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Abstract—This paper reports the developments towards
an integrated, triaxial, frequency-modulated, consumer-
grade, MEMS gyroscope. A custom low-power (160 µA),
low-phase-noise integrated circuit is designed specifically
for frequency-modulated operation. Both yaw- and pitch-
rate sensing systems are demonstrated, by coupling the
circuit with two novel micromachined structures fabricated
with a 24-µm-thick industrial process. In operation, both
gyroscopes show a repeatable and stable scale factor, with
less than 0.55% of part-to-part variability, obtained without
any calibration, and 35 ppm/◦ C of variability over a 25◦ to
70◦ C temperature range.

Index Terms—Microelectromechanical devices, gyro-
scopes, frequency modulation.

I. INTRODUCTION

PRODUCING cheap and stable vibratory MEMS gyro-

scopes that do not require expensive and time-consuming

calibration procedures has proven to be challenging, due to

the dependence of the scale factor on fabrication imperfections

and environmental changes [1].

Conventional microgyroscopes, operated as amplitude-

modulated (AM) systems [2], [3], are sensitive to the accuracy

of the drive mode displacement control [4], [5], to the value of

the frequency mismatch between drive and sense modes [6],

and to electronic gains in the sense readout chain. The result

is a significant scale factor variability over both (i) offline

unavoidable process spreads, and (ii) online variations of the

ambient temperature (T ) and humidity (RH). For manufac-

turers, a large amount of the cost of consumer-grade MEMS

gyroscopes is thus given by expensive calibration routines:

(i) the scale factor must be tuned on every sample at the rate

table, and (ii) its dependence across the T -RH operating range

must be measured on a representative number of samples,

to apply post-acquisition corrections. Resulting performance

limitations, such as residual scale factor drifts due to imperfect

calibration, generally preclude their widespread adoption in

forthcoming applications, e.g., inertial grade navigation and

pedestrian dead reckoning.

An alternative architecture for angular rate sensors is rep-

resented by MEMS gyroscopes where the rate information is

frequency-modulated (FM) onto the resonance frequency of

the micromachined structure [7]–[12], rather than amplitude-

modulated onto the displacement along one of its mechanical

modes. FM sensing benefits from a direct frequency output,

the ease of interfacing with digital signal processing, and large

dynamic range. Seshia et al. [7] first proposed a gyroscope

where the Coriolis force modulates the stiffness of a resonant

structure; in their configuration, however, the scale factor still

depends on the drive displacement, as in AM gyroscopes.

In more recent FM implementations, the scale factor turns

out to be a dimensionless quantity that depends only on

the angular gain of the structure, thus significantly lowering

the scale factor sensitivity to environmental variables and

process spreads [10]. In addition to the advantages in reducing

calibration time and costs, the FM approach promises benefits

in the aforementioned applications where stability is of great

concern. Zotov et al. [8] measured the rate from the observed

split in the instantaneous frequency of the two primary modes

of an ultra-high-Q structure, fabricated with a non-industrial

process. Kline et al. [9] extracted the rate from the reso-

nance frequency difference between two adjacent, matched

resonators. Tsukamoto et al. [11] inferred the rate from the

measured split between simultaneously-excited clockwise and

counterclockwise modes on the same structure. All these meth-

ods share similar, power-hungry requirements for continuous

frequency tracking needed for mode-matching.

One very promising FM approach was proposed by Izyumin

et al. [12]. They realized a small-footprint FM gyroscope,

by implementing continuous-time mode reversal, also referred

to as Lissajous FM (LFM) operation. By letting a mechan-

ical structure with two main orthogonal vibration modes

oscillate at each mode’s resonance, an angular rate oriented

orthogonally to both modes is inferred from a resonance-

frequency variation measurement. This working principle (i)

uses a single proof mass, thus avoiding strict specifications on

temperature mismatch otherwise required when using more

than one structure; (ii) not only it requires no mode matching,

but the split value has also no influence on the scale factor; (iii)

by implementing continuous-time reversal, slow natural fre-

quency drifts are not aliased as rate variations. Their published

prototype is, however, implemented with discrete electronics,

and only demonstrates yaw-rate sensing.

