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Abstract—This paper proposes a figure of merit for
capacitive inertial sensor interface circuits that is a
function of the electronic circuitry and not of the
mechanical device. The effect of the sensor’s sensitivity,
sense capacitance and total parasitic capacitance on
the overall system’s linearity and power consumption is
investigated. A literature review of interface circuits is
provided showing a tradeoff in linearity and bandwidth
when normalized to the specifications of the sensor.

Index Terms—Capacitive sensors, figure of merit,
FOM, sensitivity, accelerometers, interface circuits

I. INTRODUCTION

ATA analytics has increasingly been making use of

capacitive inertial sensors or accelerometers embed-
ded in mobile and wearable devices [1]. This in turn has led
to research efforts into interface circuits that accompany
these sensors.

When a system has several competing metrics, often a
figure of merit (FOM) is proposed in comparing designs
which combines several metrics into a single number. To
advance research in the area of interface circuits for inertial
sensors, it is important to have a rigorous figure of merit
metric that is the property of the circuit, and not of
the mechanical device. Finding a fair figure of merit for
sensors interfaced with electronics is challenging and an
established FOM is yet to be found. The challenge lies in
the fact that the specifications of the mechanical sensor
will have a great effect on the signal fidelity and power
consumption of the overall system.

This concept is demonstrated in Fig. 1 where Np
and Ng represent the mechanical thermal noise and the
electronic noise respectively. Depending on the physical
parameters of the sensor device, the mechanical and elec-
tronic noise change, making the fidelity of the output
signal dependent on the sensor. Moreover, the capacitance
between the interface circuit and the sensor depends on
the physical parameters of the sensor and the imple-
mentation of the system, leading to a direct effect on

Manuscript received November XX, XXXX. Date of publication
July XX, XXXX; date of current version August XX, XXXX. This
work was supported in part by the National Sciences and Engineering
Research Council of Canada.

The authors are with the Edward S. Rogers Sr. Department
of Electrical and Computer Engineering, University of
Toronto, Toronto, Ontario Canada (email samini@ieee.org;
johns@eecg.utoronto.ca).

Digital Object Identifier XXXXXXXXXXXXXXXXXXXXX

Ng
Sensor N Readout Circuit /\/
mir AC/g Av/AC v
1
(m/s’)

Ne

Fig. 1. Block level diagram of a sensor readout system. The gain of
the sensor has a major impact on the fidelity of the output signal and
can skew comparison between designs.

power consumption. This brief investigates these issues
and proposes a figure of merit for comparing interface
circuits for capacitive accelerometers.

The brief is organized as follows. Section II details the
physical structure of capacitive accelerometers and their
dynamics. This information is then used to develop a
figure of merit based on the sum of the system’s fidelity
and bandwidth adjusted to the parameters of the sensor
device. Section IIT then provides a literature review of
accelerometer systems comparing them with the proposed
FOM. Section IV then makes concluding remarks.

II. PHYSICAL STRUCTURE OF ACCELEROMETERS

A differential capacitive accelerometer (Fig. 2(a)-(b))
can be modeled as a set of variable capacitors that change
differentially according to
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where Cj is the equivalent sense capacitance of the struc-
ture at rest (zero force), d is the nominal distance between
the parallel plates (at rest), and z is the displacement
under an external force F. The displacement is often
modeled as a second order system (Fig. 2(c))
a(t
z = % : (2)
52 + ES + m
where a(t) is the equivalent acceleration the sensor is
undergoing due to to an external force, m is the proof
mass in kilograms, k is the spring constant in N/m, and
b is the damping coefficient in N/(m/s?). An alternative
form to Eq. (2) is given by
a(t)
T= 5o 5 (3)
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where w,, is called the natural frequency and @ is the
quality factor. These quantities are related to the physical
parameters of the accelerometer according to

Wy = k and Q:@ . (4)

m b

For an accelerometer system, it is often desirable to have
critical damping (where @ =~ 0.5), thus avoiding overshoot
in the step response as well as ensuring a flat frequency
response without peaking. A system design parameter that
encompasses the physical properties of the accelerometer
is the device sensitivity, S, given by the change in ca-
pacitance per unit of earth’s gravitational force or {F/g
where g=9.8 m/s?. Sensitivity is related to the physical
parameters according to

m 20,

S:Ed . (5)

In what follows, we will use the mass of the sensor device
as a proxy for sensitivity and determine the effect it has
on noise and power. The goal is to establish certain factors
that normalize the reported SNDR, power and bandwidth
and lead to a fair figure of merit.

