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Abstract—The detection of gravitational waves in space
requires microthrusters that can respond quickly to com-
pensate for nonconservative forces on the satellite with low
thrust noise. Flow measurement plays a crucial role in cold
gas microthrusters (CGMTs), directly determining the control
accuracy of thrust adjustment and the upper limit of thrust
noise. It is a challenge to achieve high-resolution and low
flow measurement noise for flow measurement to obtain
sub-micro-Newtonian thrust resolution and thrust noise.
A high-sensitive temperature differential flow sensor has
been developed using pairs of doped silicon thermocouples
as the key temperature sensing elements. Aiming at reducing
the noise at low-frequency band of mHz–Hz, which is the con-
cern of space gravitational waves, the thermal noise of the
internal resistance of the thermocouple, the fluctuation noise
of the heating power, and the low-frequency noise of the
amplifier circuit are carefully handled to achieve a flow mea-
surement noise better than 0.1 µg/s/Hz1/2 @ 1 mHz–10 Hz.
Through the design of the flow channel, the flow conduction
of the system exceeds 10 µg/s/Pa, with a response time of about 10.2 ms, ensuring the rapid response capability. It holds
promise for integration into CGMT systems for space-based gravitational wave detection.

Index Terms— Cold gas microthruster, flow measurement, gravitational wave detection, thermocouple.

I. INTRODUCTION

THE detection of gravitational waves plays a pivotal
role in the development of novel astronomical obser-

vation techniques and the advancement of astrophysics
and cosmology [1], [2], [3], [4]. In order to measure
low-frequency gravitational wave signals in the mHz range,
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it is necessary to construct gravitational wave detection
platforms in space with million kilometers of arm length
[5]. Microthrusters serve as essential actuators for build-
ing ultrastable space platforms to counteract the effects of
nonconservative forces from internal and external sources
[6], [7]. The thrust noise of the microthruster can directly
affect the residual acceleration of the test mass through
the electrostatic coupling effect between the satellite and
the test mass [8]. As a result, several stringent demands
on microthrusters are required in space gravitational wave
detection as follows: a thrust range of 0–100 µN, a reso-
lution of 0.1 µN, a thrust noise less than 0.1 µN/Hz1/2 @
1 mHz–1 Hz, and a response time of 50 ms [5], [6].

A highly promising microthruster solution, cold gas
microthruster (CGMT), has demonstrated excellent perfor-
mance on laser interferometer space antenna pathfinder (LPF)
[9]. According to studies by Matticari et al. [10], Zhang et al.
[11], van der List et al. [12], the thrust of CGMT is propor-
tional to the mass flow rate of the exhaust gas. Current CGMT
usually uses a closed-loop control based on flow sensing and
control valves to achieve a precise control of the gas flow.
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Therefore, accurate measurement of the mass flow rate of the
propellant is critical to achieving high-precision thrust. Since
the exhaust velocity is about 500–600 m/s, the requirements
for flow rate measurement are as follows: a resolution of
0.2 µg/s, flow rate measurement noise of <0.2 µg/s/Hz1/2 @
1 mHz–1 Hz, and a response time of 20 ms.

Kang et al. investigated the mechanism of thermocouple
coefficient reduction and sensor lifespan at high tempera-
tures [13]. A bendable large range heat flow sensor was
reported by Li et al. [14] and [15]. The 2-D flow sensor studied
by Hartgenbusch et al. [16] achieved an angular resolution
of 0.5 ◦. In order to achieve the high-resolution requirement,
the first challenge to be addressed in constructing a flow
sensor is to maximize the detection sensitivity of the sensing
structure. In CGMT, thermal mass flow sensors (MFSs) are
widely applied due to its high-sensitivity and low flow noise.
There are two main ways to increase sensitivity: the first
is to use materials with a higher temperature coefficient.
In the early stages, doped polysilicon and metals were used
as thermocouple materials, due to the higher thermoelec-
tric coefficient of semiconductors. Then, the combination of
p+Si/Al [17] was found to have higher thermoelectric coeffi-
cient as compared with p+poly/metal [18]. Due to advances
in processing, thermocouples of two semiconductor materials
are widely used, such as p+poly/n+poly [19] and p+Si/n+Si
[20], and the sensitivity of the sensors is further enhanced.
In addition, increasing the number of thermocouples can also
improve the equivalent temperature coefficient of temperature
difference measurement, while the internal resistance thermal
noise also increases, which limits the maximum number of
thermocouples. The parameter Z was used to comprehensively
evaluate a pair of thermoelectric materials

Z =
α2

kρe

where α is Seebeck coefficient, k is thermal conductivity, and
ρe is electrical resistivity. p+Si/n+Si with higher Z is chosen
as the thermocouple material, and its pairs were set to 20 to
increase the equivalent temperature coefficient.

