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Abstract—In this paper, we present a system-level model for
an ambient temperature-compensated CMOS MEMS Thermal
Flow (C>MTF) sensor. The system-level model is first validated
by a computational fluid dynamics (CFD) model and is further
used for a fully coupled simulation between the microstructure,
heat transfer, and interface circuits. Correspondingly, a
monolithically integrated C?MTF sensor is designed and
optimized using a 0.18 pm 1P6M CMOS MEMS technology. The
designed System on Chip (SoC) C2MTF sensor has a flow range
of -10~10 m/s, and its highest sensitivity is 0.274 V/(m/s) with a
system power consumption of less than 3.6 mW. In comparison
with the more than 50% output drift for the uncompensated
counterpart, the output drift of the designed CMTF sensor is
reduced to 7% under an ambient temperature of 0~50 °C. In
addition, based on the proposed system-level model, the
additional optimizations show that the output drift can be
greatly reduced to 0.5%, by arranging another on-chip
overheated temperature-regulating resistor R. in the future,
delicately.

Keywords—system-level model, CMOS MEMS thermal flow
sensor, temperature compensation, SoC, monolithic integration.

[. INTRODUCTION

High-precision flow sensors are essential in both
industrial and biomedical applications [1, 2]. With the
development of semiconductor technology, flow sensors can
be integrated on a tiny chip by using CMOS MEMS
technology, thereby greatly reducing the sensor footprint,
noise, and power consumption [3]. The majority of micro
flow sensors can be classified as either thermal or non-
thermal. In particular, the research on micro thermal flow
sensors has extensively focused on various operating
principles [4] and application scenarios [1], due to their
structural, electronic simplicity, and capability of CMOS
integration [5]. However, thermal flow sensors usually suffer
inconsistent signal output due to ambient temperature
variation. To enable these thermal flow sensors to be applied
in the changing ambient environments, such as the medical
ventilator systems, huge time-consuming calibration is
usually needed over the specified flow range and operating
temperature.

Several ambient temperature-compensated micro thermal
flow sensors [6-8] have been reported, while most of them
were developed based on hot wire or hot film anemometer
principle and the fabrication process was not compatible with
CMOS technology. Xu et al. reported a low-cost ambient
temperature compensated micro calorimetric flow sensor
using a 0.35 pm 2P4M CMOS MEMS technology [9].
However, in their work, the whole sensor system is still not
fully integrated, and the temperature drift caused by the off-
chip interface circuit is ignored. To the best of our knowledge,
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Fig. 1. (a) Schematic of an integrated System-on-Chip (SoC) flow sensor
using 0.18 um 1P6M CMOS MEMS technology, (b) Interface circuit for
C?MTF sensor: (left) constant temperature difference (CTD) control circuit
with the on-chip reference temperature sensor R, and the overheated
temperature-regulating resistor R.; (right) Wheatstone bridge readout circuit
with Current Feedback Instrument Amplifier (CFIA); note that all
components are designed on-chip, while R. can be arranged either on-chip or
off-chip. (c) The equivalent circuit model (ECM) for microheater and
themoresistive sensors; note that the two ECM models are coupled with a
linear thermal model to form a system-level model.

there is no satisfactory system-level model to predict the
performance of the SoC sensor and overcome the challenge
in the complexity of the coupled mechanical, thermal, and
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electrical analysis. Such a system-level model will be very
critical for designing a robust and temperature compensated
CMOS MEMS thermal flow sensor.

In this paper, we proposed a non-linear system-level
model for the design of a temperature-compensated CMOS-
MEMS Thermal Flow (C?MTF) sensor, as shown in Fig. 1.
Two precise on-chip analog circuits, including one constant
temperature difference (CTD) control circuit and one low
noise current feedback instrument amplifier (CFIA) readout
circuit, are implemented as the interface of the C°MTTF sensor,
as shown in Fig. 1(a). With the validated system-level model
(Fig. 1(c)), the effect of ambient temperature on this SoC flow
sensor is investigated. Then, the design of the C’MTF sensor
is introduced, and further guidance for a smart sensor system
with extremely low temperature drifting (0.5%) is revealed.