In regards to noise, the total noise for an accelerometer
system is the combination of the mechanical thermal noise
(Np) and the electronic noise (Ng). For analysis, it is
convenient to refer these noise sources to the input of the
sensor as shown in Fig. 1. Since these noise sources are
uncorrelated, we can write the total noise, N, as

Ny = /N2 + N% . (6)

The mechanical thermal noise is associated with the ran-
dom movement of the mass and given by

4kpTb w,Q  VkpTk
NB = m2 . 92 4 = m-g ’ (7)

where kp is Boltzmann’s constant and T is the tempera-
ture in Kelvins.

We would like to determine what effect does the device
mass have on the mechanical thermal noise. Assume that
the mass of the sensor device is increased by a factor
a. To keep the resonant frequency and quality factor of
the system the same, according to Eq. (4), this requires
both k£ and b to increase by «a. As a result, according to
Eq. (7), the increase in mass by a factor « implies that
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Fig. 3. A simplified switched capacitor interface circuit for differen-
tial accelerometers.

the mechanical noise power of the system, N3, is reduced
by a.

Next, we would like to investigate how an increase in
mass affects the electronic noise of the system. Based on
the typical physical construction of the sensor device as
shown in Fig. 2, if the mass increases by «, so must
the sense capacitance and conversely the spring constant
(to keep the resonant frequency constant). According to
Eq. (5), this results in an overall increase in the sensitivity
of the sensor by a factor a.

We must now relate this increased sensitivity (due to an
increase in mass) to the electronic noise of the interface
circuit. Strictly speaking, this would require us to treat
each type of interface circuit separately. However, the noise
contribution of the various types of interface circuits is
within the same order of magnitude [2]. For developing a
FOM, we work with the switched capacitor front-end as
shown in Fig. 3, as this type of interface circuit is popular
and leads to better closed form formulas for the FOM. For
simplicity, the effect of parasitic capacitances on noise is
ignored in the following analysis as the effect in total noise
is minimal [2]. Ignoring parasitic capacitances, the noise
of this circuit referred to the input of the sensor is equal

to [3]
1 2kpT
Ne~ = l\/ oc,

Here, f, is the sampling frequency and C} is the feedback
capacitance. Since the power supply is assumed to be
constrained, the best a prudent designer can do is to
increase the feedback capacitor, Cy, by the same factor
avoiding saturation in the output but reducing the elec-
tronic thermal noise according to Eq. (8). In this scenario,
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1549-7747 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCSI1.2019.2901851, IEEE

Transactions on Circuits and Systems II: Express Briefs

IEEE TRANSACTION ON CIRCUTIS AND SYSTEMS - II: EXPRESS BRIEFS, VOL. 11, NO. 11, NOVEMBER 2018 3

the ratio of the electronic noise power in the new system,
N%Jl, over the original system, NJQEO, is given by

2
N%l B V2aCs + \/aCy 2C, l - i (9)
Nz, - 2aC V20, +/Ct a T Y

We can therefore state that an increase in sensitivity by
a factor o improves the electronic noise power by a factor
as.

Another parameter that skews comparison of accelerom-
eter systems and directly affects the electronic noise is the
dynamic range. Assume that two accelerometer systems
with the same sensor and interface circuit are implemented
but one accelerometer undergoes acceleration that is A
times higher than the second. For blocks such as filters
and analog-to-digital converters, this is akin to having
two designs with different power supplies and FOM’s
generally do not take this into account. This problem,
however, is more pronounced for accelerometer systems
where dynamic range can be an order of magnitude dif-
ferent between designs and therefore, should be taken into
account to achieve a fair comparison. Assuming that the
power supply for the two systems is fixed, the increased
dynamic range must be compensated by an equivalently
larger feedback capacitor. As such, there is an increase in
the electronic noise power by
2

N3 [(V2C.+aCy) ] [VA+v2 (10)
N, | (V2Ci+/Cy) 1+v2 |

where the approximation has been made by assuming that
C = C 5.

One caveat to the above analysis is that it has been
developed assuming an open loop system. In a closed loop
system, the quality factor and resonant frequency become
a strong function of the electronic components [4] and as
such, the tradeoffs involving the resonant frequency and
quality factor do not apply. In these systems, the mass can
be increased without an equivalent increase in damping
coefficient and spring constant. This in turn means that an
increase in sensitivity by a factor o reduces the mechanical
thermal noise power by a factor of a?. The equations
regarding electronic noise, however, hold for closed loop
systems as developed above.