The second way to increase sensitivity is to reduce the
heat transfer from the temperature measuring and heating
elements to the surrounding area and to enhance their heat
exchange with the fluid to be measured. Compared with
silicon carbide (SC) and silicon nitrite (SN), SiO2 has a
lower thermal conductivity and is more suitable for thermal
insulation. Behrmann et al. [21] achieved high-strength thin-
film support and minimal thermal insulation loss using atomic
layer deposition. Kasai et al. [22] enhanced the insulation of
the film by adding holes next to the heater.

Another challenge for flow sensor to meet the demands of
gravitational wave detection in space is to achieve ultralow
flow measurement noise in the mHz frequency band. Factors
affecting the flow measurement noise include the thermal noise
of the thermocouple internal resistance, the heating power
fluctuation noise, the 1/f noise of the amplifier, and environ-
mental disturbance noise. We analyzed and distributed noise
throughout the measurement process and implemented targeted
noise suppression measures accordingly. Finally, we achieved

that the noise in the wideband of mHz–Hz all met the
requirements.

The issue of response time of the CGMT due to the flow
conduction of the flow sensor should also be noted. Since
it takes time for gas to change state in fixed volume, there
is a delay between the flow rate of the gas ejected from the
nozzle and the flow rate measured by the sensor, and the time
of this delay is inversely proportional to the flow conduction
and directly proportional to the volume of the cavity between
them [23]. The existence of this delay time makes it difficult
to regulate the flow rate, or thrust, quickly and accurately.
Since the volume in our CGMT is 2 mL and it is difficult
to reduce it significantly, a thrust response time of 50 ms
requires the flow conduction of flow sensor, which should be
greater than 10 µg/s/Pa.

This article reports a high-resolution and low-noise thermal
flow sensor aiming at requirement for space born gravitational
wave detection. High system sensitivity combined with
peripheral circuit noise suppression results in excellent flow
measurement noise characterization in the frequency band
of interest. This article is organized as follows. Section II
of this article focuses on theoretical analysis and modeling,
while Section III discusses the manufacturing of the sensor
chip and device construction. The performance test results
and analysis are discussed in Section IV. Also, Section V is
a summary of the work.

II. MODELING ANALYSIS AND PARAMETRIC DESIGN

The mass flow sensor (MFS) measures the mass flow rate
of fluid by detecting the temperature difference at two specific
locations as the fluid passes through the sensor. Its principle
is illustrated in Fig. 1. The heating resistor is located at the
bottom of the flow channel. Also, two temperature sensing
elements are placed symmetrically located at the ends of
the heater. As the flow passes over the heater, the gas will
carry heat downstream by thermal conduction and convection,
resulting in a higher temperature at the downstream temper-
ature sensing point than upstream. The temperature sensing
elements and the circuitry convert the temperature difference
into voltage signal. In establishing the relationship between
the output voltage and the measured flow rate, the model is
simplified to a 1-D approximation, and the heat conservation
equation can be established as follows:

k f
d2T (x)

dx2 yz1x − ρcv
dT (x)

dx
yz1x + ks

d2T (x)

dx2 t y1x

+ k f 1
d2T (x)

dx2 yh1x =
k f

hc
T (x)y1x +

k f 1

h
T (x)y1x (1)

the second term on the left-hand side of the equation repre-
sents the heat flux coming in due to convective heat transfer
between the fluid and the channel surface. The first, third, and
fourth terms represent the heat flux coming in by heat con-
duction from the flow channel, film, and cavity, respectively.
The two items on the right are heat conducted from the side.
Equation (1) can be simplified to