This work addresses the challenges of (i) developing a low-

power integrated circuit (IC), and (ii) designing the structures

of both yaw and pitch (or roll) sensing in an industrial

process, thus giving perspectives on a full 3-axis FM system

implementation.

Concerning point (i), in an LFM gyroscope, the required

scale factor stability is obtained at the cost of a relatively

small scale factor value, lower than 1 Hz / 360 dps. Targeting,

e.g., a 10 mdps/
√

Hz resolution, the needed frequency noise

density is lower than 30 µHz/
√

Hz. This translates in an ultra-

low-phase-noise requirement on the electronic circuitry, which

should be, at the same time, low-power for always-on applica-

tions, making an integrated electronics design not trivial. FM

gyroscopes presented in the literature only showed electronics

either based on discrete components [8] or partially integrated,

reaching at best a resolution of few tens of mdps/
√

Hz [12].

Concerning point (ii), a challenge in the development of 3-



axis FM gyroscopes is the design of in-plane sensing systems,

as one of the operational modes should move out of plane: due

to the planarity of the micromachining process, this breaks the

symmetry of the vibration pattern, increasing the complexity

of both the mechanical design and the control electronics.

The paper is organized as follows. Section II describes the

working principle of the developed FM gyroscopes and details

the design of the two mechanical structures, for yaw and

pitch (or roll) rate sensing; the structures are fabricated with

STMicroelectronics thick-film epitaxial polysilicon surface-

micromachining process [13], commonly used for mass pro-

duction of MEMS inertial sensors. Section III describes the

development of the integrated, low-noise, low-power oscillator,

designed for FM operation, fabricated with a 0.35-µm CMOS

process. Section IV reports experimental measurements on

the tested samples demonstrating the feasibility of a sub-

500-µA, ± 2000 dps full-scale, sub-10-mdps/
√

Hz noise, 50-

Hz bandwidth, 3-axis gyroscope, with 5500 ppm scale factor

stability including part-to-part and temperature changes.

II. MECHANICAL DESIGN

A. Working Principle

An LFM gyroscope relies on letting each orthogonal axis of

a 2-DOF (degrees of freedom) mechanical structure, modeled

as in Fig. 1a, oscillate at its own resonance frequency. An elec-

tronic circuit overcomes mechanical losses, and excites each

resonator with a constant, controlled motion amplitude, equal

for both axes. The natural frequencies of the two axes, fnx
and fny , are, by design, different by an amount f∆, so that the

proof mass precesses in the xy-plane following the so-called

Lissajous trajectory. In presence of an angular rate orthogonal

to the plane of motion, the Coriolis force couples the two

modes, inducing a resonance frequency variation measured at

the sustaining electrodes. Since the center frequencies of the

two oscillators are different, the angular rate information gets

modulated at the frequency split given by f∆, as graphically

suggested by the force balance diagram of Fig. 1b. The reader

can note how the Coriolis vector rotates in the phasor plane

at a speed given by f∆, thus periodically acting along the

elastic force axis, thus determining the AM modulation of the

FM signal. The rotation of the Coriolis vector indeed results

in an equivalent sinusoidal modulation of the stiffness of the

system, thus of the resonance frequency of each mode, whose

expression as a function of the angular rate, Ω, derived from

the equation shown in Fig. 1b, is reported in Eq. (1):

frx (t) = fnx − αxy

vya
vxa

Ωsin (2πf∆t) , (1)