II. CONCEPT AND CIRCUIT IMPLEMENTATION

The C?MTF sensor is arranged with two pairs of
symmetric upstream and downstream thermistors R, and Ry
at the same location to form a Wheatstone bridge circuit. A
microheater R;, is placed in the center and maintained with a
constant temperature of 50 °C by a constant temperature
difference (CTD) control circuit, as shown in Fig. 1(a). In the
presence of fluid flow U, the temperature distribution around
Ry is distorted, causing a temperature difference output of AT
= T4 - T, through heat transfer. The Wheatstone bridge
converts AT to an electrical signal of AV and amplifies it
through a low-noise current feedback instrument amplifier
(CFIA). Thus, the final sensor system output of V,, can be
related to the input flow velocity U. Note, the microstructure
of the C?2MTF sensor will be released by a home-developed
post-CMOS process [10], and a bottom cavity will be formed
to reduce the sensor power by frontside oxide and silicon
etching, as shown in Fig. 1(a).

A. CTD Control Circuit

The left part of Fig. 1(b) is the CTD control circuit, which
is used to keep the microheater R, working at a constant
temperature  difference with respect to the ambient
temperature 7,. The circuit is mainly composed of five
resistors in a Wheatstone bridge and a dedicated on-chip
operational amplifier. The ratio of R;/R; and (R, + R.)/Ry is
designated as 5 to ensure most of the power is consumed by
R;. The microheater R; and the on-chip reference temperature
sensor R, are made by P+ poly-Si, which has a good linear
temperature coefficient of resistance (TCR) a of 0.003. By
configuring the regulation resistor R, = aR, AT, (where R, is
the value of R, at the reference temperature T) = 25 °C, AT} is
the overheated temperature regulated by R.), the negative
feedback loop around the operational amplifier guarantees V+
= V—, which ensures the R, works on a constant AT} under
different input flow velocities and is not affected by 7,. In
addition, to ensure an accurately controlled CTD mode for the
SoC flow sensor, the operational amplifier is designed with a
large gain of 97 dB and also a strong current drive capability
of more than 52.8 mA.

B. Readout Circuit

Since the voltage output AV of the Wheatstone bridge is
usually in the mV level, a CFIA is designed as the back-end
readout circuit with signal amplification. Fig. 2 is a block
diagram of the three-stage CFIA, where G, i» and G, p is the
input and feedback transconductance, respectively, and they
are used to convert the output and feedback voltages into the

current. The input stage uses PMOS input pair folded-cascade
to meet the near-ground sensing capability and low flicker
noise characteristics. The CFIA is chopped at 50 kHz to
eliminate low-frequency noise. A low pass filter helps to
remove the chopping ripple at the output. Fig. 3 shows the
input-referred noise spectral density of the closed-loop CFIA,
the thermal noise floor is 4.32 nV/VHZ. Moreover, the CFIA
has a closed-loop gain of 200, a high CMRR of greater than
163 dB, and power consumption as low as 1.49 mW. Such a
precise amplifier (CFIA) can serve as a good interface readout
circuit for the C2MTF sensor.
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Fig. 2. Block diagram of implemented chopped CFIA and the gain is
designed to be 200.
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Fig. 3. The simulated input-referred noise spectrum shows the post-
chopped flicker noise corner is around 300 mHz and the thermal noise floor
is around 4.32 nV/\Hz.

III. SYSTEM-LEVEL MODEL

To realize a system-level simulation of the C*MTF sensor,
two important equivalent circuit models (ECM) should be
established for the interface circuit, one is the CTD feedback
circuit for the microheater, and another is Wheatstone bridge
circuit for the themoresistive sensors, as shown in Fig. 1(c).
The Verilog-A is used for the analog behavior modeling of
microheater and upstream and downstream thermistors.
Coupled with an analytical thermal model, the whole flow
sensor system is built in a Cadence Virtuoso platform. Finally,
the Spectre simulator is used to realize the system-level
simulation and optimization of the C*MTF sensor.