A
d2T (x)

dx2 + B
dT (x)

dx
+ CT (x) = 0 (2)
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Fig. 1. Differential temperature flow sensing principle diagram. The
dashed line shows the distribution curve of temperature in the x-axis
direction at zero flow rate, which is symmetrically distributed; the solid
line shows that the downstream temperature is higher than the upstream
temperature when the flow rate is not zero. The meanings of each
parameter are as follows: Qcond

f,z heat flowing out of the fluid along the
z-direction; Qcond

f,x and Qconv
f,x net heat flowing into the fluid along the

x-direction and net heat flowing through thermal convection, respec-
tively; Qcond

s,x net heat conducted into the film along the x-direction; Qcond
f1,x

net heat conducted into the cavity along the x-direction; and Qcond
f1,z net

heat flowing out of the cavity through heat conduction in the z-direction.

in which A = ks ts + 1/2 k f hc + 1/2 k f 1h, B = −ρcvz =

−ṁc/y, and C = −(k f /hc + k f 1/h). ks and ts are thermal
conductivity and thickness of the film, k f and hc are thermal
conductivity of the fluid to be measured and height of the flow
channel, k f 1 and h are thermal conductivity of the gas in the
cavity and the height of the cavity, and c is heat capacity of
the gas.

The boundary conditions are as follows: T (L) = T (−L) =

Ta , T (W ) = T (−W ) = Th , Ta is the ambient temperature, Th

is the temperature at the heater, L is the flow path length, and
W is half the width of the heater.

Finally, the relationship between the output voltage and the
flow rate can be obtained [24]

Vout = α1T
[

exr2 − er2 L+r1(x−L)

er2W − er2 L+r1(W−L)

−
exr2 − e−r2 L+r1(x+L)

e−r2W − e−r2 L−r1(W−L)

]
(3)

where 1T = Th − Ta , r1,2 = ((−B ∓
√

B2 − 4AC)/2A), and
α is the coefficient for temperature conversion to voltage of
the temperature sensing element.

Equation (3) can be written as a generalization of the output
signal with respect to the flow rate ṁ and the temperature
difference between the heater and the ambient temperature 1T

Vout = f (1T, ṁ). (4)

Equation (4) assumes that all other quantities in (3) are
fixed. In fact, the geometrical dimensional parameters are
fixed, and it is indeed possible that thermodynamic properties,
such as thermal conductivity of gases, may change with
temperature and pressure, as mentioned in [25]. However,
in certain applications, such as the micro-Newtonian CGMT
we are targeting, the pressure and temperature of the gas
source are stable. Although the pressure in the tanks decreases
as the mission progresses, a pressure regulator at the front of
the microthruster ensures that the pressure of the gas source
is stable, with variations in pressure typically of 0.1% or less.
Similarly, the temperature is kept within certain range, and the

effect of these two factors on the thermodynamic properties
of the gas is negligible in a CGMT.

Equation (4) shows that to achieve a low-noise, 1T must
be stable, and also, the read noise should be focused on as
the signal is very weak. In the inherent structure, the thermal
resistance from the heater to the environment is fixed, so their
temperature difference is proportional to the heating power of
the heater P

1T ∝ P. (5)

This condition assumes that the temperature of the gas does
not vary over a wide range, and the reasons for temperature
stability have been stated in the previous paragraph. The
main noise sources are considered to be heating power noise
n P , thermal noise from thermocouples nRth , and noise from
amplifier chips nop

n2
q = n2

P + n2
Rth

+ n2
op. (6)

The allocation of these three noises with equal weights is
a rough estimate at the design stage, in order to initially
determine the design parameters. Then, the power noise
requirement can be obtained

nq
√

3ṁmax
=

n P

P
. (7)

When the heating power is 3.9 mW, the power noise is required
to be less than 3.7 × 10-7 W, in which nq = 0.05 µg/s/Hz1/2 @
1 mHz–10 Hz and ṁmax = 300 µg/s. Continuing to increase
the power will improve the sensitivity, but it also increases the
power fluctuation noise, which does not improve the signal-to-
noise ratio but increases the power consumption of the system.

To obtain the other two noise requirements, the sensitivity
of the system, S = ∂Vout/∂ṁ, is first estimated. Obviously,
the greater the sensitivity S, the greater the voltage signal at
the same flow rate, and the lower the requirement for reading
noise. Although thermocouple internal resistance thermal noise
is not read noise, they act in the same way, affecting the input
of the amplifier.

