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Abstract— The work demonstrates a setup for the accurate
calibration of the relative phase drift between sense modulated
output and drive demodulation reference in MEMS gyroscopes.
The system enables to operate the sensor inside a climatic
chamber, with all the electronics outside, reaching 2 prad/NHz
short-term resolution in relative phase measurements. After a
one-time calibration of parasitic electrical couplings, the setup
enables to measure the phase drift in temperature with a sub-5-
urad long-term stability. On average, measurements over four
samples, swept vs temperature in 18 different operating
conditions, deviate from modeling by 12 prad/K only.
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I. INTRODUCTION

Accurate calibration of the zero-rate-output vs temperature
in amplitude-modulated (AM) gyroscopes represents a key
step towards improved stability. This is ultimately determined
by relative phase drifts A¢pg(T) between sense modulated
signal (induced by the Coriolis force) and drive-loop
demodulation reference, which brings quadrature into the
output. As an example, a gyroscope with 1-dps residual
quadrature (after compensation [1]) requires a demodulation
phase stability within 1 mrad (about 10 prad/K over the
temperature consumer range) to ensure an overall 1-mdps rate
stability. Such value could open the path to next-generation
application of virtual-world and real-world inertial navigation.

In current integrated circuit implementations, a real-time
measurement of A¢ps is not possible, but its online
compensation vs temperature could be implemented if the
errors A¢pps(T) were initially calibrated. Though few works
introduced this issue [2-4], none of them ever (i) conceived a
dedicated setup to measure the drift A¢ps(T), (ii) identified
critical noise contributions for such measurements and (iii)
experimentally isolated, from electronic couplings drifts, the
mechanical drift induced by temperature changes of mode-
split and quality factor. This work fulfills all these tasks, using
as a test device the pitch axis of the triaxial, single-drive
gyroscope shown in Fig. 1a. The device has frequencies in the
20 kHz range, split by about 500 Hz, with drive and sense
quality factors in the range of 7000 and 700, respectively [5].

The reference model for the mechanical drift is shown by
the simulations of modulus and phase of its sense mode, as a
function of temperature, reported in Fig. 1b-c: for the sake of
clarity, the drive mode frequency is only shown by dashed
vertical lines. Every color curve corresponds to a different
temperature point in the range 20°C to 90°C. The zoom
highlights the value of the sense-mode transfer function phase
excited at the drive frequency. When the temperature changes,
both the frequency of the two modes and their quality factor
change. Correspondingly, a change in the phase A¢p¢(T) of
the sense mode response to a Coriolis force (modulated at the
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drive frequency) can be observed, with a value in the order of
6 mrad, which grows up to more than 10 mrad when the entire
consumer temperature range is taken into account.

The next section describes the methodology adopted to
isolate this mechanical drift from drift of electronic couplings,
and to optimize the resolution in relative phase noise
measurements.  Afterwards, experimental results and
agreement with models will be presented when operating four
different samples in, overall, 18 various operating conditions
of drive amplitude, mode split and quadrature error value.
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Fig. 1: top-view of the single-drive 3-axis gyroscope (a),
whose pitch axis is studied vs T (see the inset) in this work.
In mode-split operation (frequencies of 20 kHz, split of few
100 Hz) the sense transfer function (b-c) is excited by the
drive mode with a phase A¢ps drifting by ~6 mrad under
temperature changes (20°C to 90°C in the figure) due to
changes vs T (TCf, [6]) in the mode split and in the sense
quality factor (TCQ, [7]).
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Fig. 2: block scheme of the developed circuit, including (a)
the drive-mode phase loop (black), the amplitude controller
(green) and the sense chain (purple). Differential signals at
the drive and sense ports are (b) properly filtered (BPF) to
avoid noise folding, amplified (cyan) and (c) sent to a phase
meter (red). Note the indication of a generic coupling term,
with its own phase, from the drive loop into the sense chain.

Il. METHODOLOGY

The MEMS gyroscope is isolated from its sustaining and
readout circuits using a separate ceramic carrier (see the inset
of Fig. 1a), which is placed inside a climatic chamber. This
somewhat limits the achievable noise resolution in relative
phase measurements because parasitics of long cables amplify
electronic noise of the drive-detection and sense-detection
amplifying stages. Nevertheless, this is the only way:

(i) to allow calibration of the setup parasitics (in particular
coupling drive signals into the sense chain) once for all tested
MEMS. Indeed, when changing the MEMS to test in the
proposed scenario, one just needs to change the carrier holding
the device, leaving all cables and boards unmodified;

(ii) to bypass the contributions represented by drifts of
such parasitic couplings. As the couplings (and their drifts due
to drive-mode quality factor changes vs T) are always
repeatable whatever the MEMS, they can be subtracted in the
same way for all the measured devices.