where fnx is the natural frequency of the considered mode,

vxa = xa2πfrx and vya = ya2πfry are the velocity ampli-

tudes of the motions of the considered mode and the orthog-

onal one, respectively, and αxy ≤ 1 is the angular gain of

the structure, a modal-mass-related coefficient that quantifies

the Coriolis-induced coupling between the two modes. As an

example, Fig. 1c graphically reports the time evolution of the

resonance frequency of one axis in an ideal LFM gyroscope,

with a 25-kHz natural frequency, 100-Hz mode split, unity

angular gain, and perfect velocity amplitude control, as a

Fig. 1. Working principle of a LFM gyroscope. (a) A 2-DOF mechanical
structure with two main vibration modes orthogonal one another; in pres-
ence of a rate directed orthogonally to both modes, the Coriolis force
couples the two modes. (b) In a phasor diagram related to one resonant
mode, the Coriolis force rotates at the mode-split frequency, f∆. The
resonance frequency can be found by nulling the net force alongside the
x-axis (while y-axis relates with the amplitude of oscillation). (c) Example
of the AM-modulation of the FM signal typical of LFM operation (with
unity angular gain, velocity amplitude control, and 100-Hz mode split).

function of a step-like angular rate, drawn as a dashed curve.

Note that thanks to the AM modulation resonance frequency

drifts, e.g., due to T -RH variations or long-term aging, do not

get modulated, and therefore are not aliased as rate signals, as

they would be, e.g., in quadrature FM operation [9].

The angular rate is more conveniently inferred by measuring

the sum of the instantaneous resonators frequencies:

fΣ (t) = fnx + fny −αxy

(

vya
vxa

+
vxa
vya

)

Ωsin (2πf∆t) . (2)

When summing the two channels, the signal-to-noise ratio

increases. In addition, the scale factor depends on the product

between the angular gain and the reciprocal sum of the velocity

amplitude ratios. In this way, any amplitude-control-related

error is minimized [12], and an ultra-stable, ratiometric scale

factor is obtained, equal to twice the angular gain, i.e., 2 ·αxy .

In a more realistic model, Eq. (2) should include also

aniso-stiffness and aniso-damping terms [14]. The complete

expression becomes

fΣ (t) = fnx + fny − αxy

(

vya
vxa

+
vxa
vya

)

Ωsin (2πf∆t) +

+αxy

(

vya
vxa

Ix −
vxa
vya

Iy

)

sin (2πf∆t) +

+αxy

(

vya
vxa

Qx +
vxa
vya

Qy

)

cos (2πf∆t) . (3)

where Ix,y , referred to as offset, comes from the aniso-

damping term, while Qx,y , referred to as quadrature, repre-

sents the effect of non-zero non-diagonal terms of the stiffness

matrix. It is worth noting that, for symmetric aniso-damping

terms, offset vanishes when summing the two frequencies.



Fig. 2. (a) Optical microscope top-view of the 24-µm-thick yaw-rate-
sensing gyroscope, and (b) corresponding first two mechanical modes
with measured spectral responses.

B. In-Plane Structure for Yaw-Rate Sensing

Figure 2a reports a micrograph of the mechanical structure

developed for yaw-rate sensing. The structure, adapted to the

used industrial process from the design described in [15], is

formed by four external frames, suspended through 2 folded

springs each, and by a proof mass, nested inside the frames and

decoupled through 8 further springs. Push-pull actuation and

fully-differential sensing are provided through 1.8-µm comb

fingers designed on the external frames. The ratio between

the modal mass coupled through the Coriolis force and the

overall modal mass contributes to set the angular gain, whose

expected value is 0.8.

The two resonators are designed with a nominal 100-Hz

mode split, enabling a yaw-rate sensing system with a 50-

Hz bandwidth. To this purpose, a 0.8% mass difference is

set, by design, between the two resonators. The nominal

resonance frequencies are set around 25 kHz, as a good trade-

off between acoustic and vibration rejection, and electronics

power consumption minimization. Actual mode split values

may change from sample to sample, due to process over-

/under-etch. This spread has no macroscopic effect on scale

factor, linearity, or full-scale. On the other hand, a maximum

sensing bandwidth reduction is required if the mode split gets

reduced, to avoid aliasing effects, while resolution linearly

worsens with the mismatch.

Since the structure is free of parallel plates, as no tuning of

the mode split is required, the sensitivity being independent

of this parameter, both resonators show high quality factors,

with measured values around 15 000, at a nominal bonding

pressure of 0.7 mbar (see Fig. 2b).

