured
and desired amplitude, an error signal is generated. This error signal is then used with a PI-type controller
that adjusts the supply limits of a comparator.

Voltage Bias
Reference Voltage
Input M E +
npu ) Difference fror Summing
Rectifier - i Integrator + -
Amplifier Ame_llﬁer
Error
Output
Phase
Comparator
Shifter i

Figure 6. Block diagram of the circuit used to maintain oscillations.
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4. RESONATOR DESIGN AND FABRICATION

To support rapid testing, parts were designed for and fabricated with using MEMSCAP’s SOIMUMPS
process [15]. In this work, duel pendulum-style resonators similar to [5] or [16] were designed with the
addition of shaped combs for frequency compensation. A total die area of 4.5 mm by 4.5 mm was allocated
for each part, but the active area was restricted to less than 2 mm by 2 mm to mitigate potential issues
during wet release. Based on the design rules of the process of a minimum feature spacing of 3 pm, a mask
spot size of 0.25 pm, and potential over-etching of pointed features, the shaped combs were designed
considering these limitations. After receiving the parts, they were sent to a local vendor for packaging. The
dies were bonded using a cyanoacrylate-based epoxy to a ceramic chip carrier and then wire bonded. For
testing, the dies were then placed in the socket of an interface electronics board that was in turn placed in a
vacuum chamber. The nominal pressure for most tests was under 10 mTorr. The parts were designed to
have matching natural frequencies at about 4.5 kHz. However, due to over-etching, the natural frequency of
the parts are closer to 4 kHz with frequency splits ranging from about 20 to 100 Hz. For the device utilized
in this work, the frequency split was approximately 68 Hz.
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5. EXPERIMENTAL RESULTS

5.1 P-Type vs. Pl-Type AGC

In prior work that explicitly referenced the type of amplitude controller [5], a proportional-type
controller was implemented. The assumed amplitude dynamics are of first-order with a time constant equal
to @ /w, where w is the natural frequency and @ is the quality factor [17]. Thus, in theory, with a very high
gain for the proportional controller, the amplitude could settle to the desired value arbitrarily fast and with
small steady-state error. However, in practice, due to additional dynamics not captured by a simple
first-order process, a high gain can give rise to instability issues. At the cost of increasing the settling time
of the controller, adding integral control can address some steady-state error. Tuning the settling time of a
Pl-type controller to operate close to the settling time of the time constant of the device being controlled
can result in both significant overshoot and potential instability. Issues related to overshoot can be observed
as modulations in the error of the controller. Provided this modulation frequency is far from the modulation
frequency used to detecting rotation, error modulation is typically not an issue, but should be considered.

To quantify amplitude stability, the scale factor of an FM gyroscope is considered of the form

SF:l(‘“+a2), 3)

2 \as a

where a; and ag are the amplitudes of the respective oscillators. For Lissajous FM gyroscopes where these
amplitudes are intended to be operated with equal amplitude, the scale factor is equal to 1. Shown in
Figure 7 is the Allen deviation (ADEV) of the scale factor during trials of using a P-type and PI-type AGC.
For the P-type controller, the gain of the controller was set to 50 while the gain of the PI-type controller
was set to 10. For the P-type controller, the scale factor exhibits significant drift and the relative amplitude
matching (quantified by the value of ADEV) is poor.
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Figure 7. Allen deviation of scale factor during trials of a P-type and Pl-type AGC.

11



Due to operating the gyroscope in a nonlinear regime, there is a coupling between amplitude and
frequency. As noted earlier, issues related to overshoot with a PI-controller can result in modulation of the
error. This can be observed in the demodulated frequency of the oscillator, which is shown for the cases of
a P-type and PI-type controller in Figure 8. The peak at 2 Hz for the PI-type controller is associated with
the overshoot of the controller. As 2 Hz is far from 68 Hz, this overshoot does not impact the operation of

the sensor.
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Figure 8. Power spectral density of the demodulated frequency for trials of a P-type and Pl-type AGC.

The consequences of improve amplitude stability can be observed in stability in the estimated rate.
Shown in Figure 9 is the Allen deviation of the zero rate output for trials with a P-type and PI-type AGC.
For the PI-type AGC, the onset of drift occurs at a much longer averaging time.
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Figure 9. Allen deviation of zero rate output for trials of a P-type and Pl-type AGC.

Thus in summary, while adding integral control to maintain a given amplitude increases design
complexity and can provide a pathway for noise from the controller to interfere with the operation of the
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sensor, integral control greatly improves amplitude stability and significantly improves zero rate output
stability.

5.2 ACTIVE FREQUENCY CONTROL

While conducting trials on PI-type AGC control, it was noted that there were correlations between the
zero rate output and frequency drift of the constituent oscillators. These relationships are shown in
Figure 10. Similar finding had been observed in prior work [18], so one of the motivations of this effort
was to determine if active frequency control (in conjunction with active amplitude control) could be used to
mitigate zero rate drift. Without the use of other information to track bias drift, active frequency control
versus uncontrolled frequency operation does not significantly impact zero rate drift. However, active
frequency control helps to remove non-stationary noise processes from the rate estimate. Figure 11 shows
the power spectral density of the rate estimate with and without active frequency control. Note the large
amount of peaks in the 1 to 10 Hz range for the trial with only a PI-type AGC. While these peaks do not
impact the long-term stability of the zero rate output, removal of these peaks are important for application
or utilization of the gyroscope as a sensor.
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Figure 10. Correlation between zero rate drift and frequency drift.
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Figure 11. Power spectral density of the rate estimate with and without active frequency control.