Fig. 2a reports the developed circuit, including usual
configurations [8, 9] for the drive oscillator and the sense
chain (possible couplings of drive-loop signals into the sense
path are also highlighted). Additionally, the differential
signals at drive and sense ports (indicated as D+, D-, S+, S-in
the figure) are sent to a pair of band-pass filters, so to avoid
noise folding in the following saturation stage from sine to
square wave [10, 11]. This procedure optimizes resolution in
the following phase measurement (Fig. 2b-c) performed by an
off-the-shelf frequency meter. On the printed circuit board, all
passive components (even if outside the chamber) are chosen
with ultra-high temperature stability to avoid small undesired
drifts during long-term acquisitions where the board remains
in uncontrolled laboratory environment.

In a preliminary setup calibration on a single MEMS, an
open-loop spectral characterization that forces the drive axis
while reading the sense output is repeated twice (rotor voltage
on/off) to quantify the parasitic coupling coefficients
(amplitude and phase). The measurements results are shown
in Fig. 3. The estimated value can be then multiplied by the
drive signal (itself a function of the quality factor, thus of T)
and subtracted for every MEMS phase, at every temperature,
as all the electronics remains outside the chamber.
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Fig. 3: modulus/phase calibration of parasitic couplings.

Curves refer to a MEMS with 650 dps quadrature, but the

setup calibration remains valid for all other experiments.

To characterize achievable relative phase resolutions,
short-term and long-term measurements were processed
through the Allan variance method. Fig. 4 shows how no drift
is observed on short-term phase measurements (typically
captured at every °C-step during temperature sweeps), and
how white phase noise remains lower than 2 prad/\'Hz. On a
longer term (just one thick measurement shown), 1/f phase
noise becomes visible with a stability in the order of 3 prad
for observation intervals as large as 100 s (1000 s overall
measurement time). These results essentially meet the
specification discussed in the introduction.

Ill. RESULTS

The experimental campaign to evaluate the phase drift as
a function of temperature was performed on four different
samples characterized by native, uncompensated quadrature
values in the range between about 600 dps and about 12000
dps. The gyroscopes can be actuated at different drive
amplitudes by acting on the voltage Ve in the amplitude
control loop of Fig. 2. Their mode-split value can be changed
by changing the rotor voltage (this in turns partially affects
also achievable phase noise, [12]).

Fig. 5 reports sample measured curves of the
uncompensated phase drift of one device in four testing
conditions at different rotor voltages and identical drive
amplitude, to validate the drift slope changes as a function of
the drive signal amplitude, for the same, calibrated, coupling
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Fig. 4: Allan deviation of 45 phase acquisitions captured
during temperature sweeps at 1°C difference each, and
single long-term acquisition (thick curve) showing 2-
urad/NHz noise density and 3-urad stability.
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Fig. 5: measured phase vs T in various testing conditions.
As expected, at larger rotor voltages, for the same drive
motion of 6.5 pum, AC drive signals are lower and effects
of electronic couplings decrease, leaving the mechanical
drift evident. The inset shows a phase measurement
accuracy in the 10-prad range during long-term (8
hours) acquisitions.

coefficient. What happens is essentially that, for the same
target motion amplitude, a reduction of the rotor voltage
requires a larger drive amplitude, which induces larger
parasitic couplings and in turn a more visible electronic drift
(negative slope in the curves). When the rotor voltage is
increased, on the contrary, the drive voltage amplitude and its
couplings are reduced, leaving the mechanical drift term
dominant (positive slopes in Fig. 5).

Finally, Fig. 6 isolates the mechanical phase drift (1%-order
coefficient), reported on the y-axis as a function of the
different samples in various conditions (reported along the x-
axis). In particular, the drive amplitude varies from 2.4 um to
a maximum value of 6.5 um, while the rotor voltage is swept

from a minimum of 9 V (about 700-Hz split) to a maximum
of 13.5 V (about 200-Hz split). The dashed curve refers to the
model without corrections for electronic drifts, the solid curve
includes such corrections, and the red square markers
represent the measured data.

Not only an almost perfect agreement is obtained (12
prad/K rms deviation from the model), especially at large
quadrature values, but such a capability to precisely measure
the phase vs temperature enables identifying deviations from
the model, in light of a possible ultra-accurate online
compensation of offset drifts.

IV. CONCLUSIONS AND FUTURE WORK

The work proposed a thorough analysis of the temperature
drift of the relative phase between the Coriolis signal and the
drive demodulation reference in capacitive amplitude-
modulated gyroscopes, which is a fundamental effect in
determining their ultimate rate stability.

After evaluating the specifications in terms of required
phase noise and phase stability, dedicated instrumentation was
developed reaching 2 urad/vHz resolution without noticeable
drifts after 100 s, and good agreement with phase-drift model
prediction based on the TCf and TCQ.

The experimental measurement campaign was performed
on several samples and in various conditions, but on a single
device type so far. In the near future, plans are to test the
instrument with other gyroscope types and to extend the
model so to identify other effects like the drift of the
quadrature itself.
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Fig. 6: once electronic coupling coefficients are found through the initial calibration of Fig. 3, the measurements match
(within 12 prad/K) the predicted phase drift for different combinations of split values (rotor voltage), drive amplitude (AGC

voltage Vrer) and quadrature (device ID).
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