A. ECM of the microheater

For the microheater controlled by a CTD circuit, a force-
thermal-electric coupling simulation is required. Therefore,
the modified King's law and energy balance are adopted in the
establishment of ECM for microheater, as follows:

2073
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where A4 is the heat conduction loss, BU" is the heat convection
loss within the thermal boundary layer, n depends on the
sensor structure, which is 0.5742 in this design. Note, the
parameters A4, B, and » can be fitted from the power loss in a
followed analytical thermal model of (2). ps is the density of
the microheater, Cj is the heat capacity, V}, is the volume.
Therefore, the ECM of the microheater in Fig. 1(c) can be
obtained. Among them, VCCS is a voltage-controlled current
source, which converts the voltage and current signals of the
microheater into heating power. VCVS is a voltage source
controlled voltage source, which converts the heating
temperature 7} into a voltage signal V.

B. Analytical Thermal Model

The analytical thermal model of the micro calorimetric
flow sensor can be found in [9] and is introduced as follows:

2
(m+lmwwde9%—mauwﬁn”—
2 dx dx (2)

km km
2 2T (x) =0
%th)&)

the parameters of kn, pm, Cpm, and o, are all related to
temperature, and the corresponding formula can be obtained
in [9, 12]. Therefore, the analytical solution of the temperature
distribution T(x) of a C?MTF sensor in the streamwise (x)
direction can be obtained, where the calculated upstream and
downstream temperature 7, and 7, can be transferred to ECM
of thermistors.

C. ECM of thermistors

The ECM of the thermistor can be simply calculated as a
function of temperature:

R = Ro(1+ a(T(x)+Ta—To)) 3)

where Ry is the resistance of the thermistor at the reference
temperature of 7o =25 °C. T(x) is the analytical solution of (2).
Therefore, combining (2) and (3), we can easily construct the
ECM of a thermistor, as shown in Fig. 1(c).
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Fig. 4. Comparison of C2MTF sensor output between system-level model
and CFD model at the ambient temperature of 25 °C, and fitting factor is 2.3.

The system power is smaller than 3.6 mW and the maximum sensitivity is
0.274 V/(m/s).

IV. RESULT AND DISCUSSION

A. Simulation result of System-level model

Fig. 4 shows the sensor output from the system-level
model and its comparison with the 2D computational fluid
dynamics (CFD) model. It can be seen that the system-level
model is in good agreement with the CFD model with a simple
fitting factor of 2.3. Fig. 4 also shows the predicted sensitivity
of the C?MTF sensor. The maximum sensitivity is 0.274
V/(m/s), which proves that the C?MTF sensor has high
sensitivity in the low flow region. The results show that there
is a trade-off between the sensitivity and output of the C2MTF
sensor. Moreover, the integrated SoC flow sensor has a very
low system power consumption of 3.04~3.6 mW in the flow
range of 0~10 my/s.
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Fig. 5. Simulation results of the non-compensated flow sensor under the
ambient temperature of 0~50 °C and flow range of 0~10 m/s: (a) The
predicted overheated temperature A7}, correspondingly drops from 75 °C to
25 °C. (b) The output voltage of the flow sensor drops sharply with a
variation of more than 50%.
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Fig. 6. The simulated C2MTF sensor output under different ambient
temperatures 7,: (a) A7) is slightly decreased from 50.27 °C to 50.01 °C with
a variation of less than 0.53%, (b) The predicted system output of C°MTF
sensor has a variation of +7% when referring to the room temperature of
25°C.

B. Comparison with and without CTD circuit

As displayed in Fig. 5, by setting the microheater working
in a constant temperature (CT) mode, the system-level model
simulated A7} correspondingly drops from 75 °C to 25 °C
when the ambient temperature changes from 0 °C to 50 °C.
Consequently, the output voltage of the flow sensor system
dramatically decreased, with a change of up to 50%. While by
configuring the microheater in the CTD mode, as shown in
Fig. 6(a), AT}, is almost maintained at a constant value of 50 °C
(variation < 0.53%.) under different input flow velocities and
ambient temperature. The simulated output of the C?MTF
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sensor system is only slightly reduced (+7%) with the ambient
temperature range from 0 °C to 50 °C, as shown in Fig. 6(b).
The model simulation results illustrate that the proposed
interface circuit can effectively suppress the temperature
drifting.