During trials conducted over periods of hours, several correlations between rate drift and other features
were observed. Prior work noted that drift in quadrature error could be used to correct for bias drift [18].
One limitation with this method is noise from the quadrature error estimate could impact the rate estimate.
However, a driving factor that may influence rate drift and it’s correlated features could be temperature.
Experiments were conducted in a room with air conditioning during certain hours of the day. During the
time period when the air conditioning was on and before people entered the room, the amplitude of the
oscillators were particularly stable and showed a very small peak to peak variation. Future efforts need to
confirm these assumptions, but it is believed that low variations in temperature aid in reducing both
amplitude and frequency fluctuations. The amplitude of the oscillators during this time period, with the
mean values removed, are shown in Figure 12. For reference, during periods without temperature control,
the amplitude may vary about 200 £ V. Instead of using quadrature error to observe bias drift, the control
voltages used to maintain the oscillators at constant frequencies were used for compensation. Allen
deviation of the zero rate outputs, the raw rate estimate with active amplitude and frequency control and
one calibrated using the control voltages, are shown in Figure 13. It is important to note that these control
voltages are highly correlated with time, but provide a slightly better means for bias compensation as
compared to regressing using time. Thus the current hypothesis is that when temperature fluctuations are
sufficiently low, drift is dominated by long-term aging effects such as stress relaxation of the epoxy used to
bond the dies to the chip carrier.
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Figure 12. Amplitude of the oscillators (with the mean values removed) with active amplitude and
frequency control during a period of low temperature variation.
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Figure 13. Allen deviation of the raw rate estimate with active amplitude and frequency control and
the calibrated output using the control voltages used to maintain constant frequencies.

One significant advantage of active frequency control removing non-stationary noise processes is the
output of the sensor can be further filtered using an autoregressive model [19]. Shown in Figure 14 is the
time series of the raw output of the device under active amplitude and frequency control, as well as the
model residuals from the time periods used for training and tested the model. Balancing the needs of
preserving the bandwidth of the sensor and reducing the number of model coefficients, the data was
decimated to a lower sampling rate of about 60 Hz. Shown in Figure 15 are the power spectral densities of
the raw sensor output and the model residual during the test phase. By using the autoregressive model to
remove correlated noise processes, the few remaining peaks in the power spectral density are removed. As
an added benefit, the short-term noise, quantified by angle random walk (ARW), is significantly reduced.
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Figure 14. Time series of the raw rate estimate as well as the model residuals from the periods used
for training and testing the autoregressive model.
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Figure 15. Power spectral density of the raw sensor output and the model residual during the test

phase.

Projecting towards future capabilities, shown in Figure 16 is the zero rate output of the calibrated output,
the model residual during the test phase, and the white noise fit to model residuals. The bias instability,
reported as the minimum value of the Allen deviation, of the model residuals is about 0.2 deg/hr. Provided
temperature compensated can be added, the estimated bias instability is projected to be less than 0.1 deg/hr
(see ADEV at 10,000 sec). Regardless of which value is used, these results show the pathway to providing
stability typically assumed to be very challenging for sub-2 mm by 2 mm dies.

In summary, active frequency control helps to remove non-stationary noise processes from the rate
estimate. Without the use of other information correlated with bias drift, active frequency control does not
improve bias instability. During time periods of low temperature variation, low amplitude and frequency
fluctuations are observed and bias drift exhibits linear drift associated with long-term aging processes.
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Figure 16. Allen deviation of the calibrated output, the model residuals during the test phase, and the
fit to the model residuals.

Under these conditions, for active frequency control, the bias can be easily compensated for with the
control voltages used to maintain constant frequencies in a fashion that does not introduce correlated noise.
Once calibrated, the remaining correlated noise processes can be filtered out using autoregressive methods.
As an added benefit, autoregressive modeling can be used to improve stability on all time scales.
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6. CONCLUSIONS AND FUTURE WORK

With the goal of clarifying impact of amplitude and frequency control on FM gyroscopes, this work
empirically studied the impact of different control methods on stability. It is found that amplitude control
that significantly improves long-term stability. Adding active frequency control does not improve the
uncompensated rate estimate, but it removes uncorrelated noise processes. During time periods of low
temperature variation, active amplitude and frequency control stabilizes the rate estimate such that simple
methods that utilize processes correlated with bias drift to compensate for this offset. This compensated
output can be further filtered using autoregressive methods to remove the remaining correlated noise
processes and as a benefit, improve stability on all time scales.

This work focused just on active amplitude and frequency control. To enable navigation-grade
performance, future work will focus on improving the resolution of the frequency detector. The frequency
detector in this work is limited by the 14-bit ADC (analog to digital converted) on the digital controller
[18], however the effective number of bits is closer to 13. This is clear in Figure 8 and is associated with
the upward sloping noise floor in the 10 to 100 Hz range. By increasing the resolution of the detector to
24-bits, it is expected that the short-term resolution of the gyroscope will be limited by the phase noise of
the oscillator. As referenced in the previous section, low temperature variation enabled methods to improve
stability on all time scales. Future plans will include co-packaging dies with components for temperature
sensing and heating.
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