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Abstract— This article presents a complementary metal-oxide
semiconductor (CMOS)-microelectromechanical system (MEMS)
monolithic integrated thermal flow sensor system, which consists
of a MEMS sensor with dual pairs of thermistors, a precise
constant temperature difference (CTD) control circuit, and a
low-noise readout circuit with a current feedback instrument
amplifier (CFIA). The MEMS sensor is fabricated using an
in-house developed post-CMOS process, while its sensing struc-
ture is thinned to 2.52 pum for power reduction. Meanwhile, the
distance between the microheater and thermistors is optimized
with a linear range of larger than +4 m/s by the Peclet number
(Pe) <1 criterion. The designed CTD control circuit can offer a
driving current of 1.88 mA with an output swing of up to 2.82 V,
which enables the microheater to operate in 50-K CTD mode
with a deviation of less than 0.01 K. Additionally, the designed
CFIA has a noise floor of 12.4 nV/rtHz with a 1/f corner of less
than 400 mHz. The performance of the system-on-chip (SoC)
sensor is evaluated with N, gas flow. The SoC sensor has a high
sensitivity of 156 mV/(m/s) with a detectable flow range of up
to £11 m/s, while its system power is less than 5 mW. The SoC
sensor also has state-of-the-art linearity in a range of £6 m/s
and a detection limit down to 86 pum/s. Moreover, the tested
results of this SoC sensor are in good agreement with the theo-
retical models, confirming the feasibility of the proposed design
strategy.

Index Terms— CMOS interface, complementary metal-oxide
semiconductor (CMOS)-microelectromechanical system (MEMS)
monolithic integration, gas flow, linear range, low power, MEMS,
thermal flow sensor.
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I. INTRODUCTION

LOW measurement has been an essential requirement in

many biomedical and industrial applications [1], [2], one
of the urgent needs is low-cost and high-performance flow
sensors for respiratory monitoring [3], [4]. Typically, during
normal breathing, the maximum airflow velocity through the
nose in humans is approximately 4 m/s [S]. Consequently,
flow sensors connected to breathing tubes must be capable of
detecting low airflow velocities below 4 m/s or even below
0.1 m/s to identify high-risk situations such as hypopnea or
apnea [6], [7]. Conventional flow measurement instruments
were bulky, expensive, and interfered with the flow, making
them unsuitable for low-cost and highly accurate low-flow
measurements in biomedical applications. Benefit from the
microelectromechanical systems (MEMS) technology, flow
sensors with low power and small size designs could be real-
ized [8], [9], [10]. To date, many research efforts on microflow
sensors have been carried out, and significant progress has
been made in their alternative transduction principles [11],
performance improvements [12], [13], microfabrication tech-
niques [14], packaging and testing methods [15], [16], and
many others.

According to the sensing principle, these miniaturized flow
sensors can be categorized as hot wire/hot film [17], calori-
metric [18], cantilever [19], Karman vortex [20], Coriolis [21],
bionic [22], and so on. The cantilever, vortex, and coriolis
flow sensors, also known as nonthermal flow sensors, mainly
rely on sensing microstructure deformation or fluid vortex
shedding for flow measurement [19], [21], [22]. However, their
capability to measure low flow is limited, as the fluid does not
undergo vortex shedding or produce prominent microstructural
deformation at the low Reynolds number (Re) flow, rendering
them unsuitable for accurate respiration measurements. The
hot wire/hot film sensor detects flow by measuring heat
loss from a heating element in the fluid. Although it has a
simple structure, it cannot measure the flow direction, and
the interference of natural convection limits its measurement
accuracy at low flow [23]. Recently, bio-inspired sensors have
achieved impressive progress in detecting extremely low gas
flow below 0.05 m/s [22], [24]. However, due to issues such
as sensing structure reliability and complementary metal-oxide
semiconductor (CMOS) compatibility, they are difficult to
achieve low-cost large-scale fabrication and reliable long-
term measurement, which makes their application in “harsh”
breathing environments challenging.
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On the other hand, calorimetric flow sensor realizes flow
measurement by monitoring the flow-induced asymmetric tem-
perature distribution around a microheater [25], [26], and
the flow direction can be determined by using multiple
temperature-sensitive elements [27], [28]. The symmetrical
arrangement of the sensitive elements ensures that the tem-
perature difference between upstream and downstream solely
reflects heat convection, resulting in improved sensitivity
and accuracy, particularly in low flow [29]. Furthermore,
microcalorimetric flow sensors do not require any movable
micromechanical parts, which makes them perhaps the easiest
flow devices to be implemented in the CMOS process due to
their structural and electronic simplicity.

