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Abstract—Epitaxial polysilicon is a cheap material that
has been used in the MEMS industry for a long time.
Its relatively large -30 ppm/K Temperature Coefficient of
frequency (TCf) has prevented its widespread use in real-
time clock (RTC) applications. This work investigates the
possibility to use this material to build resonators to be
used in real-time clock applications, starting from the as-
sumptions that the TCf of polysilicon is large but very
repeatable. This would allow a large manufacturer to use a
time-saving, thus inexpensive, family compensation, where
the calibration procedure is computed for a very small frac-
tion of the population of produced RTCs and then applied
to the entire production output. This work presents a novel
design of capacitive resonators for RTCs and demonstrates
that the spread of the part-to-part temperature dependence
is low enough to allow an electronic family compensation
to within ±20 ppm of the output frequency.

Index Terms—Clocks, Frequency control, Microelec-
tromechanical systems, Timing.

I. INTRODUCTION

M ICROELECTROMECHANICAL system (MEMS)
based real time clocks (RTC) have recently become

an alternative to quartz-based solutions [1], by narrowing
the performance gap on the key requirements. These are
essentially represented by a µA-range current consumption,
around 10 ns jitter and 10-100 ppm stability (depending on
the target application) for a 32 kHz RTC output [2], [3].

As silicon and polysilicon have a temperature coefficient
of the Young modulus of about −60 ppm/K (and of fre-
quency, TCf , which lies in turn in the order of −30 ppm/K),
compensation strategies should be identified to cope with
the mentioned stability requirements over e.g. the consumer
temperature range (−40 ◦C to 85 ◦C). These compensation
strategies can be of different types, depending on whether the
compensation effort is put on the fabrication process, on the
electronics, or both. Heavy doping compensation of monocrys-
talline silicon has proved to be effective in minimizing the
TCf [4], [5], and it is currently used in several products.
However, this solution still brings a few disadvantages. First,
it does not reduce the TCf to a value such that further
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electronic compensation is not needed; besides, initial offset
(i.e. deviation of the resonance frequency at a reference
temperature from its desired value), due to unavoidable pro-
cess spreads (doping and etching), still requires electronic
or electromechanical compensation. Mixed-signal analog and
digital electronic blocks are used for this purpose [6]. Second,
the final TCf depends on the effective doping concentration:
best compensation is obtained for very large doping levels
(e.g. 1× 1020 cm−3), for which however the TCf variation
with small doping changes may become non-negligible. Ad-
ditionally, compensation depends on the crystallographic cut
direction of monocrystalline silicon. This introduces further
uncertainty on the TCf due to spreads in the crystallographic
cut direction. All these uncertainties make part-to-part calibra-
tion of the TCf necessary, e.g. with a five-point calibration as
in [6]. Third, the use of monocrystalline silicon-on-insulator
(SOI) wafers represents a higher cost for manufacturers than
polysilicon-based processes, e.g. those already used for mass
production of inertial sensors [7]. Although this work is
focused on technical aspects, it is correct to present it in the
industrial and economical context of these days. Therefore,
more details about this point are given in a dedicated Appendix
at the end of the paper.

All these considerations suggest investigating the possibility
of pure electronic compensation of resonators built in standard
epitaxial polysilicon, so to avoid the use of SOI, and to
reduce the number of parameters that affect the TCf . While
a few works already researched on this topic, even though
on piezoelectric resonators [8], [9], the target of this study is
to exploit a statistical investigation of the TCf repeatability
in an epitaxial polysilicon process with low doping levels,
and to verify the possibility of a family compensation of
the TCf instead of a part-to-part compensation. In a family
compensation, only a few parts (e.g. 10 to 100, named the
training set) of the family (e.g. 1000 to 10 000 resonators of
a wafer or a lot) are characterized, and their average behavior
is used to compensate all parts in the family. This approach
consistently reduces the calibration time of products, at the
cost of a lower calibration accuracy.