The target displacement amplitude is set to 4 µm, limited

to avoid any mechanical non-linearity that would worsen the

resolution of the sensor, as will be shown in Section IV. The

number of motion-detection fingers is maximized within the

available area, giving a capacitance variation Ca nominally

equal to 40 fF per port; the motional current flowing out of

the sense port is thus maximized, so to minimize phase noise.

C. Out-of-Plane Structure for Pitch-Rate Sensing

Figure 3a reports a micrograph of the mechanical structure

developed for pitch-rate sensing. The structure is formed by

four external frames with the proof mass decoupled and nested

in between. The two frames to generate in-plane motion are

suspended through symmetric folded springs, with push-pull

actuation and fully-differential sensing provided through comb

fingers. The two frames for out-of-plane motion are suspended

through torsional bars. Push-pull actuation and differential

sensing are this time provided through parallel-plate electrodes

designed underneath the frames as indicated in the figure. Four

folded levers couple the frames to the proof mass, transforming

the two torsional displacements into a vertical translation of

the proof mass. According to the motion generated by the

described frames, the proof mass, further decoupled from

the in-plane frames through two levers having folds at each

tip, orbits following a Lissajous trajectory along a plane

orthogonal to the substrate. The expected value of the angular

gain is 0.8, so to match the scale factor of the yaw sensor.

Due to the presence of parallel-plate electrodes, the out-of-

plane resonator shows a lower quality factor, with measured

values around 1100 (see Fig. 3b) at the given bonding pressure,

compared to the 10 000 value of the comb-driven mode.

Some design strategies were adopted for such a pitch device,

as its operating modes have inherently and widely different

modal shapes, as well as different actuation and detection

topologies. First, due to the constraints in the vertical gap,

the design targets a maximum displacement of the proof mass

along both directions of about 1 µm (≈ 4 times smaller than

for the yaw sensor). Such an amplitude coincides with the

displacement of the external frames for the in-plane motion,

and corresponds to a maximum displacement of about 150

nm at the frames for out-of-plane motion, to limit driving and

sensing electrostatic non-linearity for a vertical gap value of

1.8 µm. Additionally, the values of the driving and sensing

capacitances are designed in such a way that the product

of the capacitance variation per unit displacement at each

resonator sensing port, multiplied by the electrode effective

motion, is similar (around 40 fF) for the two modes, so to

provide the same output current at both resonators output ports,

and thus the same phase noise for the two oscillators of the

pitch gyroscope. As the mentioned capacitance variations are

also close to the ones of the yaw sensor, both yaw and pitch

gyroscopes can be operated with the same electronic circuitry.



Fig. 3. (a) Optical microscope top-view of the 24-µm-thick pitch-rate-
sensing gyroscope, and (b) corresponding first two mechanical modes
with measured spectral responses.

Fig. 4. Schematic of the system, showing the MEMS on the left and the
IC on the right, with an insight of one of the two oscillators.

III. ELECTRONICS DESIGN

As anticipated in Section II, the electronic circuitry required

for FM operation basically consists of two oscillators, to keep

each mode in stable oscillation at resonance. In addition, each

circuit should provide an oscillation-amplitude control loop,

required to keep stable the scale factor shown in Eq. (2).

These requirements are matched while minimizing the power

consumption, so to have an ultra-low-power sensor.

A. Circuit Topology and Architectural Choices

There are two different approaches that well fit the high-

Q property of the MEMS resonators of the proposed FM

gyroscope: feedback oscillators [16], and Pierce oscillators

[17]. Pierce oscillators are simple circuits with few transistors

and capacitors, and very low power consumption. However,

Pierce oscillators do not provide means of implementing

motion amplitude control. The feedback oscillator architecture

was thus chosen for this work. A MEMS feedback oscillator

basically consists of a front-end, commonly referred to as

capacitance-to-voltage amplifier (C2V), that senses the MEMS

motion through a variation of the sense capacitance, and

translates this signal into a voltage, which is then delivered

to the resonator through the driving circuitry.