By leveraging mature CMOS or CMOS-MEMS techniques,
MEMS flow sensors combined with integrated circuits (ICs)
can be carried out, which can easily enable a miniaturized
sensor system with better performance [30], [31], [32], while
reducing packaging costs and shortening the development
cycle [33]. The research of CMOS-MEMS integrated calori-
metric flow sensors has therefore gained significant interest
[34], [35], [36], [37], [38], [39]. For example, Brevet et al.
[37] proposed a monolithically integrated CMOS thermal
wind sensor with a chip size of 4 x 4 mm?; however, the
microheater and sensitive elements were fabricated directly on
the silicon substrate, which results in high power consumption.
Recently, De Luca and Udrea [38] proposed an integrated
flow sensor utilizing an SOI CMOS-MEMS process, which
features a suspended circular membrane with a heating power
of 13 mW. Despite the low power sensor design, its sensitivity
enhancement is constrained by a relatively thick film structure
(~5 pm), impeding it from achieving accurate gas flow
measurements below 0.05 m/s, while such an approached
mm/s level low flow measurement capability is critical for
the respiratory application.

As evident from [29], low flow measurement can be real-
ized with a highly sensitive MEMS design while minimizing
electronic and mechanical noise from the interface circuit and
thermally-induced gas fluctuations, respectively. To facilitate
this, an effective approach is to develop a microstructure
with high sensitivity and a low-noise circuit interface, while
keeping the system power budget minimal (several mW level
for extended battery life). Unfortunately, the thickness of
the back-end-of-line (BEOL) layers (>10 pum for 0.18 um
technology node) in CMOS still presents a challenge for
enhancing sensor sensitivity and reducing power consumption
[40], [41]. In addition, achieving linearity is also a critical
design objective for flow sensors. While calorimetric flow
sensors have shown a linear response at low flow [42], these
sensors cannot deliver a linear response with high sensitivity
over a range larger than 4 m/s, to the best of our knowledge.
Consequently, considerable effort and time are still required
for nonlinear sensor response calibration in respiratory mon-
itoring, which in turn drives up the sensor cost. Therefore,
it is essential to develop a low-cost CMOS-MEMS integrated
flow sensor system with a high sensitivity, wide linear range,
and low-power consumption for low gas flow in respiratory
applications.
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Fig. 1.  (a) Schematic of a monolithically integrated SoC thermal flow
sensor system with dual pairs of thermistors using a 0.18 um CMOS-MEMS
technology. (b) Interface circuit for the MEMS sensor: (left) CTD control
circuit; (right) Wheatstone bridge readout circuit with CFIA.

In this article, we proposed a CMOS-MEMS monolithic
integrated thermal flow sensor system with a chip size of
only around 2.5 x 1.5 mm. The delicately designed system
on chip (SoC) sensor is composed of a MEMS sensor with
dual pairs of thermistors for sensitivity improvement, a precise
constant temperature difference (CTD) control circuit, and a
low-noise readout circuit with current feedback instrument
amplifier (CFIA). Testing results show that the SoC sensor has
a high sensitivity of 156 mV/(m/s) with a system power of less
than 5 mW, while achieving a wide linear range of +6 m/s and
low flow measured down to 86 pm/s. The rest of this article is
organized as follows. Section II details the sensor system and
design considerations for MEMS sensor and CMOS interface
circuit. Section III briefly presents the fabrication of the
proposed SoC sensor. In Section IV, measurement results
are discussed and compared with other state-of-the-art flow
sensors. Finally, Section V concludes this article.

II. SENSOR SYSTEM AND DESIGN CONSIDERATIONS
A. Proposed SoC Sensor System

The proposed monolithic integrated thermal flow sensor
system is depicted in Fig. 1(a), it comprises a MEMS structure
with dual pairs of thermistors, a precise CTD control circuit,
and a low-noise CFIA readout circuit. Among them, the
2.52 pm thick MEMS structure will be released by a home-
developed post-CMOS process, and a bottom cavity in silicon
substrate will be formed for sensor power reduction. Note that
the entire sensor system is designed and implemented on a
single chip using 0.18 um CMOS-MEMS technology.
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Fig. 2. Temperature profile around split microheater in 3-D CFD simulation
(a) with and (b) without gas flow. Note the microbridges are simplified as
pure oxide structures to save the calculation time, and the microheater works
on a 50 K CTD mode with an ambient temperature of 300 K.