In lieu of the above discussion, we introduce a noise fac-
tor, NFgp, that takes into account the reduction in the to-
tal noise power between two systems where the sensitivity
and dynamic range differ by a factor o and A respectively.
Assuming that for power efficiency, N%o = N%O, then the
increase/decrease in noise power, referred to the input of
the sensor, is given by
2

N2 VI+V2| 1 1
NFgp = —t = [“22X2 oy — | (n)
N7, (14+v2)| 223 2a7

where r = 1 for open loop system and r = 2 for closed
loop systems. Using this factor, a normalized SNDR, value
can be calculated and given by

SNDRNorm = SNDRgg + NFgp , (12)

where SNDRgg is the reported SNDR value.

Apart from signal fidelity, power and bandwidth play
a major role in comparing different systems. It is well
accepted that power trades off against bandwidth. How-
ever, when a circuit is interfaced with a mechanical sensor,
the power consumption is also directly proportional to
the total capacitance at the input of the interface circuit
[2]. The total input capacitance includes the total sense
capacitance of the accelerometer as well as the parasitic
capacitance. To produce a factor that takes this into
account, we choose a reference sense capacitance, Cs,, and
determine a power factor, PF4g, according to

Gt (13)

where C), is the total parasitic capacitance at the input of
the interface circuit. Note that C, value can be chosen
arbitrarily. Accordingly, for a fair comparison, we define a
normalized bandwidth given by

BWyorm = BWgg — Pgg + PFag

PF4p =

(14)

where BWyp and Pgp are the reported bandwidth and
power consumption (in dB) respectively. The figure of
merit proposed for interface circuits is then the sum of
normalized SNDR and normalized bandwidth (both in dB)
and given by

FOM = SNDRyg + NFg5 + BWyg — Pag + PFap  (15)

This FOM indicates that a higher number is better and
uses a noise factor (NFgg) and a power factor (PF4p) to
adjust for different sensor parameters and type of system
implementation.

III. LITERATURE REVIEW

A literature review for both open loop and closed
loop research based differential capacitive accelerometers
is shown in Table I. The reference sensitivity used to
normalize the SNDR values is 5.0 {F'/g and for acceleration
is 1 g,,,.- Therefore, to get the sensitivity factor, «, the
cited sensitivity is divided by the reference sensitivity and
A simply equals the cited acceleration range. The reference
sense capacitance, Cs,, is 350 fF. Unless specifically re-
ported, parasitic capacitance at the interface is estimated
to be 100 fF for single chip implementations and 1500 fF
for dual chip implementations. If a system reports results
in more than one axis or for multiple ranges, the axis or
range that provides the best FOM is chosen.

A graphical representation of the figure of merit is
shown in Fig. 4 with normalized fidelity on the x-axis and
normalized bandwidth on the y-axis. The better perform-
ing interface circuits are those that achieve higher signal
fidelity relative to the bandwidth and are at the upper
right corner of the plot. The dashed lined corresponds to
a fixed figure of merit of 120 dB. This plot shows that
regardless of the type of sensor used, after normalization
for physical parameters, there is a defined tradeoff between
SNDR and bandwidth of accelerometer systems.
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TABLE 1
RESEARCH BASED ACCELEROMETER SYSTEMS SPECIFICATIONS AND PROPOSED FIGURE OF MERIT.