From (3), it can be observed that the parameters affecting
the sensitivity and are easy to control include the dimensions
of the channel, the thickness of the thermal insulation layer,
and the position of the temperature sensing points. Specific
effects of these parameters are provided by thermal simulation
using COMSOL for solid and fluid heat transfer. From Fig. 2,
it can be seen that as the channel height increases, the
temperature difference generated by the flow decreases. This is
because, for the same flow rate, increasing the channel height
will increase the channel area and reduce the fluid velocity.
The temperature difference created by the flow becomes
greater as the channel width increases. Although this also
leads to a larger channel area and slower flow velocity, the
larger thermal conduction area between the fluid and the hotter
substrate becomes the dominant factor. Fig. 2(c) shows the
smaller the film thickness, the better the insulation, the greater
the initial temperature difference between the heater and the
environment, and thus, the greater the temperature difference
signal generated by the flow. Fig. 2(d) shows that the optimal
temperature measurement distance slightly decreases with
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Fig. 2. (a) Influence of channel width on flow signal. (b) Influence of channel height on flow signal. (c) Influence of thermal insulation layer thickness
on flow signal. (d) Influence of distance between the temperature measurement point and the heater on flow signal. The optimum distance slightly
decreases as the flow rate increases.

TABLE I
DESIGN OF KEY PARAMETERS

increasing flow rate. Taking into account the optimal distance
for different flow rates, the distance of 80 µm has a high-
sensitivity at different flow rates.

It is mentioned in the introduction that due to the response
time requirements of the CGMT, the flow conduction of the
sensor needs to be greater than 10 µg/s/Pa. In laminar flow
conditions, the expression for the flow conduction of a section
of the channel is [26]

Sc =
q

1P
=

πρD4
e

128 µL
(8)

where µ is the dynamic viscosity of the gas; De = 2ab/(a+b)

is the equivalent diameter; a and b are the height and width of
the rectangular flow path, respectively; ρ is the gas density;
and L is the length of the channel. It can be seen that the
larger the cross-sectional size of the channel, the greater the
flow conduction.

Taking into account the factors, such as the sensitivity of
the flow sensing system, flow conduction, and the flow mea-
surement range, the following design parameters are finally
proposed as Table I.

Fig. 3. Dimensional design of platinum heating, two sets of thermocou-
ples, and thermal insulation cavity. The dotted line indicates the extent
of the membrane, beneath which a cavity exists.

Serially connecting multiple thermocouples increases the
effective temperature coefficient, resulting in a larger voltage
signal for the same temperature difference. The cold reference
end is placed on the substrate, and subtraction of the output
voltages of the two thermocouples also differentials out dis-
turbances caused by changes in ambient temperature. MEMS
technology can implement sensing structures in extremely
small sizes to maintain sufficient temperature differences for
higher system sensitivity. It is important to note that serially
connecting multiple thermocouples can result in higher inter-
nal resistance, leading to increased thermal noise. The specific
design is shown in Fig. 3, where n-type heavily doped silicon
and p-type heavily doped silicon are arranged side by side.
The heating resistor consists of Pt , which is set into a snake
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TABLE II
REQUIREMENT INDICATORS OF VARIOUS NOISES AND THEIR

CONTRIBUTIONS TO FLOW NOISE

shape to increase the heating area, and its resistance value is
80 �. The overall length of the heater is 1.45 mm, the width
is 20 µm, and the thickness is 0.1 µm. The heater covers an
area of 100 × 290 µm.

By means of geometrical parameter design, thermocouple
material selection, and multiple pairs of thermocouples con-
nected in series, a design sensitivity of 17.5 mV/µg/s has been
achieved. With equal weighted noise assignments, the ther-
mocouple internal resistance thermal noise and readout circuit
noise requirements are 3.6 × 10-7 and 3.6 × 10-7 V/Hz1/2,
respectively, based on a total flow noise requirement of
0.05 µg/s/Hz1/2 and design sensitivity. Due to the nonlinear
nature of sensitivity, the noise requirement is based on the
smallest sensitivity, and it becomes more lenient at higher
sensitivities. The noise budget is summarized in Table II.
The target noise designed here is 0.05 µg/s/Hz1/2, which is
better than the actual requirement of 0.2 µg/s/Hz1/2 to provide
redundancy.