During the operation of the SoC sensor system, the micro-
heater R;, placed in the central microbridge, maintains a
CTD with respect to the ambient through a CTD control
circuit, as shown in the left part of Fig. 1(b). When in the
absence of fluid flow, the temperature distribution around R}, is
symmetrical, as proved by a 3-D computational fluid dynamics
(CFDs) simulation shown in Fig. 2(a). While in the presence
of fluid flow U, the temperature distribution around Ry is
distorted, causing a temperature difference output of AT =
T, — T, through heat transfer, as shown in Fig. 2(b). The
thermal output AT can be converted into an electrical signal
AV through a Wheatstone bridge formed by upstream and
downstream thermistors R,; & R,» and R;; & Ry», as shown
in the right portion of Fig. 1(b). The signal of AV is then
amplified using a low-noise CFIA. Thus, the final output of
the sensor system, Vg, can be related to the input flow U,
as follows:

Vou ~ 0.5 V,GAT (1)

where V; is the applied voltage in the Wheatstone bridge,
G is the gain of signal amplification, and o is the tem-
perature coefficient of resistance (TCR) of ploy-Si. From
(1), one can improve the flow measurement accuracy by
increasing the sensor output and lowering the system noise,
i.e., signal-to-noise ratio. This can be achieved by using high
TCR thermistors while designing a low-noise interface circuit.
Besides, to improve the thermal output AT within a limited
heating power budget (<mW level), a dual pair of thermistors
with a reduced film thickness of 2.52 pum is preferred in this
article, which provides a doubled sensor output as compared
to the single pair design [26].

B. Design of MEMS Flow Sensor

In the detailed MEMS sensor design, the 0.2 pum thick
P+ polysilicon layer is adopted to form the microheater
Ry, four thermistors, and the on-chip temperature sensor R,,
considering its good TCR of 2.91 x 1073/K when referring to
a temperature of 25 °C, while the aluminum layer is used as
lead wires. The microheater comprises a split microstructure
with a 5 um gap, and its serpentine layout is formed by a 4 um
wide wire. The designed microheater has a heating area of
126 x 28 um and an average resistance of 1019  measured
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Fig. 3. Linear range of the SoC sensor system is designed to be larger than
44 m/s based on the Peclet number (Pe) criterion. Accordingly, the distance
[ between the microheater and the temperature sensor is designed as 34 um
with Pe < 1.

at 25 °C. This is done to increase the affordable power of
the microheater and prevent damage to the polysilicon film
during joule heating. Two pairs of upstream and downstream
thermistors are also designed with the same layout patterns,
each covering an area of 67 x 15 um. To minimize the self-
heating issue, each thermistor is designed as a serpentine
structure formed by a 1 um wide wire, and their average resis-
tance is relatively larger than that of the microheater, which
is 4056  at 25 °C. Additionally, to achieve a CTD between
the microheater and the ambient, a temperature sensor R, is
integrated on the silicon substrate for automatic regulation of
the heating temperature [43], [44].

To further optimize the distance between the microheater
and thermistors, the Peclet number (Pe) < 1 criterion that
determines the linear range of a calorimetric flow sensor is
used [45]. As illustrated in (2), the linear range of the flow
sensor U; is inversely proportional to the distance / between
the microheater and thermistors

Pe=Ul/D )

where D is the thermal diffusivity.

In Fig. 3, the calculated Pe is plotted as a function of
the distance /, while the thermal diffusivity D is determined
by the averaged thermal properties of air and microbridges.
To achieve a linear range larger than +4 m/s, a distance
of I < 47 um is suggested by Pe < 1. Note that when
Pe < 1, it indicates a weak thermal convection and a dominant
thermal diffusion, which corresponds to the case of the thermal
perturbation analysis for the linear low flow discussed in [42].
This conclusion is also confirmed by the linear fit of the
CFD results, with good linearity obtained (R> > 0.995) in the
flow range of 4 m/s. In consideration of the adopted SMIC
0.18 um 1P6M CMOS process and the in-house developed
post-CMOS process, the distance ! between the microheater
and the thermistors is designed as 34 pum. In this case, Pe is
equal to 0.72, and we may expect a wider linear range than
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Fig. 4.

(a) Block diagram of the implemented folded-cascode amplifier with a PMOS buffer. (b) Open-loop gain and phase of the designed CTD control

circuit are 108.6 dB and 62.8°, respectively. (c) With a load of 1.5 k€2, the output swing and current drive capability of the op-amp designed for the CTD

control circuit are 2.9 V and 1.93 mA, respectively.

the design target when considering the heat conduction losses
from the ends of the microbridges.

C. Design of CMOS Interface Circuit

Interface circuitry is also implemented on the CMOS die
(Fig. 1) to realize a tangible SoC flow sensor solution, includ-
ing a precise CTD control circuit and a low-noise readout
circuit.