Noise Floor

Ref. Group Year Notes' Sensor System Sensitivity Range BW  SNDR Power FOM
(ng/vHz) ({F/g) (8rms) (Hz) (dB)  (mW) (dB)
Closed loop research based systems
[5] Sénmez, U. 2014 D 4.6 6 165 15 250 104 16.7 131.7
(6] Pastre, M. 2009 D 0.8 1.15 393F 11.3 300 98.1 12.0 123.6
[7] Kulah, H. 2006 D 0.7 10 4900 1.1 5008 100 7.2 118.5
8] Amini, B.V. 2006 D 3.87¢ 4 5000 3.58 500 91.8F 45 109.9
[9] Condemine 2005 D 2.8€ 63.8 348F 10 50 86.9 2.64 111.7
[10] Petkov, V. 2005 S 41.6 150 6.6% 4E 100  68.5%  13.0 111.1
[11] Lemkin, M. 1999 S 83 110 20F 10 100 79.2 135.0 118.4
Open loop research based systems
[12] Tan, S.S. 2011 S 31.6 54 1.2 2 500 64.4 5.1 126.7
[13J]a  Paavola, M. 2009 D 8.0F 360 200¢ 4 25 66.9¢  0.1952 112.0
[13]b  Paavola, M. 2009 S 8.0F 1080 200° 4 1 71.4€  0.0424 109.1
[14] Lee, W.F. 2008 D 30.0 187 1.6 2 500 558 10.0 125.2
[15] Wu, J.F. 2004 D 35 50 1.6 6 580 74.0C 30.0 124.4
[16]  Amini, BV. 2004 D 1 1278 200 1 75 762C 6.0 120.6
1 S = single die, D = dual die, C - Calculated based on numbers reported. E - Estimated
- e [4] W. Yun, R. T. Howe, and P. R. Gray, “Surface micromachined,
[8] 7> ¢ Open Loop digitally force-balanced accelerometer with integrated cmos de-
70 S 8 Closed Loop tection circuitry,” in Solid-State Sensor and Actuator Workshop,
@ S~ 1992. 5th Technical Digest., IEEE, pp. 126-131, June 1992.
£ (o gy > \:\ 18] [5] Sonmez et al., “A AX micro accelerometer with 6 pg//v Hz res-
% [13b] k\ u[5] olution and 130 dB dynamic range,” Analog Integrated Circuits
EE 5 ¢ [13a] 7\\ *[14] and Signal Processing, vol. 81, no. 2, pp. 471485, 2014.
H / ~_ ozl [6] M. Pastre et al., “A 300 Hz 19b DR Capacitive Accelerometer
E Dashed line represents a fixed FOM of 120 dB: S~ based on a Versatile Front End in a 5t"-order AX loop,” in Proc.
" [10] \\llil‘ Eur. Solid-State Circuits Conf., pp. 289—292, Sept. 2009.
g >~ [7] H. Kiillah et al., “Noise Analysis and Characterization of a
30 ! ! ! ! ! N Sigma-Delta Capacitive Microaccelerometer,” IEEE J. Solid-
30 40 50 60 70 80 20 State Clircuits, vol. 41, pp. 352—360, 2006.
SNRyom (linearity/g in dB) [8] B. V. Amini et al, “A 4.5-mW Closed-Loop AX Micro-
Gravity CMOS SOI Accelerometer,” IEEE J. Solid-State Clir-
Fig. 4. Literature review in graphical form. The better performing cutts, vol. 41, pp. 2983-2991, 2006.
interface circuits are at the upper right corner of the plot. [9] C. Condemine et al., “A 0.8mA 50Hz 15b SNDR AX closed-
loop 10g accelerometer using an 8*-order digital compensator,”
in Dig. Tech. Papers. IEEE Int. Solid-State Circuits Conf, (San
Francisco, California), pp. 248-249, Feb. 2005.
IV. ConcrusioN [10] V. P. Petkov and B. E. Boser, “A Fourth-Order Delta-Sigma
A figure of merit for capacitive inertial sensor systems Interface for Micromachined Inertial Sensors,” IEEE J. Solid-
h h he eff f the phvsical State Clircuits, vol. 40, pp. 1602-1609, 2005.
as l?een Proposed that captures the e .eCt of the physica [11] M. Lemkin and B. E. Boser, “A Three-Axis Micromachined Ac-
specifications of the sensor on the fidelity and power con- celerometer with a CMOS Position-Sense Interface and Digital
sumption of the system. When normalized to the sensor’s Offset-Trim Electronics,” IEEE J. Solid-State Circuits, vol. 34,
sensitivity, total sense capacitance and interface parasitic pp- 456-468, 1999.

,Vl ¥ X pacl p 1. [12] S.S. Tan et al., “An Integrated Low-Noise Sensing Circuit With
capacitance, there is a defined tradeoff between linearity Efficient Bias Stabilization for CMOS MEMS Capacitive Ac-
and power consumption. This allows both open and closed celerometers,” IEEE Trans. Circuits Syst. I, vol. 58, pp. 2661~
1 il ith h other. 2672, 2011.
oop systems to be easily compared with each other [13] M. Paavola et al., “A Micropower AX-Based Interface ASIC for

a Capacitive 3-Axis Micro-Accelerometer,” IEEE J. Solid-State
REFERENCES Circuits, vol. 44, pp. 3193—3210, 2009.
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