Figure 4 shows a schematic of the whole system. The two

oscillators, identically replicated, are integrated in the same

chip, fabricated with a 0.35-µm process. The IC core occupies

an active area lower than 2 mm2, integrated in a 4.5 mm2 die.

Each oscillator, implemented with fully-differential stages to

maximize the signal-to-noise ratio and supply-noise rejection,

has roots on the topologies described in [18]. It consists of

the C2V, a 90-deg shifter, required to satisfy Barkhausen

criteria at resonance, a hard-limiter (HL), which implements

the non-linear stage required for oscillation build-up and

enables square-wave, hence low-power, driving, and an H-

bridge, which delivers the drive actuation waveforms; its

supply is provided by an automatic gain control (AGC) circuit.

A detailed schematic of each oscillator is shown in Fig. 5,

where the signals propagating around the loop are also shown.

The C2V is implemented as a charge amplifier. The imple-

mented feedback network is composed of a 800-fF capacitor,

whose value was chosen as a good compromise between

maximizing the gain and minimizing the output distortion, and

a pseudo-resistor, implemented with two back-to-back cross-

coupled diode-connected PMOS transistors [19]; the equiva-

lent resistance is larger than 10 GΩ, allowing a closed loop

pole frequency lower than 20 Hz, far below the operating one.

Note that a trans-resistance amplifier (TRA) needs an 8-MΩ
resistor to obtain the same gain. This is incompatible with the

noise requirements that call for a minimum resistance of 850

MΩ. The implemented operational transconductance amplifier

(OTA), together with the common-mode feedback network, is

reported in Fig. 6. The OTA1 relies on a single-stage, folded-

cascode, fully-differential topology, with PMOS input pair to

minimize flicker noise, and an overall consumption of 19 µA.

The 90-deg shifter, required to compensate the 90-deg shift

introduced by the C2V, is distinctively implemented as an

active integrator whose pole is far below 25 kHz. By suitably

sizing the input resistor (1 MΩ) and the feedback capacitor

(6.5 pF), around the operating frequency the stage behaves

as a unity-gain, 90-deg phase shifter. The used OTA2 is

similar to the one adopted for the C2V, with a smaller current

consumption as its noise contribution is less relevant. The same

pseudo-resistors used for C2V are implemented to bias the

feedback network. An additional capacitor of 70 pF is added in

series with the input resistor, so to introduce a DC de-coupling

from the previous stage, thus rejecting any C2V offset.



Fig. 5. Detailed schematic of the implemented oscillator, showing the AGC driving the H-Bridge supply (VCONT).
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Fig. 6. Transistor-level schematic of C2V’s OTA1, with its common-mode
feedback network.

The hard-limiter is implemented with an open-loop OTA,

while the H-bridge configuration was chosen as the amplitude

controlling block, where the AGC output (VCONT in Fig. 5)

simply sets the supply of the H-bridge itself. Both choices

are motivated by low-power requirements. Indeed, such an

implementation, based only on digital blocks, eliminates the

need for power-hungry variable gain amplifiers.

The AGC is implemented as a negative-feedback loop

that extracts motion amplitude information from the envelope

of the waveform at the C2V output, compares it with a

motion amplitude reference, and correspondingly adjusts the

amplitude of the drive waveform. The envelope detector is im-

plemented with a self-clocked passive mixer, which, combined

with the subsequent low-pass filter, behaves as a standard AM-

demodulator. The subsequent stage is the proportional-type

controller of the AGC, implemented as a difference amplifier.

One of its inputs is a DC voltage that equivalently fixes the

target displacement amplitude. The gain of the stage is set to

50, and a low-pass filter is added, so to reduce the effects of

second-harmonic tones coming from the mixer.