1) CTD Circuit: The main purpose of designing this CTD
circuit is to improve the temperature drift compensation capa-
bility of the microcalorimetric flow sensor [44]. The CTD
circuit comprises several components, including microheater
Ry, on-chip ambient temperature sensor R,, regulating resistor
R, poly-Si resistors R; & R;, and an operational amplifier.
When fluid flows over the microheater, its resistance decreases
due to the cooling effect, resulting in an increased voltage
difference at the input ends of the operational amplifier.
Consequently, an elevated voltage is fed into the Wheatstone
bridge, causing an increase in heating power, which increases
the resistance of the microheater and rebalance the Wheatstone
bridge. When the CTD circuit is functioning properly, the
overheated temperature AT}, of the microheater can be simply
regulated by the resistor R, and maintained at a constant value,
as shown below

AT, =T, = T, = R.[aR,(Tv) 3)

where T, is the ambient temperature and R, (7p) is the resis-
tance of the ambient temperature sensor R, at the reference
temperature of Tj.

As per the operating principle of the CTD circuit, more
sensor power is needed to maintain a constant A7, when fluid
flow increases. To target this goal, it is recommended that the
amplifier utilized in the CTD circuit possess an open-loop
gain exceeding 80 dB. Such a configuration would yield
a maximum unbalanced voltage of approximately 0.33 mV
within a 3.3 V system. This discrepancy, when compared to
the ideal scenario with infinite gain, would only result in
a worst case ATy, drop of less than 0.07% for microheater
voltages close to 1 V, even under different flow conditions.
Meanwhile, as proved by CFD simulation, the power loss of

the microheater, which works in a 50 K CTD mode, remains
below 1 mW within an input flow of 0-10 m/s. Considering
the nominal design of R, around 1 k2 and a bridge ratio of
Ri/R, = 5:1 (ensures that most of the CTD circuit power
is consumed by the microheater), it is imperative that the
amplifier should be capable of supplying a minimum driving
current of 1.2 mA to the Wheatstone bridge.

In this article, a folded-cascode amplifier incorporating
a PMOS buffer with a strong current driving capability is
devised, as shown in Fig. 4(a). Note that the designed folded
cascode stage consumes a power of 0.13 mW with a 3.3 V
supply. The simulation result, illustrated in Fig. 4(b), shows
that the designed operational amplifier has an open-loop gain
of 108.6 dB and a phase margin of 62.8°. Therefore, it can
be inferred that the designed operational amplifier is deemed
to be stable. Utilizing a 400 um (W) x 340 nm (L) PMOS
buffer, the output swing and current drive capability of the
operational amplifier are simulated as 2.9 V and 1.93 mA,
respectively, when subjected to a load of 1.5 k€2, as shown in
Fig. 4(c). To ensure that the CTD circuit operates within the
working region (<2.9 V) rather than the saturation region, the
ratio of R,/R), is designed as 1:2, as suggested by

R2 | Vth,pmos |
—_— > _—_—mmmm
Rh Vop — ‘Vth,pmos’

4)

where Vpp is equal to 3.3 V and Vi pmos is the threshold
voltage of the PMOS in the folded cascode differential input
pair, which is —589 mV in this design. With this configuration,
the designed CTD circuit can deliver a maximum of 3.11 mW
to the microheater. Therefore, the proposed interface circuit
can make sure the microheater works well in a 50 K CTD
mode, as the CFD simulation proves that its required power
is <1 mW.

2) CFIA Readout Circuit: Since the voltage output AV of
the Wheatstone bridge is typically in mV level or even lower
at low flow conditions, it becomes necessary to amplify the
sensor signal for subsequent signal processing. Considering
that the thermal noise floor of the Wheatstone bridge is around
8.2 nV/,/Hz, the targeted noise floor of the designed amplifier
is selected as the same level, i.e., 8 nV/,/Hz, for a low-power
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Fig. 5. (a) Block diagram of implemented chopped CFIA. (b) Frequency response simulation result with a closed-loop gain of 200. Note that the bandwidth

when the closed-loop gain decreases by 3 dB is 56.6 kHz. (c) Simulated input-referred noise spectrum showing the thermal noise floor is around 4.32 nV/,/Hz,
and the flicker corner is around 400 mHz. Note that there is a spike near the chopping frequency due to the use of chopping modulation technology.

design purpose. Furthermore, when a closed-loop gain of
200 with a gain error of less than 0.1% is required, the loop
gain should be greater than 1000. Therefore, the minimum
open-loop gain of the amplifier should be larger than 106 dB.