To achieve the targets above, the work develops as follows:
Section II introduces and motivates the design of the studied
resonator topologies, with varying geometry and operating
frequency. Relying on the resonator electromechanical pa-
rameters, Section III discusses the design of the electronics
used in the following sections and describes the setup. Sec-
tion IV presents a thorough experimental campaign on about
40 samples of different type (the training set) to accurately
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measure the TCf and to derive a 2nd-order model to describe
its temperature behavior. The model is derived starting from
spectral-sweep responses in open-loop excitation of the res-
onator, at different temperature values, with post-processing
routines. To demonstrate the possibility of pure electronic
compensation, resonators of the family, but not belonging to
the training set, are then tested vs temperature in closed-loop
mode in Section V, both with discrete and with integrated
low-power oscillators. The captured frequency is corrected
using the model above, demonstrating a family compensation
whose coefficients reliably derive only from the mechanical
drift of the resonance frequency found in open-loop, and
not from the used electronics. The technique is effective
in compensating temperature variations within ±20 ppm, the
residual error being comparable to the setup tolerance in terms
of temperature measurement. Note that the aim here is not
to outperform few-ppm or sub-ppm stability levels obtained
in other works with multi-point temperature calibration, but
to show that few tens of ppm stability can be achieved with
much cheaper wafers and without long and expensive part-
to-part temperature calibration procedure. Finally, conclusions
and discussions are drawn in Section VI.

II. RESONATORS MODELING AND DESIGN

The capacitive resonators of this work are fabricated with
the 24 µm Thick Epitaxial Layer for Micro Accelerome-
ters (ThELMA) process from STMicroelectronics [7]. The
structural layer is grown from a standard epitaxy with a N-
type doping giving a square resistance of 15 Ω/�. The process
currently delivers more than 1 million capacitive sensors per
day, and it would be thus suitable for mass production of
low-cost capacitive RTCs. A minimum in-plane gap of 0.8 µm
(before over-etch effects) and a maximum resonator footprint
of 400 µm × 250 µm were chosen by design to cope with a
final package footprint of 1 mm2.

A. Design Considerations: Resonance Frequency
An established technique to achieve an accurate output

frequency in a real-time clock relies on a reference based on
a resonator with a resonance frequency f0 much larger than
the target frequency fout (32.768 kHz usually), and then to
apply an integer frequency division by N or N + 1 with a
programmable divider (Fig. 1). The division factor is selected
by a compensation machine in such a way that the output
frequency matches, on average over a certain number of
periods, the target value within the accuracy and stability
specifications.

The value of N is determined by the maximum deviations
of f0 from its nominal value. These can be given by process
spreads and by temperature changes. The smaller N , the
larger the difference ∆f between f0/N and f0/(N + 1),
so the larger the range that can be compensated. With a
−30 ppm/K 1st-order frequency drift, the maximum deviation
due to temperature changes in the consumer range (300 K
±62 K) turns out to be ±1860 ppm. This is still much lower
than process spreads on the frequency, which is dominated
by etching non-uniformities and affects similarly polysilicon

÷N/N + 1

T ADC TCM

Σ∆

f0

540 kHz

fout

32.768 kHz

Fig. 1. Block scheme of the compensation system. The reference os-
cillator produces a periodic signal at frequency f0. This frequency gets
divided by a divider whose division modulus (N or N+1) is selectable.
The selection is performed by the temperature acquisition chain, where
a temperature sensor T and the subsequent ADC produces a digital
word that is elaborated by the temperature compensation machine TCM
which controls the modulus of the divider so that the appropriate average
division factor is achieved. A digital Σ∆ modulator is used to convert
the multi-bit information of the ADC/TCM to the single-bit information
required by the fractional divider.

and SOI devices. This spread can be in the order of ±3 %
(±30× 103 ppm). This ±3 % spread then imposes an upper
bound to N , regardless of the TCf of the process, expressed
by:

f0(1 + 0.03)

N + 1
=
f0(1− 0.03)

N
⇒ N = 16 (1)

A lower bound is posed by other limitations, because a
lower N (i.e. a lower mechanical frequency):

• increases the part-to-part spread on the nominal fre-
quency f0, due to typically narrower springs.

• increases the effect of the electrostatic softening, due to
a lower f0 hence a typically lower mechanical stiffness.