Note that with the chosen oscillator topology there is no

node within the loop whose voltage is proportional to the

velocity of the proof mass. In order to control the velocity

amplitude, as required in Eq. (2), an additional differentiator

stage should be implemented, thus increasing the overall power

consumption of the system. However, starting from Eq. (2),

one can derive the expression of the sum of the resonance

frequencies when controlling the displacement amplitude,

xa = ya = xa,ref , rather than the velocity amplitude:

fΣ (t) ≃ fnx+fny −αxy

(

fny
fnx

+
fnx
fny

)

Ωsin (2πf∆t) . (4)

At such small mismatch value as the one chosen for the

designed gyroscopes, a scale factor deviation of 8 ppm only

with respect to constant-velocity conditions is experienced.

As shown in Fig. 7a, a large portion of current consumption

is dedicated to the C2V, as its OTA thermal noise is the domi-

nant noise source within the circuit. The current consumption

of the AGC is high, as well, to allow its output stage to

correctly drive its constantly-switching load, i.e., the H-bridge.

The overall current consumption per oscillator is 80 µA.

B. Resolution

As the signal of interest is a frequency variation, the

minimum detectable rate (i.e., the resolution of the sensor) is

strictly related to the phase (frequency) noise of the oscillator.

To be more precise, as the rate information is frequency-

modulated by the Lissajous pattern at the frequency of the

mode split, as shown in Eq. (2), phase noise has itself to be

evaluated and minimized at an offset f∆ from the carrier.

Using conventional phase noise analysis in MEMS oscil-

lators [20], the sensor turns out to be limited by electronics-

rather than termo-mechanical-noise, for all the Q values of the



(a) (b)

Fig. 7. (a) Current consumption partitioning. At a DC supply of 3.3 V,
the total power consumption is 0.26 mW only per oscillator. (b) Noise
contribution partitioning: C2V/OTA refers to the thermal noise of OTA1;
90D/RIN refers to input resistors of the 90-deg shifter; HL refers to the
input pair of the hard-limiting stage.

considered resonators. In particular, phase noise is limited by

the additive noise introduced by the first stages of the elec-

tronic loop, whose power spectral density can be conveniently

input-referred as an equivalent rate density:

SnΩ ≃
(360◦)

2

α2
xy

f2Snφ (f) =
(360◦)

2

α2
xy

f2
SnC,e (fnx + f)

C2
a

,

(5)

where SnΩ is the input-referred rate noise expressed in

dps2/Hz, Snφ is phase noise associated with the oscillation

signal, f is the frequency offset from the natural frequency,

and SnC,e is the electronic noise, input-referred as equivalent

capacitance noise. Two dominant noise sources were identi-

fied. The first one is the input pair of the OTA1 employed in

the C2V, whose effects are amplified by the parasitic capacitor

from the sense detection node to ground; to this purpose,

custom-designed IC input pads were implemented, as in [19].

The second one is the thermal noise associated with the input

resistor of the 90-deg shifter. Its noise contribution could have

been easily lowered by simply reducing its value down to few

hundreds of kiloohms. Such a relatively-low resistor would

have affected, however, the stability performance of the C2V,

and a consequent increase of its power consumption would

have thus been necessary. The final 1-MΩ value was chosen

as an optimal trade-off between noise, phase lag, and power

consumption minimization. A pie chart of the different noise

contributors is reported in Fig. 7b.

C. Noise Folding Analysis

Particular attention was given to limit noise folding effects

[21]–[23]. An active integrator topology was preferred to a

phase-locked loop (PLL) to implement the 90-deg shifter. The

integrator behaves, indeed, as an anti-aliasing filter in front

of the hard-limiter, narrowing the bandwidth before folding

occurs. As the noise bandwidth of the C2V is nominally 100

times larger than the oscillation frequency, its output is a

sinusoidal voltage with wideband noise. If a hard-limiter is

then directly connected to the C2V, it detects phase changes

only at the zero crossings, i.e., only twice within an input

signal period. Wideband noise of the C2V is under-sampled,

and folded into the signal band, eventually worsening the

sensor resolution. To overcome this issue, the solution of

inserting an anti-noise-folding band-pass filter between the

Fig. 8. Frequency noise spectra predicted at C2V and HL outputs.
Thanks to the low-pass (anti-alias) implementation of the 90-deg shifter,
worsening by noise folding is minimized. The measured frequency noise
spectrum is shown for comparison.