According to the above requirements, a low-noise CFIA is
designed as the analog front-end due to its high CMRR [46]
and large input impedance [47]. The chopped CFIA is imple-
mented with a three-stage topology, as shown in Fig. 5(a).
Compared with the two-stage topology, the three-stage CFIA
can achieve an open-loop gain greater than 150 dB, which can
effectively suppress the closed-loop gain error and improve
CMRR [48]. In this particular design, the input transconduc-
tance g,,,;, and feedback transconductance g, s, are chopped
to minimize offset and flicker noise, while the second- and
third-stage amplifiers are designed with very high dc gain.
Among them, the last stage is implemented using a class AB
push-pull amplifier while maintaining power efficiency and
good driving capability. Upon implementation of a three-stage
topology in CFIA, three poles are exhibited, leading to con-
cerns regarding circuit stability. To address this issue, the
utilization of nested miller compensation (NMC) is recom-
mended, which simply requires capacitors for improved circuit
stability [49]. Note that the NMC incorporates local Miller
capacitors, namely C,»; and C,;, situated around the final
stage of CFIA, along with global Miller feedback capacitors
of Cy11 and C,,12. Additionally, the feedback compensation
capacitors (C,21 and Cp) in class AB help to filter out
the ripple at the chopper frequency, while any remaining
ripple can be further eliminated using an external RC filter.
To minimize the gain error of the CFIA, the input and feedback
transconductance are designed to be identical, i.e., gu.in =
&m, fp- In this case, the closed-loop gain of CFIA is exactly
given by the following equation:

Gain = (

Fig. 5(b) shows the simulated frequency response of the
CFIA when its closed-loop gain is set to 200 (46 dB).
The CFIA exhibits a bandwidth of 56.6 kHz. This specific
bandwidth design enables the implementation of a 20 kHz
chopping frequency to reduce the corner frequency of the

Ri1 + Ro+ Ri2

Ry ®)

flicker noise. Besides, additional simulations confirm that the
CFIA is conditionally stable for a closed-loop gain greater
than 50. Fig. 5(c) shows the simulated noise spectral den-
sity (NSD) of the chopped CFIA, where the flicker noise
corner is less than 400 mHz and the thermal noise floor is
around 4.32 nV/,/Hz, which is lower than the target value
of 8 nV/\/Hz. Such a designed low-noise amplifier (CFIA)
can serve as a good interface readout circuit for the SoC flow
Sensor.

D. SoC Sensor Performance

Generally, the design based on the thermal and fluid
dynamic simulations is unable to take into transduction process
of mechanical, thermal, and electrical domains that altogether
contribute to the overall sensor performance. To have a
more comprehensive performance evaluation of a proposed
SoC flow sensor, system-level modeling and analysis are
needed. Previously, we have introduced two important equiv-
alent circuit models (ECMs) for the microheater in the CTD
circuit, and the thermistors in the Wheatstone bridge-based
readout circuit [44], and these two ECMs were thermally
coupled with MEMS structure through an analytical model
[25]. Based on the proposed system-level model [44], the
entire CMOS-MEMS sensor system is built on the Cadence
Virtuoso platform, and the system-level simulation and per-
formance evaluation of the designed SoC flow sensor is
realized.

As displayed in Fig. 6(a), the overheated temperature AT,
of the microheater, simulated by the system-level model,
remains almost constant at 50 °C, and its variation is less
than 0.01 °C at different input flow velocities. In addition, the
power of the microheater is less than 0.89 mW. Therefore,
the designed interface circuit can ensure that the microheater
works in the CTD mode without being affected by the cooling
effect of fluid flow. Fig. 6(b) shows the simulated sensor output
and its comparison with the CFD model. Within the flow range
of 0-10 m/s, the system-level model predicted output is in
good agreement with the output from the CFD model. Besides,
the SoC sensor has a high sensitivity of 148 mV/(m/s) in a
linear flow range of 0—4 m/s. As proved by the system-level
simulation in EDA, the proposed CMOS-MEMS monolithic
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sensitivity of 148 mV/(m/s) in a linear flow range of 0—4 m/s.
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Fig. 7. In-house developed post-CMOS fabrication steps for the release of
the SoC flow sensor. (a) Chip prepared by CMOS. (b) Photolithography and
dry etching of aluminum. (c) RIE oxide etching. (d) Dry etching of aluminum.
(e) Trench Structure by DRIE. (f) XeF; releasing and PR removing.

integrated thermal flow sensor system can detect gas flow up
to 10 m/s with a system power at the mW level.