• decreases the consumption of the sustaining oscillator,
due to a lower f0.

• increases the short-term output frequency variation
(i.e. jitter), due to a larger ∆f between periods resulting
from different division factor.

The programmable division factor N is thus set to 16/17,
which implies that the nominal resonator frequency should
equal f0 = fout · 16.5 = 541 kHz. Note that designing a
high-frequency resonator has also the advantages of rejecting
acceleration effects on the micromechanical structure (we
recall indeed that the displacement induced by an accelera-
tion is proportional to the squared inverse of the resonance
frequency).

B. Design Considerations: Quality Factor and Transduc-
tion

Besides the just-discussed frequency stability, the other
main system requirement is the power consumption. As for
the main oscillator, the consumption is ultimately limited by
the equivalent series resistance of the resonator [10]. This
parameter is influenced by the resonator quality factor Q and
the transduction factor η = VR ·∂C/∂x, VR being the voltage
applied between the resonator rotor (the suspended part) and
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Fig. 2. Computer-aided-design view of the designed resonator (a).
Modal shape-function of the flexural mode of the resonator under study
(b): drive and sense ports have been hidden for the sake of clarity. The
countour of the displacement field is shown in colour.

Fig. 3. SEM image of the designed resonator. The actuated slotted
beams are 351 µm long and 15 µm wide.

the stators (actuation and sensing port), and ∂C/∂x being
the capacitance variation per unit displacement of the two
capacitive ports, assumed nominally identical. To maximize
the quality factor, the package pressure was minimized to
below 50 µbar. A design based on parallel-plate transduction
was adopted so to maximize ∂C/∂x and to add as little mass
as possible.

C. Designed Resonators
The considerations above led to the design of the structure

presented in Fig. 2a: it is formed by a symmetric scissor-
jack architecture with a central anchor region [11]. Under
the electrostatic actuation applied at the drive port, the two
external beams, anchored through the lateral coupling bars,
deflect as shown in Fig. 2b (drive and sense ports not shown
for the sake of clarity). All along the suspended part, slots
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Fig. 4. Frequency response of the MEMS resonator shown in Fig. 2.
Experimental curves (dotted lines) are compared to numerical predic-
tions (continuous lines) for different actuation voltages (10 mV, 17.7 mV,
28.1 mV, 44.6 mV, 88.9 mV and 158.1 mV) and for a constant bias
voltage of 3.6 V.

are designed to avoid heat flow between points subject to
compression and point subject to tension, so to minimize ther-
moelastic damping contributions [12]. The nominal frequency
of the resonator is set by design and through the aid of finite
element (FE) simulations to 541 kHz. A scanning electron
microscope picture of one resonator is shown in Fig. 3.

In addition to the described structure, three other designs
were implemented with slight variations to verify the effective-
ness of the slotting and the impact of the anchor losses. This
translates into a population of similar device each differing
from the rest in terms of quality factor, motional resistance,
and nominal resonance frequency. Detailed description of
these devices is not given as they are not as optimized as the
proposed design: nevertheless, they can be used to increase
the training set for the evaluation of the TCf behavior.

D. Non-Linearity Modeling

Large actuation voltages are desirable in an oscillator, in
order to decrease phase noise. Additionally, a relatively large
voltage amplitude in one point of the oscillator eases the
design of the comparator that generates a square-wave clock
out of the harmonic oscillating signal. On the other hand,
a large actuation voltage can excite non-linear phenomena,
both in the mechanical structures and in the electrostatic read-
out [13]. The larger these non-linear phenomena, the more the
resonance frequency shifts away from the nominal small-signal
condition and the more complex the system behavior becomes.
With the aim of estimating the effect of nonlinearities and to
find the linearity boundaries, a series of numerical analyses
for the structure of Fig. 2 was performed.

