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Abstract—Thermal drift is one of the main issues limiting the mal stability for resonant sensors. Electronic sensytii
performance of resonant MEMS sensors. Their impact may be environment variations is indeed high when process-vekag
minimized at several levels, such as specific system-level SOIUt'O”%emperature (PVT) variations are considered. Recent works

(e.g. differential sensing) or mechanical design (e.g. privileging . o - S
suspended structures). While solving these issues is essential, onBave been interested in: the implications of small geome-

should not overlook the temperature-dependence of the readou try effects [11], process-variability mitigation techoip for
and oscillation-sustaining electronics associated to the resonator digital gates [12], the variation of comparator's delay rove
Considering.monolithic CMOS-MEMS devices, thermal drift of temperature []_3], defining process-\/oh:age_temperaﬁakeTI
the electronics becomes the main challenge, when off-the-shelfyq|arant circuits [14], and minimizing thermal noise in CI80
building-blocks are used over a large temperature range (from e .

_40°C to 175C). In this paper, a process-voltage-temperature an"_lpln‘lers [1_5]. Fu_rtherm(_)re, afo_remennongd systemilewe
analysis of electronics readout is carried out to illustrate this lutions require a differential architecture which are eféel by
issue. Proposed analysis shows that the phase-difference beeéme mismatch issues between paths [16].

the motional signals decreases monotonically with temperature.  To illustrate the importance of thermal stability in mono-

In extreme voltage-temperature conditions for —3o variability, i . ; i
phase-difference achieves 7.2° at 175C, VDD — 1.62 V: and lithic CMOS-MEMS devices, this work proposes a PVT

5° at —40°C, VDD = 1.98 V. This result highlights the need of analysis. of the CMOS readogts and the osgillation—.susstgir!i
CMOS / MEMS co-design and optimization tools, for improving electronics Commonly associated to a famlly of differdntia
the thermal stability of resonant sensors in high-end, extreme weakly-coupled resonators [2]. This study focuses on tke lo
environments such as automotive applications. of sensor accuracy resulting from PVT variations, when off-
Solgdgz‘ﬁl—iﬁ;—ggﬁgg stability, CMOS-MEMS, resonant sen- the-shelf components are used. All circuit design is celroiet

' using SOI 180 nm process technology from the XFAB Sili-
con Foundries. Being a standard in high-end and automotive
applications, XFAB’s technology possess transistor nmeodel

Thermal drift is one of the main issues limiting the perforfor Vpp = 1.8V +-10% and temperature variation from -40

mance of resonant MEMS sensors in high-end application§; to 175°C. Post-layout (PSL) simulations of the readout
where temperature stability is essential. The temperatuegchitecture are presented.
dependence of Young’s modulus, axial stress and, more genein Sec. Il of the paper, the system-level architecture of the
ally, of the mechanical properties of materials are weltkn sensor is presented. The electronic design of the readaut an
causes of thermal instability. Research is actively cotetlito  oscillation-sustaining electronics is given in Sec. llec8on
address these issues such as specific solutions from sytstenV is dedicated to the analysis of PSL simulation results.
mechanical-level. A common solution in system-level i$adif Finally, concluding remarks and perspectives are drawn.
ential sensing. Most of published works addresses diffexen
sensing solutions by using: two coupled [1], [2] or uncodple
resonators [3], [4]. In this case, such resonators showe ha
a matched or well-known resonance frequencies and tempe x(t) = X sin(Qt)
ture coefficients [5]. To avoid such drawbacks, some work
use a single resonator with two vibrational modes [6]. Ir
mechanical-level, resonators’ temperature compensatiayn ‘ £.(t) = /O
also be: actively enforced with a micro-oven [7], achievec '
with linear or nonlinear electrostatic tuning [8], [9], Wit % Det signal in phase Transduction gain |

. . . .. . with res. motion + phase-shift
specific mechanical design as privileging suspended siest

fabrication and packaging steps [10]. — ' fy(®) = F/0

I. INTRODUCTION

Il. SENSOR ARCHITECTURE

Resonator X
Kx(1+¢),7,Qa

While solving these issues is essential, one should n TiA “OpAmp
overlook the temperature-dependence of the readout a Resonator Y
oscillation-sustaining electronics associated to themators. y(@®©) =Ysin(Qt +¢) | KxA =270«

In high-end and automotive applications, off-the-shekcel
tronic building-blocks do not often have the required ther- Fig. 1. CMOS-MEMS readout architecture: system-level hatson.