III. FABRICATION OF SOC SENSOR

Fig. 7 illustrates the in-house developed post-CMOS process
for the microfabrication of the SoC flow sensor. First, the
sensor chip (2.5 x 1.5 mm) prepared by the SMIC 1P6M
CMOS process was glued on a 4-inch Si wafer with the coated
photoresist. Second, a 4 um thick AZ9260 photoresist was
spray coated on the sensor surface. Subsequently, as shown in
Fig. 7(b), photolithography was performed to create a MEMS
opening size of 300 x 200 pum and aluminum etching was
performed under the opened window. The sensor structure was
then defined by reactive ion etching (RIE) of the oxide, with
the aluminum (Metal 2) layer serving as an etch stop. The
aluminum layer was essential to precisely reduce the thickness
of the microbridges to 2.52 um and protect the polysilicon
during the post-CMOS fabrication process, as illustrated in

Fig. 8.
0.18 um 1P6M CMOS-MEMS technology. Note the die size is 2.5 x 1.5 mm.

Microphotograph of the fabricated SoC flow sensor using a SMIC

__ 129 —e—Voltage vs Current T
> 1 -
2087 e
I .
= 04+
>
0.0
T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Current (mA)
60+ e AT, vsPower
g 40 Linear Fitting
=
< 20
0 |

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Power (mW)

Fig. 9. (a) I-V characteristics of the microheater Rj. (b) Overheated
temperature A7), of the microheater at various power inputs.

Fig. 7(c). Deep RIE (DRIE) was then utilized to fabricate Si
trenches with a depth of 80 um, where the etch stop of the Al
layer was removed in advance, as shown in Fig. 7(d) and (e).
Finally, XeF, isotropic Si etching was employed to release the
microbridges and increase the depth of the bottom cavity to
about 100 pm, as shown in Fig. 7(f).

After removing the coated photoresist, the optical micro-
graph of the fabricated SoC flow sensor chip is shown in
Fig. 8, where the MEMS sensor and interface circuits (includ-
ing CFIA, the CTD control circuit, and the zeroing circuit)
are monolithically integrated. Additionally, a multiaxis micro
accelerometer and a MEMS magnetometer are implemented
on the same die.

IV. RESULTS AND DISCUSSION

Prior to assessing the performance of the SoC sensor,
a preliminary evaluation of the MEMS sensor and its interface
circuitry was conducted independently. For the MEMS sensor,
the measured nonlinear /-V curve of the suspended micro-
heater R;, proves that it experiences a significant temperature
rise due to joule heating, as shown in Fig. 9(a). By using the
known TCR, the resistance of the microheater (R, = V/I) can
be used to derive its overheated temperature ATj,. As shown
in Fig. 9(b), a linear relationship between AT, and input
heating power is observed, while a prominent temperature rise
of 53.6 K is obtained with an input heating power of less
than 1 mW.

Fig. 10 shows the drive capability of the designed oper-
ational amplifier. When subjected to a load of 1.5 k2, the

Authorized licensed use limited to: Hamad Bin Khalifa University. Downloaded on December 24,2025 at 09:42:26 UTC from IEEE Xplore. Restrictions apply.



1492

3.5 T 25
® V,, (Experiment) 'm
—_ ; ) .
28 Vp (Simulation) 0
® |, (Experiment) ;
I, (Simulation ]
S 211 ” ( ) i 1.5 ”a
< R.=1.5kQ i T
4 i 10 -8
A i
: i
0.74 Working Region i Lo5
Saturation Region -+--#
1
09 ‘ ! T ! 0.0
0.00 0.66 1.32 1.98 2.64 3.30
Ve (V)

Fig. 10. With the configured load of 1.5 k€2, the measured output swing and
current drive capability of the op-amp are 2.82 V and 1.88 mA, which are
consistent with the designed curve, and the variation of the working region
range is less than 2.8%.
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Fig. 11. (a) Measured output waveform of CFIA with a closed-loop gain
of 200, where the 900 mV dc plus 1 mVpk sine ac signal is used as
input. (b) Measured NSD of CFIA, where the input-referred noise floor is
12.4 nV/rtHz and the 1/f corner is less than 400 mHz.

output swing and current drive capability of the operational
amplifier were measured as 2.82 V and 1.88 mA, respectively.
Compared with the design results, the variation in the working
region was found to be less than 2.8%.

Fig. 11(a) shows the transient results of the CFIA when
the closed-loop gain is set as 200. For an input sinusoidal
signal with a frequency of 1 Hz and a peak-to-peak value of
1 mV, the double-ended output Viu, and Vo, of the CFIA
swing between 0.8 to 1 V at a common-mode voltage of 0.9 V,
which leads to a differential output voltage with a sinusoidal
peak-to-peak value of 200 mV. Fig. 11(b) shows the measured
output NSD of the chopped CFIA from 15.625 mHz to 25 Hz,
where the CFIA output is connected to a first-order passive
differential RC filter with a cutoff frequency of 1 kHz. The
flicker noise corner is significantly lower than 400 mHz, and
the input-referred noise floor is 12.4 nV/,/Hz. The discrepancy
between the measured and simulated NSDs can be attributed
primarily to the parasitic effects of layout design and CMOS
process deviations. Furthermore, the linear output swing of the
proposed CFIA is £1.4 V, while considering the sensor inter-
face circuit for respiration application within a low-frequency
range (<4 Hz), the integrated output rms noise is 5.4 uVrms,
which indicates that the CFIA has a dynamic range of 105 dB
in such a scenario.