Geometric nonlinearities were simulated through the FEM
reduced order model described in [14], which is a force-
based indirect method that accounts for the stress redistribution
occurring in large transformations. On the other side, nonlinear
electrostatic forces have been accounted for through a standard
code based on integral equations which follows the actual
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deformation of the structure. Thermoelastic damping was esti-
mated using commercial FEM codes yielding a thermoelastic
quality factor QTED = 50 000 for the geometry under study.
Finally, a numerical code able to compute the gas damping and
the associated quality factor QGAS was also employed [15],
[16]. Due to the length scale and the near vacuum working
pressure (nominally equal to 10 µbar), the flow develops in
the so called free-molecule regime where collisions between
molecules can be neglected and simplified and fast simulation
tools for the prediction of near vacuum gas damping can be
employed [15]. Despite the pressure inside the package is
very low, the effect of fluid damping on the overall quality
factor cannot be considered negligible, even at very low
displacement ranges (i.e. QTOT = 42 567 for displacements of
the beam equal to 26 nm) and increases with the displacement
magnitude.

The one degree of freedom nonlinear model obtained by
combining the different contributions, simulated separately as
explained above, was finally solved through a continuation
method with arc length control to simulate both stable and un-
stable branches. In Fig. 4, the numerical predictions, computed
assuming the nominal 10 µbar pressure in the package, are
reported together with the experimental frequency responses
of the resonator for different driving voltages and for a DC bias
voltage of 3.6 V. A good agreement is found despite numerical
predictions are computed by considering nominal geometric
dimensions of the device and material parameters taken from
the literature. In the end, an AC drive voltage of 80 mV at most
will be used in the following sections to test the fabricated
devices. Note that, in general, operating an oscillator in the
mechanical nonlinear regime is not necessarily forbidden, but,
as the main goal of this work is to study the thermal drift
mechanism and its repeatability, it is better to isolate as much
as possible this phenomenon from other possible overlapping
phenomena.

III. MEASUREMENT SETUP

As for the experimental part of this work, two different
electronic systems were developed. The first one is a discrete-
component versatile board that is initially used as an open-loop
chain to purely characterize the temperature behavior of the
resonators transfer function. Through this board, the training
set data are generated and the temperature compensation
model is defined. The same board can be switched to a closed-
loop mode feedback oscillator, which can be used to assess the
model validity on samples different from the training set, thus
implementing a family compensation. The second electronic
system is a low-power integrated Pierce oscillator. Its purpose
is again to assess the validity of the family compensation, this
time coping also with noise and consumption requirements.
The two systems are described in the following subsections.
When operating in closed-loop, they both provide a maximum
driving voltage lower than 80 mV, to excite the resonator in
its linear regime, according to the results discussed in Fig. 4.

A. Characterization with PCB in Open Loop
To perform an extensive characterization of the TCf on

the sample population, the board whose schematic is shown in
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Fig. 5. Sketch of the setup used to characterize the main electro-
mechanical parameters, namely the motional resistance Rm, the quality
factor, the transduction factor and the linearity. The dashed portion of the
schematic is used (with a proper configuration of switches not shown) to
close the loop around the resonator forming an oscillator for closed-loop
measurements.
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Fig. 6. (a) Schematic of the implemented integrated Pierce oscillator
with its AGC loop. The architecture is based on the work in [17]
and adapted to the discussed resonator design. (b) Schematic of the
comparator circuit. The two identical inverters have a transistor in series
to starve the bias current and reduce the consumption.

Fig. 5 was used in the open-loop configuration. The resonators
are coupled to the board using a CLCC68 carrier and bonding
wires. A drive signal is injected into the drive port by a
network analyzer; the motional current at the resonator output
is readout by a charge amplifier stage (nominally with 500 fF
feedback capacitance, 1 GΩ feedback resistance), further am-
plified and sent back to the network analyzer input so to
measure the input/output transfer function (stages indicated
by dashed lines are disconnected in this operation mode). An
initial careful calibration of the charge amplifier gain (which
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depends on the nominal feedback impedance of the charge
amplifier and on the parasitics in parallel to it) is performed
by computing the gain of each chain with fixed calibrated
capacitors in place of the MEMS resonator.