The architecture is based on two ideally identicatells are used to implement the digital mixer. Transistwel
frequency-matched resonators, with matched temperature design is carried out using XFAB SOI 180 nm technology to
efficients and quality factors. The relative stiffness masth reach the following specification: DC gain is 74 dB; the unity
between the resonators is denoted dysee Figure 1), and gain frequency is 316 MHz; the slew rate is 231.5.%/the
is proportional to the physical phenomenon one seeks gower consumption is 70iW; and the dynamic range is 1.3
measure. The MEMS resonators are actively coupled throudhpeak-to-peak.

a nonlinear mixer. With the proper amount of phase-shift SOl 180 nm process technology from the XFAB Silicon
between the output of the resonator readouts and the mikaundries is ideal for system-on-chip (SoC) applicatioms i
outputs [2], the phase differendk — 6 (in radians) between the automotive market such as control devices inside com-

the resonatorg andy is equal to bustion engine compartments or electric engine housings wi
T temperature range up to 17%, as well as embedded low-
b= E'(1+2Q5)' @) voltage applications in the communications, consumer and

industrial market [17]. Such technology is a SOI process,

where Q is the resonator quality factor. Thug,= 7 when . . .
€ =0, and the deviation of the phase difference from this vall)’\éh'Ch uses a deep-trench buried oxide that leads to a very low

can be used as a highly sensitive output metric for senst Oélctlon leakage current even at high temperatures. Agegrd
. : foundry models, it is reported 3 pA of leakage current for
stiffness mismatclz.

Induced by thermal mismatch in the differential branche[c,m':‘asuer transistors with 10 nA of drain-to-source biaseatir

e ohas-sif (1) may become sy o by an amoud £ 10 DA sae0e for A e curema ioc
A8 = 6, — 6, — T (expressed in radians). Thus, the above gasp gy 9 P P

relation becomes a.tion.off-the—shelf devices suffers from PVT variaFionSJrG
sidering the Miller OTA under study, one may verify that the
0= us <1+ 20 <e+ @ -AG)) @) phase characteristics qf such bl_o_ck is n_ot cons_tant at atson
2 2Q ' frequency for all operating conditions. Figure 3 illusesitvhat
. . o may happen when off-the-shelf Miller OTA operates, consid-
So that, the (input-referred) phase error increases Iyean  oing 101-points Monte Carlo simulation for process mistat
AP and is inversely proportional tQ. For resonators with 35 G4 ssian distribution, 21-points temperature variatiomf
m.oderate quality factors minimizing 'Fhe? quctuatlon§Lw -40°C to 175°C, andVp = 1.8V -+ 10% (i.e. 3-points) voltage
with temperatur_e becomes Cm_'ce_‘l to limit thermal drift. variation. Typical performance is illustrated in blagk (.8V);
In the following sections, similar resonators to the ONESorst-case conditions are in blugt ¢ 30, 1.62V) and in red
in [2] are considered (see Fig. 2(a)). Original resonan?ﬁ_307 1.98V). Indeed, expected phaée at 3.6 MHz varies

frequency is 3.79 MHz and quality fac;tor in'air is 120. ReStom 905° to 97 in typical conditions, but it may vary from
onators can accurately be modeled with a simple Butterworégo to 925° in worst-case conditions.

Van-Dyke model (see Fig. 2(b)). Electrical model is here

scaled from [2] to consider vacuum operation and a higher 03

bias voltageVy,. The resonators have the following electrical v .
parameters corresponding fg= 3.62 MHz andQ = 2700, i.e. T o2 _,-’
Rn = 64.4 kQ, Ly = 7.7 H, andCp, = 250 aF. Additionally, P T
Ctt = 500 aF andCqe. = 4.6 fF to consider the effects of o W
feedthrough and parasitic in a monolithic integration. ®90 T

@ | |—pu 18V

S 89/ = u+30, 1.62V

Cm Lm Rm o 88 s /.L-30', 1.98v

O_ri}—’W‘—VWV*—’T 0 50 100 150
| Temperature’C)

= Fig. 3. Off-the-shelf Miller OTA phase shift at 3.6 MHz.Tygil perfor-
(b) mance is illustrated in blacku(1.8V); worst-case conditions are in blue
(U +30,1.62V) and in red 1 —30,1.98V).
Fig. 2. MEMS sensor based in a 8®n-long clamped-clamped beams (CCB):
(a) microscope photograph, (b) Butterworth Van-Dyke model[2

IV. PSL SMULATION RESULTS

Fig. 4 illustrates the final layout CMOS-MEMS MILO
I1l. CMOS READOUT ARCHITECTURE architecture having an area of 207 x 1@8n°. Process-
CMOS readout architecture, illustrated in Figure 1, is ieapl Voltage-Temperature analysis is carried out using tramsied
mented by: a TIA, a Op Amp, a comparator, and a mixer; fateady-state simulation. Phase-shi§sand 8, are estimated
each branch of the differential sensing [2]. Off-the-siMilfer  through the readout. Whesni=0, 6, =0 and 6, = 9C°, thus
OTAs are used to implement the transimpedance amplifiemsd idealAd = 6;— 6, —90° =0 is obtained. Following results
(TIA), voltage amplifiers (OpAmp), and comparators; staddaare presented in terms d, 6, —90°, and A8 in degrees