After completing the preliminary MEMS structure and
circuit function test, the proposed SoC flow sensor was
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Fig. 12.  (a) Packaged SoC flow sensor in a 3-D printed flow channel.
(b) Experimental setup for the test of the SoC sensor with nitrogen gas flow.
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Fig. 13. Response of the CTD mode-based SoC flow sensor to an input
N3 gas flow of £11 m/s. The single microheater shows an almost symmetric
voltage output with a power consumption of 0.83-0.92 mW for the forward
and backward gas flow.

then embedded in a PCB board and packaged in a 3-D
printed flow channel with a size of 65 x 12 x 2.5 mm
(Length x Width x Height), and tested with nitrogen gas
flow at a room temperature of 26 °C, as illustrated in
Fig. 12(a). The nitrogen tank was used as the gas source,
and the pressure-reducing and throttle valves were employed
to regulate the gas flow over the sensor chip. Meanwhile,
a commercial flow sensor (AWMS5104VN, Honeywell, USA)
was used as a reference flowmeter, as shown in Fig. 12(b).
In this case, the pressure difference observed between the inlet
and outlet of the packaged SoC flow sensor was less than
1.6 kPa at the highest input gas flow. Notably, the entire SoC
sensor system was powered by a single 3.3 V power supply,
and the bandwidth of the whole system was limited to 4 Hz
in the subsequent flow test.

Fig. 13 illustrates the voltage output of the microheater
when subjected to an input N, gas flow ranging from —11
to 11 m/s in the CTD mode. Within this range, the power
loss of the microheater is from 0.83 to 0.92 mW, while the
power consumption of the entire CTD control circuit varies
from 2.88 to 3.03 mW. Despite being a monotonic response
to either forward or backward fluid flow, the voltage V), across
the microheater shows an almost symmetrical response to the
bidirectional flow, which makes this voltage output unsuitable
for measurements in the flow direction.

Fig. 14 shows the calorimetric output of the SoC sensor
versus the input N, gas flow of +11 m/s, and its response is
monotonic for bidirectional flow. The SoC sensor exhibits a
wide linear range of +6 m/s, while a maximum sensitivity
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PERFORMANCE COMPARISON OF PREVIOUS REPORTED CMOS-MEMS INTEGRATED FLOW SENSORS WITH OUR WORK

[50] [51] [37] [52] [53] [18] [21] This work
Sensor Principle MEMS MEMS CMOS MEMS MEMS MEMS MEMS MEMS
P Thermal Thermal Thermal Thermal Thermal Thermal Coriolis Thermal
2um 1pum SOI 0.7um 0.35um 2um 0.18um 0.18um
Sensor Technology | o105 MEMS | cMOS-MEMS | €MOS | CMOS-MEMS | cMOS-MEMs | cMos-MEMs | MEMS | cyos-MEMS
Integration Monolithic Monolithic Monolithic Monolithic Hybrid Monolithic Hybrid Monolithic
Die Size (mm?) 18 14.44 16 16 36 3 112.5% +4.848 3.75
IASIC Output Digital Analog Digital Analog Analog Analog Digital Analog
Fluids Air Air Air N2 Air Air Gas & Liquid N
[Power (mW) 3¢ 9.4P 25¢ 4P <452.6° <30¢; <1.72° 13¢ <4.96%; <0.92°
0.02 ~ 38 -3.33~3.33 -15~15 0~152.36 -11~11
Flow Range (/s) | 9y~ jive 0-26 1=25 lo33~033me| 0540 2~ 2% 0~ 0.49" -6~ 6\
IS* (mV/(m/s)/mW) N/A 0.94 N/A 2.3 3.93 288 N/A 188
4 SD SD
MDFV (um/s) N/A N/A N/A N/A N/A 99 ?;; :}gg AD 3806?“’

AMEMS die size, BCMOS die size; “Power of integrated sensor system; "Power of MEMS sensor; °Estimated gas flow velocity in MEMS channel; “Estimated
liquid flow velocity in MEMS channel; SPCalculated by standard deviation; *PCalculated by Allan deviation; “RLinear range of MEMS thermal flow sensors;
@Estimated from sensor output; N/A = Specification not available.