III. CONSTRUCTION OF THE FLOW SENSOR DEVICE

A. Manufacturing of Sensing Chips
The flow sensor chip primarily includes a Si substrate,

a thermal insulation cavity, n/p-doped silicon, platinum heat-
ing resistor, and platinum connecting lines. Three-layer SOI
silicon wafers containing Si, silicon dioxide (SiO2), and doped
silicon are selected as the raw materials. They, respectively,
serve as the substrate, thermal insulation layer, and a type of
thermoelectric material. The specific processing steps are as
follows, as shown in Fig. 4.

1) Commercial SOI silicon wafers are used as the raw
material, with a silicon substrate thickness of 500 µm,
a SiO2 layer of 2 µm in the middle, and a 2-µm-thick
layer of n-type doped silicon on top.

2) A layer of SiO2 mask is grown on the SOI silicon wafer
as a protective layer, and then, areas requiring p-type
doping are etched.

3) P-type silicon doping is performed in the areas where
the top SiO2 mask is unprotected, and then, the top SiO2
mask layer is removed.

4) Excess n-type doped silicon layer is etched away to
isolate the two types of doped silicon.

5) Ti and Pt are alternately plated on the top of the two
types of doped silicon. Ti serves to enhance adhesion
between the doped silicon and Pt. This process forms
multiple serially connected n-Si/p-Si thermocouples.

Fig. 4. Manufacturing process of the flow sensor chip. See steps
(a)–(f) below for specific steps. (g) Physical image of the flow sensing
chip.

Fig. 5. Heating power noise of the heater @ 3.9 mW with power
stabilization circuit.

Meanwhile, Pt heating resistors are also plated between
the two sets of thermocouples. Gold wires and gold pads
are also plated.

6) A thermal insulation cavity is etched on the back of the
Si substrate to form the final flow sensing structure.

B. Implementation of Reading and Heating Circuits
In order for the power noise to meet the requirement

of <3.7 × 10-7 W/Hz1/2 @ 1 mHz–10 Hz, a bridge self-
stabilizing circuit is used to compensate for power changes
caused by changes in heater resistance, which was also used
in [27]. Scale the voltage difference between the two nodes of
the bridge, and add it to the power input of the bridge. It is
worth noting that the input supply to the bridge also needs to
be very stable, and a regulated reference supply (REF330 by
TI) is used in the circuit. The level of power control was met,
as shown in Fig. 5.

The resistance of a single thermocouple is 600 k�, and the
thermal noise of two thermocouples is

√
(4kbT ∗ 2R), which

contributes 0.01 µg/s/Hz1/2 to the flow measurement noise.
The low-frequency noise of an amplifier typically rises as 1/f,
which is unacceptable in readout circuit. To address this issue,
TI’s OPA187 has excellent noise performance at mHz and does
not rise too much compared with the higher frequency bands.
The test results show that the voltage noise of the differential
amplifier circuit, consisting primarily of OPA187, meets the
requirements, as shown in Fig. 6.

C. Sensor System Assembly
As shown in Fig. 7, the flow sensor chip is bonded to a

PCB board to connect with the circuit. A flow channel made of
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Fig. 6. Readout noise in differential amplifier circuits (pre-op-amp).

Fig. 7. Schematic illustrating the connection among the flow sensing
chip, the flow channel, the circuit board, and the pipeline in the flow
sensing device.

acrylic material is attached directly above the chip to facilitate
connection with the gas pipeline. At the joints of each part,
seal with quick-drying adhesive.

IV. TEST RESULTS AND DISCUSSION

Calibration of the voltage-flow coefficient of the MFS was
conducted by serially measuring gas flow with a commercial
flow sensor (Alicat), as shown in Fig. 8. The flow measure-
ment range is from 0 to 350 µg/s, corresponding to voltages
ranging from −0.3 to 1.7 V, as shown in Fig. 9. In CGMT,
this range enables the generation of thrust of approximately
0–175 µN. As the flow rate increases, sensitivity gradually
decreases, ranging from 17.4 to 12.5 mV/µg/s. The normalized
sensitivity of 45.78–63.73 mV/sccm/W with respect to the
heating power and gain is about 2.29× better than that of the
previously reported thermopile-based gas flow sensor, as listed
in Table III. From Fig. 10, it can be observed that the output
voltage signal is directly proportional to the heating power,
consistent with (3) and (5).