Using an analytical fitting to the experimental data as
detailed e.g. in [18], it is possible to extract the resonator
motional resistance, resonance frequency and quality factor.
These parameters (with a particular focus on the resonance
frequency, for this work) can be evaluated as a function of
temperature, by putting the board inside a climatic chamber.
Temperature is controlled by a sensor positioned close to
the MEMS resonators die, with a resolution of 0.15 K. The
resonator linearity can also be tested as a function of the
driving amplitude set through the network analyzer. The board
actually includes four driving/sensing front-end stages, so to
parallelize the measurements on the four different structures
of a single die.

B. Characterization with PCB in Closed Loop

The same board can be used in closed-loop mode. In this
case, the output of the charge amplifier is sent to a 90 degree
shifter (to cope with Barkhausen conditions), squared by a
high-gain stage (to provide the necessary nonlinearity in the
oscillation loop [19], [20]), and de-amplified down to 50 mV
(to drive the MEMS in its linear region, according to Fig. 4),
before entering the driving port and self-sustain the resonator
oscillation. These additional blocks are indicated with dashed
lines in Fig. 5. All the singularities of the circuit were placed at
least two decades away from resonance, so to avoid undesired
phase shifts and oscillation occurring not at the resonant peak.

When the board is switched on, noise components at reso-
nance begin to be amplified until the high-gain stage clamps
the oscillation and automatically sets the loop gain to unity.
The oscillating frequency in closed-loop mode is measured
by a frequency meter, connected to the square wave signal
indicated as vout in the figure.

C. Low-Power Integrated Oscillator

In ultra-low-power applications, unwanted temperature de-
pendencies may arise from the electronics side, and in partic-
ular from the oscillator. It is therefore interesting to perform
the previous experiment in a system where consumption
constraints are also taken into account.

To this aim, the low-power oscillator shown in Fig. 6a,
integrated in a 0.35 µm process, was designed and tested with
the resonators. The oscillator implements a Pierce topology,
with a complementary transconductor. Supposing that the tran-
sistors are operated in the sub-threshold region for maximum
efficiency, the minimum current consumption Imin of this
configuration is given by:

Imin =
1

2
ω2
0C1C2RmnVth, (2)

where C1 and C2 are the capacitors in parallel to the resonator
drive/sense electrodes, n is the sub-threshold slope of the MOS
transistor, Vth the thermal voltage [17] and the factor 1/2 is
due to the complementary transconductor.

The bias current of the oscillator is controlled by an auto-
matic gain control (AGC) loop. Thus, no more current than the
bare-minimum needed to sustain the oscillation is drawn from
the supply, apart from a small overhead due to the AGC itself.
Conversely, the sinusoidal oscillation amplitude is relatively
small (about 100 mV) and so the comparator that creates the
squarewave reference for the system must be designed with
a threshold reliably set near the middle of the sinusoidal
oscillation. In this work, the comparator is implemented with
a novel architecture as in Fig. 6b: an inverter whose threshold
VTH is matched to the DC level of the oscillating voltage vd.
To achieve this, a replica inverter has its input and output nodes
shorted together, so that their potential is exactly VTH , and
draws the supply voltage from the output of an OTA. The loop,
if designed with sufficient low-frequency loop gain, matches
the threshold of the replica inverter with the DC level of vd.
The AC component of vd is ignored due to the very limited
bandwidth of the loop. The output of the OTA supplies also
the inverter that effectively acts as a comparator, so that the
threshold voltage is properly set and the output vout correctly
switches.

IV. CHARACTERIZATION VS TEMPERATURE

To characterize the f0 drift in temperature, the setup de-
scribed in Section III-A is placed inside a climatic chamber.
The temperature is varied from 5 ◦C to 85 ◦C in 10 ◦C steps.
Sub-0 ◦C temperatures were avoided to prevent water vapor
condensation on exposed bonding wires and because of some
instability in the chamber controller loop at 5 ◦C and below.
Each measurement (as described in Section III-A) is performed
twenty minutes after the temperature monitored by the sensor
reaches the target value. The uncertainty in the frequency-
vs-temperature measurements is dominated by the 0.15 K
resolution of the temperature sensor, which translates into
a ±3σ uncertainty on the measured resonance frequency of
about ±14 ppm [18].