Fig. 9. For experimental measurements, the MEMS and the IC are
stacked and wire-bonded in a socket, and then placed on the rate table.

C2V and the HL was adopted, employing the described 90-deg

shifter.

Note that, if a conventional PLL with a standard input

phase-frequency detector (PFD) was connected at C2V output,

and used for the aforementioned 90-deg phase shift require-

ment [18], the PLL would operate like a sampled system in the

phase domain, exactly as the hard-limiter, and noise folding

would have drastically degraded the resolution of the sensor.

With the implemented circuitry, Fig. 8 shows the predicted

spectra of frequency noise, Snf (f) = f2Snφ (f), of a single

oscillator. A theoretical value of 13 µHz/
√

Hz at 80 Hz offset

is predicted at the hard-limiter output, assuming a 5 pF

parasitic capacitor at each input node. This translates into

an estimated 6 mdps/
√

Hz gyro resolution. Thanks to the

integrator-based shifter, the folding penalty is of 1.2 dB only,

while it would have been of at least 14 dB using a PLL-based

oscillator. Theoretical predictions were substantially confirmed

with cadence© transient noise simulations, whose results are

reported in Fig. 8 as well.

IV. EXPERIMENTAL MEASUREMENTS

Figure 9 shows the experimental setup. Each MEMS is wire-

bonded to its own IC in a socket that is then installed onto

the rate table.

For scale factor measurements, the oscillation frequency

variation of each oscillator is measured using a bench-top

frequency meter (Keysight 53230A), as a function of the
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Fig. 10. Scale factor measurements for yaw (a) and pitch (b) gyroscopes
over ± 2250 dsp and ± 1140 dsp rates, respectively. The insets show
the linearity error.

applied rate. The variations of the two axes are then summed

up, to obtain the signal expressed in Eq. (3). The scale factor

is obtained with a fitting model on measured data. For the sake

of simplicity, half of the scale factor will be reported, as

SΣ

2
=

Sx + Sy

2
=

1

2
αxy

(

fny
fnx

+
fnx
fny

)

, (6)

so that it can be compared more easily with the ones obtained

from single-resonator measurements, Sx and Sy , respectively.

8 yaw devices and 3 pitch devices, correspondingly coupled

to 11 integrated circuits, were tested in order to verify exper-

imentally the part-to-part repeatability of the scale factor.

Figure 10 reports a sample measurement for one yaw and

one pitch sensing system. The obtained values of about 0.8

Hz/Hz are aligned with the predicted angular gain given in

Section II. For both devices, as shown in the corresponding

insets, a linearity error smaller than 0.6% of the maximum

applied rate is extrapolated.

A. Yaw Scale Factor Repeatability

Measured scale factors, SΣ/2, of different yaw samples are

reported in Fig. 11 by triangular markers. The figure describes

the scale factor variability reduction obtained when consider-

ing the sum of the individual resonance frequency variations,

shown with square and circular markers. The extrapolated

relative standard deviation of the total scale factor is 5500

ppm, compared with a 3% spread when considering each axis

on its own. It is worth noting that these results are obtained

with neither setup nor post-processing calibrations, and even

with a 280% variation between the lowest (67 Hz) and the

largest (187 Hz) encountered mismatch values.

Scale factors on one sample performed at different tempera-

tures are reported in Fig. 12. When fitting the data with a linear

model, the extrapolated temperature coefficient of the scale

factor (TCS) turns out to be −35 ppm/K, that corresponds

to a 0.4% total variation within the whole consumer-grade

range between −40◦ and 80◦ C. Note that, even without any

compensation/calibration procedure, this value is lower than
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Fig. 11. Report on scale factor measurements performed on eight dif-
ferent yaw samples, as a function of the obtained frequency mismatch.
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Fig. 12. Report on scale factor measurements on a yaw sensor
performed at different operating temperatures.
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Fig. 13. Report on scale factor measurements performed on three dif-
ferent pitch samples, as a function of the obtained frequency mismatch.

the one reported in the datasheet of state-of-the-art commercial

gyroscopes, whose performance are summarized in Table I.