C. Optimization of Interface Circuit

The system-level model is further leveraged to study the
impact of ambient temperature on the C?MTF sensor
performance. Accordingly, an overheated temperature-
regulating resistor R. (either on-chip or off-chip) with
positive TCR is proposed with automatically adjusted AT}, for
output drifting reduction. As shown in Fig. 7(a), by
configuring a positive TCR R. in the system, A7}, slightly
rises from 46.7 °C to 54.22 °C when T, changes from 0 °C to
50 °C. In this way, the decreased sensor output in Fig. 6(b),
can be automatically compensated with the increased ATj.
Based on the system-level model simulation, our optimized
C?MTF sensor shows an excellent temperature insensitivity,
while the output variation is as small as 0.5%, as shown in
Fig. 7(b).
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Fig. 7. The proposed on-chip overheated temperature-regulating resistor for
the automatically increased AT}. (a) Under an ambient temperature 7, of 0 °C
to 50 °C, AT, is automatically raised from 46.7 °C to 54.22 °C accordingly.
(b) The simulated output variation of the C2MTF sensor is significantly
suppressed with a variation of less than +0.5%.

Table I summarizes our proposed C2MTF sensor
performance and compares it with the prior of art. Our
C2MTF sensor is fully integrated with a flow range of -10~10
m/s, a system power of < 3.6 mW, and high sensitivity of 274
mV/(m/s). Fig. 8 is the optical graph of the designed C>MTF
sensor in a SMIC 0.18 um 1P6M CMOS MEMS technology,
note that an offset zeroing circuit is also configured for CFIA.

TABLE I. PERFORMANCE COMPARISON BETWEEN THE REPORTED
THERMAL FLOW SENSOR AND OUR C2MTF SENSOR

Reference Flowmlllsange P;er v/ (lSn/s) TC MI
Nebhen!!?* 0~26 3° 0.117 N/A YES
Bruschil®* | -3.33~3.33 4> 0.0023 N/A YES

Dongl!*” 0.5~40 2~452.6° |0.0079 N/A N/A
Makinwal!>}* 0.02-38 400-600* | N/A N/A YES
Mansoor 1 0~26 9.4° 0.936 N/A N/A

Xul?* -11~11 2.36~2.77° | 0.543 | YES/0.5% | N/A
This work” -10~10 3.04~3.6* | 0.274 | YES/+0.5% | YES

*Power of sensor system, ® Power of microheater, * Experimental results,
Simulation results, S = Sensitivity, TC = Temperature Compensation, MI =
Monolithic Integration of MEMS flow sensor and interface circuit on a single
chip.

Fig. 8. The optical graph of the C*MTF sensor chip and the layout design
of the microstructure. Note that the MEMS structure will be released by a
home-developed post-CMOS process.

V. CONCLUSION

We proposed a non-linear system-level model for the
design and optimization of a C?°MTF sensor. The designed
C?MTF sensor can sense the bi-directional flow of -10~10
m/s. The maximum power consumption of the whole sensor
system is less than 3.6 mW, and the designed CFIA interface
has input reference noise spectral density as low as 4.32
nV/VHz. Under the typical application scenario with the
ambient temperature range from 0 °C to 50 °C, the designed
C2MTF sensor shows that it has a low output drift of £7%.
Moreover, a simple method is proposed to optimize the
interface circuit with reduced temperature drifting, by
arranging a positive TCR overheated temperature-regulating
resistor R.. Consequently, the output drift of the C2MTF
sensor can reduce to less than £0.5%. Therefore, this robust,
high-sensitivity, low-power, and temperature-drift-inhibited
C2MTF sensor will be a very promising sensing node in the
medical ventilator.
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