The following polynomial law is used in this work to
describe the TCf of the resonators:

∆fppm(T ) = TCf1 · (T − T0) + TCf2 · (T − T0)2. (3)

and one of the goals of this characterization is to extract the
values for the coefficients TCf1 and TCf2.

The measured frequency-vs-temperature characteristics
were extracted for 11 dies, each containing the 4 afore-
mentioned structures: the results are shown in Fig. 7a. The
observed spread in the native frequency (within ±3000 ppm)
at a given temperature is well predicted by anaytical models
if a process etching spread of ±0.15 µm is considered, which
affects the beam width and mass. The spread is thus not
dependent on the specific epitaxial process used in this work,
but on the etching equipment. The trends show a maximum
spread in the ambient-temperature f0 of the resonators of about
0.5 % and a roughly linear temperature drift. This proves that
the linear TCf is the dominant drift contribution for the used
epitaxial polysilicon. From each of these curves the best fitting
line was extracted, with an average value across the 4 different
designs of −30.9 ppm/◦C.
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Fig. 7. (a) Measured resonance frequencies of the training samples.
The frequency offset due to process variation is larger than the total drift
across the temperature range by a factor of 3. (b) Frequency drift after
a 1st-order compensation of the TCf . This (and the following) residual
plot is obtained by applying to each individual sample the average fitting.
(c) Frequency drift after a 2nd-order compensation of the TCf . The
final limit of ±20 ppm is believed to be caused by imperfections in the
temperature measurement.
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Fig. 8. Verification dataset from PCB oscillator. The residual frequency
drift is bounded at ±20 ppm. None of these samples were used to
compute the average compensating polynomial. The larger frequency
drift at the lower end of the temperature range is due to a larger
uncertainty in the actual MEMS temperature in a slightly more unstable
environment.

A. 1st-order Compensation

To investigate the feasibility of a family compensation of
such resonators, the frequency-vs-temperature drift data were
compensated mathematically by subtracting the average slope
(1st-order compensation). The average was computed across
all devices, without discriminating the different designs with
the aim of exposing the proposed technique to a possibly-
increased variability. The frequency offset at room temperature
was instead subtracted on a device-by-device basis, mimicking
a one-point calibration for each device. The result of this
procedure is shown in Fig. 7b, where the 1st-order residuals
of each sample of each design are plotted against temperature.
The obtained result shows a maximum ±60 ppm frequency
error across the sample population after the family compensa-
tion. This error is already compatible with the low-end of RTC
applications and is dominated by a fairly repeatable 2nd-order
Frequency Temperature Coefficient (TCf2) of −24 ppb/◦C2.

B. 2nd-order Compensation

The repeatability of the TCf2 is qualitatively evident from
Fig. 7b, so that one can apply the family-compensation tech-
nique accounting for the TCf2 as well. The result of this
procedure is shown in Fig. 7c. No higher-order trend is high-
lighted and a residual drift of about ±20 ppm is reached. This
limit is compatible with the estimation of the measurement
error on the frequency samples due to the setup limitations (in
particular, the accuracy of the temperature sensor), which hints
at the possibility that the part-to-part spread in temperature is
even smaller than the observations of the experiment.

The model described by Eq. 3, resulting from the measured
training set, thus becomes:

∆f0(T ) = 28.64× (T − T0)− 0.024× (T − T0)2 [ppm]
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Fig. 9. Picture of the test board used for the characterization of the
integrated oscillator. The oscillator and the MEMS dies are connected
together and to the ceramic carrier by means of wire-bondings.

V. VALIDATION MEASUREMENTS

A validation of the presented results was then carried out.
This consisted in the application of the calibration technique
computed with the measurements presented in Section IV to
another set of data not used for the characterization phase (i.e.
a verification dataset). Specifically, the verification dataset was
taken with a different methodology: the resonance frequencies
were not computed as the peak frequency of the resonator
transfer function, rather as the oscillating frequency of the
closed-loop oscillator, implemented on the PCB or the inte-
grated Pierce.

The purpose of this strategy is to put the system in condi-
tions as close as possible to those of the final application.