T T T
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S
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1.04 2 .
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0.5 -1 . Y 5 -
— 6 -3 0 3 6 . /0 o Sensor System Bandwidth
v o > 400 <
> Flow (m/s) X <
5 00 P S 0 =
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- Power of microheater 2004 i
057 -, 0.83 ~0.92 mW : :
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-1.0 1 < Gain = 180; Vs =1V Frequency (Hz)
e
S*=188mV/(m/s)/mW Fig. 15. Measured frequency response of the whole flow sensor system under
-1.57 -8 an input gas flow of 4 m/s by ac sweeps on the microheater.
T T T T T T
-12 -8 -4 0 4 8 12
Flow (m/s) Such an mW level power consumption is also much lower
Fig. 14.  Measured SoC sensor output as a function of input flow velocity ~than the reported sensor system in Table 1. Moreover, the

(£11 m/s), and its comparison with the respective CFD simulation results.
Note that the sensor has a good linear range of 6 m/s, with the normalized
sensitivity $* of 188 mV/(m/s)/mW.

S of 156 mV/(m/s) is achieved in this linear flow region.
Note that the sensitivity S is defined as the ratio of output
Vour to the flow U. Additionally, the experiment achieved a
relatively higher linear range of 6 m/s compared to the
44 m/s target in the CFD results. This enhancement is mainly
attributed to the increased heat conduction of the aluminum
traces at the supporting ends of the microbridges, which
promotes a further reduction of the Pe number. Moreover, the
normalized sensitivity S* of the SoC sensor with respect to the
microheater power is 188 mV/(m/s)/mW, which is better than
the previously reported thermal flow sensors [51], [52], [53],
while also achieving a 3x improvement in the linear range
compared to [18], as shown in Table 1.

In addition, the measurement shows that the CFIA consumes
a power of 1.68 mW, and the Wheatstone bridge in the
readout circuit has a power of around 0.25 mW. By adding
the power of the CTD circuit, the whole SoC sensor system
consumes a power of 4.81-4.96 mW within a flow of =11 m/s.

predicted sensor output trend from the CFD model agrees well
with the test results, demonstrating that both the CFD model
and system-level model can be reliable and useful tools for
further optimizing the CMOS-MEMS flow sensor system with
a reduced footprint and power consumption.

Furthermore, the bandwidth of the whole SoC sensor system
is approximately examined by subjecting the microheater to ac
stimulation at different frequencies. Through the assessment
of a sensor output attenuation of 70.7% at an input gas flow
of 4 m/s, the bandwidth of the entire flow sensor system is
successfully set to 4 Hz, as shown in Fig. 15.

In Fig. 16(a), a time diagram depicting the measured sensor
signal over 10000 s intervals with an acquisition rate of
40 samples/s is presented. The signal standard deviation o
of the SoC sensor is found to be 24.10 ©V. By considering
95.4% of the population, the intrinsic minimum detectable
flow velocity (MDFV = 2¢/§) and resolution (Res. = 40/S)
of the whole SoC sensor system have been determined as
309 and 618 pm/s, respectively, as per [29], [36]. The MDFV
and resolution could be further refined with the Allan deviation
(specified in IEEE standard 1139-2008 [54]). Fig. 16(b) shows
the minima of the Allan deviation, which is approximately
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Fig. 16. (a) Long-term measured output of the SoC sensor at zero flow, the

intrinsic MDFV of the sensor system is 309 um/s. (b) Allan deviation of the
flow output with the achieved lowest resolution of 172 pum/s.

6.7 V. This indicates that by utilizing signal averaging, the
SoC sensor can achieve a minimum MDFV of 86 um/s and
a resolution of 172 pm/s. These minima show competitive
detection limits and resolution as compared with the state-of-
the-art work in Table I.

V. CONCLUSION

To summarize, this article presented a CMOS-MEMS
monolithic integrated thermal flow sensor system. The system
comprises a MEMS sensor with dual pairs of thermistors,
a precise CTD control circuit, and a low-noise readout circuit
with a CFIA. The sensor’s design and optimization are dis-
cussed in detail, along with its fabrication using an in-house
developed post-CMOS process. The SoC sensor demonstrated
high sensitivity, state-of-the-art linearity, and a detectable flow
range down to 86 um/s with a system power of less than
5 mW. Moreover, the results obtained from the SoC sensor
are in good agreement with the theoretical models, validating
the feasibility of the proposed design strategy. The developed
SoC sensor holds significant promise for various applications
in the field of flow sensing. Future work will investigate the
temperature compensation scheme based on the system-level
models, and seek the hardware solution for the low-cost (IoT)
node in respiratory applications.
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