Measured average quadratures, Qx and Qy terms of Eq. (3),

for the tested yaw samples are 450 dps.

B. Pitch Scale Factor Repeatability

Scale factors of three different pitch samples are reported

in Fig. 13 by triangular markers. The extrapolated relative

standard deviation of the total scale factor, SΣ, is 5400 ppm,

comparable with the one obtained for the yaw gyroscope.

Measured average quadrature for the tested pitch samples

is 4000 dps, likely dominated by skew angle issues [27].

C. Noise

Figure 8 shows a frequency noise measurement performed

on one yaw sample, compared with theoretical predictions. As

shown in Eq. (5), in order to infer the noise equivalent rate

density, one should evaluate the noise PSD at the frequency

mismatch, Snf (f = f∆), i.e., 80 Hz for the considered



TABLE I
PERFORMANCE COMPARISON BETWEEN THE PROPOSED GYROSCOPE AND STATE-OF-THE-ART COMMERCIAL PRODUCTS

Manufacturer Device Scale factor change Temperature range Current consumption

[◦ C] (gyro only) [mA]

This work −0.0035%/K (over temperature) 20 to 70 0.6

±0.55% (part-to-part)

STMicroelectronics 6D IMU LSM6DSL [24] ±0.007%/K (over temperature) −40 to 85 0.6

±1% (part-to-part)

Invensense 6D IMU ICM-20600 [25] ±2% (over temperature) −40 to 85 2.5

±1% (part-to-part)

Bosch Sensortec 6D IMU BMI160 [26] ±0.02%/K −40 to 85 0.9

±3% (part-to-part)
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Fig. 14. Frequency noise PSD evaluated at 80-Hz offset as a function
of the displacement amplitude of the proof mass of a yaw gyroscope.

sample, and divide it by the scale factor. The measured value

of 24 µHz/
√

Hz (Fig. 8) translates into a 10.8 mdps/
√

Hz

noise equivalent rate density. Note that the variability in the

frequency mismatch, which, as shown, did not impact on the

scale factor, reflects instead on the resolution, that ranges from

9 to 24 mdps/
√

Hz when considering all the tested samples.

Figure 14 shows the dependence of the frequency noise of

the same yaw sample on the displacement amplitude of the

proof mass, obtained by changing the AGC reference. The

figure shows how the noise density is inversely proportional

to the displacement amplitude, as predicted by Eq. (5). The

deviation between experimental data and predictions is likely

due to an underestimation of the parasitic capacitors at the

input nodes of the C2V. The flattening of the measured noise

at displacements larger than 3 µm might be ascribed to me-

chanical non-linearities of the springs at large displacements.

Noise on the pitch gyroscope is on average 5 times larger

than the minimum noise measured for the yaw sensor, in line

with the larger mismatch obtained for the fabricated pitch

devices. A partial re-design of this sensor is needed to match a

smaller split and hence to reach comparable noise performance

at the same offset frequency.

V. CONCLUSION

This work demonstrates a low-power, low-phase-noise in-

tegrated circuit for frequency-modulated sensors, applied to

the case of yaw and pitch/roll Lissajous FM gyroscopes.

The main achieved result is the demonstration of 0.5% scale

factor repeatability and 35 ppm/K stability over temperature,

at 160 µA current consumption only, while holding noise

performance around 10 mdps/
√

Hz. The shown system can be

combined with a frequency digitization circuit [28], to deliver

a sub-6-mm2, 600 µA overall consumption, fully-integrated,

digital-output, 3-axis MEMS gyroscope, providing at the same

time lower consumption and better scale factor stability than

state-of-the-art sensors.

Theoretical analyses and system-level considerations for the

design of a monolithic 3-axis LFM gyroscope and its related

electronics to deliver even lower consumption performance

(375 µA) are currently ongoing.
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