A. Validation with PCB Oscillator
The setup described in Section III-B was placed inside the

climatic chamber and the oscillation frequencies and tempera-
ture were logged for 13 additional resonator samples, not used
in the characterization phase and randomly chosen from the
same lot. Subsequently, the same compensating polynomial
was directly used to compensate this new dataset. The result
is shown in Fig. 8.

The residual frequency error stays within ±20 ppm, where
no other significant trend or correlation is observed, a result
very similar to what was obtained previously on the training
dataset. A couple of points deviate from this range at 5◦ due
to the mentioned difficulty in stabilizing temperature, and thus
in knowing accurately the resonator temperature (and not just
the one given by the temperature sensor).

B. Validation with Integrated Oscillator
The same experiment was performed with the integrated

low-power oscillator. A test PCB was designed to test the
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Fig. 10. Result of the 2nd-order compensation applied to the frequency
drift measured with a frequency-meter at the output of an integrated
Pierce oscillator coupled to the considered resonator.
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Fig. 11. Phase spectrum at the squarewave output of the oscillator:
experimental and simulated data.

system composed by the integrated oscillator and the MEMS
resonator wire-bonded on a ceramic LCC carrier plugged into
an on-board socket. The oscillator draws 1.5 µA from a 3 V
supply. A picture of the setup is shown in Fig. 9.

The result obtained from the experiment is shown in Fig. 10.
The result, once again, further validates the statements of this
work even at low power consumption as in the future final
application. The oscillator does not add significant phase delay
so that the frequency of oscillation is shifted from the MEMS
resonance and the drift properties are thus not changed.

An additional noise characterization is done to validate
predictions. The output frequency was acquired with a counter
(Keysight 53230A) for 90 ms (50 000 samples) and accumu-
lated after removing the bias term. The resulting spectrum is
shown in Fig. 11 together with a simulator prediction obtained
with the same technique. A slight mismatch between the
curves arises because of an imperfect a-priori knowledge of the
parasitic capacitances in parallel to the MEMS terminals. This
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causes a discrepancy between the real and simulated power
consumptions and, therefore, between the noise in the two
cases. The overall integrated phase noise results in a jitter of
2 ns, compatible with the target applications.

VI. CONCLUSION

The present work shows a novel design of MEMS resonators
realized in a standard industrial-grade polysilicon epitaxial
process for RTC applications and an analysis on their fre-
quency stability across the 5 ◦C to 85 ◦C range. The initial hy-
pothesis, that a family compensation (i.e. only a fraction of the
produced devices are used for calibration of the −30 ppm/K
TCf ) is theoretically enough to reach a satisfactory stability
within the few 10 ppm to 100 ppm range, is verified through
a measurement campaign. This work represents a fundamental
step towards the actual realization of RTCs with a mechanical
resonator based on a low-cost industrial poly-silicon process.
The presented low-power oscillator will be integrated with a
temperature-compensating machine that implements the family
compensation identified in this work.

APPENDIX

In this short Appendix more details are given regarding the
difference in terms of cost between the use of an epitaxial
polysilicon process versus a heavily-doped silicon-on-insulator
process. The former has been used for decades by several
MEMS companies for mass production, e.g. in the field of
inertial sensors. SOI processes at very high doping levels have
been proposed more recently as an advanced technology for
the stabilization of the TCf of micromechanical resonators.

The first important difference to note is the cost of the bare
wafer. These days, a polysilicon wafer costs approximately
$30, whereas an SOI wafer costs about ten times more
(≈$300). These numbers are well-known to the insiders of
the field.

Secondly, obtaining a native ±100 ppm resonator stability
requires doping levels in the order of 1× 1020 cm−3 [5],
which, to the authors knowledge, are not available off-the-
shelf. Thus, a company inevitably needs to buy a thin SOI
wafer and to grow themselves the highly-doped crystalline
silicon on top of it: this procedure requires to perform several
times (e.g. 4-5 cycles for a 20 µm thickness) two steps of
(i) dopant implantation and (ii) diffusion plus silicon growth.
This procedure involves more process steps and becomes
slower than a standard polysilicon epitaxy growth, thus further
increasing the process cost.

These considerations, relevant for the industrial electronics
community, are at the basis of the technical research proposed
in this manuscript.
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