to improve readability. Process variation is analyzed gisiphase shift oBx and, is due to the extra logical gate (see Fig.
a 101-points Monte Carlo simulation for process mismatcd), which is detrimental to the symmetry of the system. MILO
30 Gaussian distribution. Temperature variation is analyzedlchitecture, here presented, uses of a back-to-backténver
using a 21-points simulation from -4AL to 175°C. Voltage latch circuit as comparator charge followed by a larger itare
variation is analyzed afpp = 1.8V +10% (i.e. 3-points). to minimize the propagation delay to and gates. Consegyentl
the decreasing\@ is worse than—3° in high-temperature
(T >70°C) operation. Besides the non-linear behavior in low-
temperature < 0 °C) results in aAB is worse than—2°.
Process-temperature analysis is then carried out. Figaje 7
highlights a 6 decreasing with temperature similar to VT-
analysis. Thefy variability is in the interval from -1 to -3
in high-temperatureT > 70 °C). Figure 7(b) shows that the
average value o, —90° is also decreasing with temperature.
For the 6, — 90°, the worst-case is in the interval from°-4
to -5° in high-temperature T > 70 °C). Comparing6x and
6 — 90° results, one may conclude that the estimateds
constant over temperature. Such characteristic is reiatbr
Fig. 4. CMOS-MEMS MILO architecture: layout area of 207 x 1067, under process mismatch, wheéx@ presents a worst-case result
of -5° (see Fig 7(c)). However, Monte Carlo results consid-
Root-mean-squared power consumption is found at 6.7 m&ing global variations would require an addition4l bias
during steady-state operation with nominalp and at 27 tuning to guarantee the MEMs lock-in. Presented analysis th
°C. \Voltage-temperature analysis is then carried out. Eigur highlights a temperature range {@< T < 70 °C) limitation
shows a decreasing power consumption with temperature faragreement with reported results [1], [2].
all Vpp. This is hardly an advantageous behavior. In fact, it One may compare the error in (2) caused by the variation
means that the performance of the off-the-shelf Miller OT#\s of A8 over the temperature range to the error resulting
degraded at high temperatures, due to gain decreasetiansfrom thermomechanical noise in the resonators. When these
frequency reduction and phase shift (see Sec. Ill). Additi®scillate with their amplitude equal to 5% of the gap, the
simulations (not presented) show that the delay of the aligiinput-referred rms error (expressed in terms of relatiifnsts
standard-cells increases over voltage-temperature tioarsa Mismatche) from thermomechanical noise at IZsintegrated
confirming the results presented in the literature [12],][130ver the oscillator bandwidthff/2Q) is equal to 28-107°.
On the other hand, a change of only ih A@ results in an
input-referred error equal to 13 10°°. In extreme voltage-
8 ‘ ‘ —Vpp=18V temperature conditions for3o variability, AB achieves-7.2°
V. =198V at 175C, Vpp = 1.62 V; and 5 at —40°C, Vpp = 1.98 V.

D Increasing the resonator quality factor, as suggestedig th
paper, decrease both of these errors in the same propgrtions
so that the sensor could be more accurate. However, thermal
stability still is the limiting factor; and the input-refed error
is still dominated byA8 variations. Furthermore, the suggested
increase of the quality factor (i.e. by operating the resmnsdn
5 ‘ ‘ ‘ ‘ vacuum) will result in other practical issues to heat evéiona

0 50 100 150 at the packaging level and at the system level.
Temperature’C)
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V. CONCLUSIONS

Fig. 5. Readout post-layout result: power consumption fep@ihts tempera- . P Lo .
ture, voltage variation afpp = 1.8V +10% (i.e. 3-points) and typical process Thermal drift is one of the main issues limiting the per

model simulations. formance of resonant MEMS sensors. Their impact may be
minimized at several levels, such as specific system-level
Figure 6, obtained with steady-state analysis, illusgrdite solutions or mechanical design. This work has highlighted
combined effect of these trends on the phase differencaubutphe fact that thermal stability issues in resonant sensing
metric. Phase-shif6y decreases quasi-linearly with temperaapplications should not be envisioned from the point of
ture by 10 over the temperature range, mainly as a result efew of the mechanical structure only. By using off-the{ghe
performance degradation in the off-the-shelf devices. l@n tbuilding-blocks for electronic design, readout may suffean
other hand,8, decreases quasi-linearly with temperature bincreasing thermal drift limiting sensors operation intkgnd
6° over the temperature range. In high-voltayp = 1.92 applications. Temperature-aware readout design shogd th
V) and low-temperatureT(< 0 °C), 6, presents a non-linear be considered, and, in differential architecture as disedisn
variation 3 below the values in other conditions. The differenthe paper, signal path calibration techniques [16].
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Fig. 6. Readout post-layout result: PVT analysis for 21npotemperature, voltage variation\4p = 1.8V +10% (i.e. 3-points) and typical process model
simulations:(a)Bx, (b) 6y —90°, and (c)¢— 90°.

—
-=-p+30
-e-u-30

A6 ()

-10
0 50 100 150 0 50 100 150 0 50 100 150
Temperature’C) Temperature’C) Temperature®C)
(@ (b) (c)

Fig. 7. Readout post-layout result: PVT analysis for 21npotemperature/DD = 1.8 V, and 101-points Monte Carlo simulations: @), (b) 6y —90°, and
(c) AB.
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