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3.6 A MEMS Coriolis-Based Mass-Flow-to-Digital Converter with

100pg/h/\Hz Noise Floor and Zero Stability of +0.35mg/h

Arthur C. de Oliveira, Sining Pan, Kofi A. A. Makinwa
Delft University of Technology, Delft, The Netherlands

Flow sensors with high resolution (<200pg/h/\/Hz) and low offset drift (<x0.4mg/h) are
essential in many microfluidic applications, such as flow cytometry and
biological/chemical assays. Although thermal flow sensors can meet these specifications
[1,2], they measure flow velocity, so their calibration is fluid specific. Coriolis flow
sensors [3-5] are a promising alternative because they measure mass flow and density
regardless of fluid type, thus offering more flexibility. However, this has typically been
at the expense of lower resolution, offset drift, and large footprint. This paper presents
a mass-flow-to-digital converter (¢DC) based on a MEMS Coriolis mass flow sensor and
a dedicated readout IC (ROIC). Compared to the state-of-the-art [5], it is more compact
and has a digital output. Furthermore, it achieves a 3x improvement in resolution
(100pg/h/v/Hz) and a more than 2x improvement in zero stability (x0.35mg/h).

Figure 3.6.1 shows the system block diagram of the proposed ®DC. It consists of a
s MEMS Coriolis flow sensor and an ROIC that realizes a drive loop and a sense readout.
™ The sensor consists of a micromachined flow channel suspended in a magnetic field B,
gwhich is driven into oscillation around its drive axis (twist mode) by passing a current
N (/prve) through a metal coil deposited on top of the channel. In the presence of mass
Q flow (@) through the sensor’s channel, a Coriolis force directly proportional to it, and
< orthogonal to the drive axis, excites its sense axis (swing mode). The resulting drive and
9 sense motions are detected by the drive and sense capacitances (comb electrodes), Cp; »
§and Cs, respectively, attached to the channel.

(%]

gThe function of the drive loop is to drive the suspended flow channel at its resonance
S frequency fp. It consists of a capacitance-to-voltage (C/V) converter followed by a PLL
g and an amplitude regulator that maintains constant oscillation amplitude by regulating
T the drive capacitance change (AC,). Compared to [5], in which drive amplitude was
Qsensed via the emf generated in a secondary coil, this approach reduces drive-loop
:complexity and can simplify the manufacture of the flow channel.

E The sense readout digitizes changes (ACs) in the sense capacitance (Cg). Ideally, due to
& its symmetrical placement around the drive axis, Csshould only detect Coriolis-force
a induced motion. However, manufacturing tolerances will give rise to some mechanical
g asymmetry, and so a portion of the drive motion will couple to the sense axis and cause
o flow-independent variations in Cs. This mechanical crosstalk can be a significant source
vof sensor drift. Since the crosstalk has a 90° phase shift relative to the Coriolis signal, it
&is commonly referred to as quadrature error [6,7]. In [5], mass flow is determined from
g the ratio of the in-phase (/) and quadrature (Q) components detected by comb electrodes.
& However, the use of the quadrature signal degrades the zero stability (ZS), or offset drift,
:.r‘ of the sensor, while the need for two sense channels increases its noise floor. In this
B3 work, the flow-induced ACs are detected by a single C/V converter, which reduces readout
< noise by at least 3dB and improves the ZS.

[eo]

& The output of the sense C/V converter is digitized by two continuous-time delta-sigma
Emodulators (CT-AXMs) with embedded /and Q demodulators. As a result, the quadrature
S error can be continuously monitored, together with the extra phase-delay (¢) due to the
£ finite Q-factor of the sense mode and the limited bandwidth of the sense readout channel.
& The latter can then be canceled by combining the / and @ components with the
@ appropriate weights (cosg and sing) [6]. This further improves the system’s ZS and only

»2 requires a 1-point calibration.
]

zThe mass flow sensitivity of a MEMS Coriolis sensor is directly proportional to f,, which
S means that its sensitivity drops as a function of fluid density. In [5], this effect is
G compensated in the digital domain by normalizing the sensor’s output by £, and
% performing a 1-pt gain calibration. However, this led to different noise floors and ZS for
& liquids and gases. Here, the compensation is implemented in the analog domain. By
g measuring changes in f,, an off-chip background sensitivity tuning (BST) block linearly
& adjusts the nominal HV-bias (~20V) of the sense capacitors, thus matching the sensor’s
‘@ sensitivity for liquids and gases and achieving a similar noise floor and ZS for all fluids.
o

§ Figure 3.6.2 shows a simplified schematic of the drive loop, which consists of start-up,
@ amplitude, and frequency-control paths. In contrast to [5], they are all fully integrated.
u—fThe drive capacitances are read out by a low-noise (~12fA/\Hz) capacitive
& transimpedance amplifier (C-TIA) with a gain of 154 to 148dBQ) at f,, (1.8 to 3kHz). During
5 the start-up phase (®g;), the C-TIA is followed by a differentiator, which adds a 90° phase
Q shift to ensure oscillation, and a driver provides the initial drive current /pp,e to the

sensor. An embedded charge-pump (CP)-PLL then locks to f, and provides all the clocks

used in the drive loop, as well as the 1/Q clocks to demodulate the sense C/V output.

Once the PLL locks, the start-up path is disabled, and the frequency and amplitude-
control paths take over. During normal operation, the C-TIA output is buffered and
boosted by capacitively coupled amplifiers, which also block its DC offset. The amplitude-
control loop is built around a switched-capacitor (SC) proportional-integral (PI)
controller, which consists of a flip-around synchronous amplitude detector [7], followed
by a correlated-double-sampling (CDS) integrator. Both circuits suppress 1/f noise of
the amplitude controller and thus improve the sensor’s long-term stability [5,8]. The
proportional and integral gains are set by resistors Rp and R, which are connected to
the driver’s virtual ground. The resulting control currents are then up-modulated to £,
and summed by the driver to provide iyg . at steady state, whose amplitude is defined
by the reference voltage Vigr

The sense C/V is a single-ended version of the drive C/V. As shown in Fig. 3.6.3, its
output is digitized by the two I/Q ADCs. These are based on 1-bit 2-order CT-AZMs with
FIR-DACs [9], which are preceded by passive mixers. To achieve high linearity, the
voltage swing across the mixer switches should be minimized by making their on-
resistance (r,,) small compared to Rj. In addition, the use of a 4-tap FIR-DAC
significantly reduces the swing at the 1 integrator’s virtual ground. Exploiting the
notches of the FIR-DAC, the 1t integrator is chopped at £/8 to mitigate its offset and 1/f
noise without incurring quantization noise folding. The resulting bitstreams (8BS, and
BS,) are decimated off-chip and then recombined to realize a low-drift mass flow output.

Realized in a standard 0.18ym CMOS process, the ROIC (Fig. 3.6.7, left) occupies
4.84mm? and draws 7.2mA from a 1.8V supply. The MEMS Coriolis mass flow sensor
(Fig. 3.6.7, right) was fabricated using a bulk-micromachining surface-channel
technology to realize a flow channel with 60pm diameter and 1.2um thick walls. With
the help of a custom 3-D printed fluidic connector, the complete ¢DC was characterized
for several liquids (H,0, IPA, 50/50 H,0+IPA) and gases (N,, Ar, CO,).

Figure 3.6.4 (top left) shows the decimated output of a typical sample for mass flows up
to 5g/h. After a 1-pt trim at 2g/h for H,0 and N,, the sensor’s sensitivity is tuned in the
background during normal operation, resulting in a sensitivity variation of less than 2.3%
for all fluids (Fig. 3.6.4, top right). Fluid density can be determined from the inverse
square of the PLL’s output frequency (128xfy), which, as expected, is a linear function
of density (Fig. 3.6.4, bottom). The output noise spectrum of the combined bitstreams
BS,and BS,is shown in Fig. 3.6.5 (top), for both N, and H,0 under zero flow conditions.
In both cases, this results in a mass flow noise floor of 100pg/h/y/Hz. After correcting
for the quadrature error, the ZS (+0.35mg/h) over a 1-hour interval is also the same for
both cases, as shown in Fig. 3.6.5 (bottom).

The performance of the ®DC is compared to that of other state-of-the-art flow sensors
in Fig. 3.6.6. It achieves the highest dynamic range, by about 10dB. Compared to a state-
of-the-art MEMS Coriolis mass flow sensor [5], it has a digital output, and its noise floor
and ZS are 3x and 2.3x lower, respectively, and remain the same for all fluids. In terms
of noise floor and ZS, the proposed sensor even outperforms MEMS thermal flow
sensors [1,2]. These results show that MEMS Coriolis mass flow sensors can now
replace MEMS Thermal flow sensors in many low-flow microfluidic applications with
fluid agnostic performance.
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Figure 3.6.1: System block diagram of the mass-flow-to-digital converter.
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Figure 3.6.3: CT-AXM sense readout with embedded passive 1Q demodulator.
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Figure 3.6.2: Simplified circuit diagram of the drive loop.
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Figure 3.6.4: Measured sensor output (top left); sensor output after sensitivity tuning
using H,0 and N, (top right); fluid density versus (1/f,,)? (bottom).
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Figure 3.6.5: Measured output noise spectrum (top); sensor’s zero stability with N,

and H,0 (bottom).

Figure 3.6.6: Performance summary and comparison with previous works.
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Figure 3.6.7: Micrograph of the 0.18um CMOS die (left); MEMS SEM image and
detailed readout capacitors (right).
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