The flow rate resolution of the MFS was tested in a closed-
loop configuration, where the voltage output of the MFS was
used as a control reference. A square wave flow signal with a
period of 2 min and an amplitude of 0.05 µg/s was modulated.
Fig. 11 shows that the mass flow measurement resolution of
the system is better than 0.05 µg/s. In order to avoid the
additional response time associated with closed-loop control,
the response time of the system is measured by switching the

Fig. 8. Overall experimental setup diagram. Control valve is used
to regulate flow, and commercial flow sensor is used to calibrate the
coefficient of flow sensor output voltage versus flow rate.

Fig. 9. Relationship between output voltage of MFS and flow rate
calibrated against Alicat flow sensor. The sensor’s sensitivity ranges
from 17.4 to 12.5 mV/µg/s, decreasing as the flow rate increases.

TABLE III
COMPARISON BETWEEN THE REPORTED THERMOPILE-BASED GAS

FLOW SENSOR WITH OUR WORK (THE SENSITIVITY IN THIS TABLE DO

NOT TAKE INTO ACCOUNT THE GAIN OF THE AMPLIFIER)

heater. The rise time of the flow measurement signal from
switching the heater off to on at a fixed flow rate represents
the time required for the system to thermally stabilize or
the measured response time of the system. We measured the
response time at a flow rate of 10–360 µg/s and found that
the response time decreases slightly as the flow rate increases,
thus evaluating the response time to be approximately 10.2 ms,
as shown in Fig. 12. In the experiment, the measured value of
the flow conduction is 12 µg/s/Pa, which satisfies the need for
10 µg/s/Pa.

When measuring the measurement noise of the MFS, the
piezoelectric valve at the back end is held constant at a fixed
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Fig. 10. Relationship between voltage signal and heating power at fixed
flow rates. The output voltage is proportional to the heating power.

Fig. 11. Measurement results of a flow signal with a period of 2 min and
an amplitude of 0.05 µg/s, demonstrating that the system measurement
resolution is better than 0.05 µg/s.

Fig. 12. Response time decreases slightly as the flow rate increases,
and response time is about 10.2 ms.

opening, and the gas supply to the air inlet is at a pressure
of 1 bar. The flow noise measured in this way includes both
the noise of the flow sensor and the noise of the flow caused
by changes in the pressure of the gas source and fluctuations
in the opening of the valve. With the noise results shown in
Fig. 13, it can be concluded that the noise of the flow sensor is

Fig. 13. Flow measurement noise at a fixed flow rate, including both the
fluctuation noise of the and the noise of the sensor. The results indicate
that the sensor noise is better than 0.1 µg/s/Hz1/2 @ 1 mHz–10 Hz.

better than 0.1 µg/s/Hz1/2 @ 1 mHz–10 Hz. The corresponding
thrust noise level is approximately 0.05 µN/Hz1/2 in the same
frequency range, which meets the noise requirement of CGMT
used in space gravitational wave detection.

V. CONCLUSION
In response to the requirements of space gravitational wave

detection, a high-resolution, low-noise thermal MFS has been
designed, manufactured, and tested. MEMS technology was
used to manufacture the sensitive components of the flow
sensor. Fine physical modeling and noise distribution of
the entire flow measurement process were performed. Based
on the principle of sensitivity maximization, the design of
parameters, such as flow channel dimensions, membrane thick-
ness, and temperature measurement distance, was optimized.
To address low-frequency flow measurement noise, 20 pairs
n+Si/p+Si thermocouple material and SiO2 insulation were
used to improve system sensitivity; low-frequency power noise
from the heater was suppressed, and a low-noise amplifier was
used.

The experimental results show that the following perfor-
mances were achieved: flow measurement range: 0–350 µg/s,
flow measurement resolution: 0.05 µg/s, flow measurement
response time is about 10.2 ms, flow measurement noise better
than 0.1 µg/s/Hz1/2 @ 1 mHz to 10 Hz, and flow conduction
greater than 12 µg/s/Pa. These performance metrics meet
the requirements for flow sensing in CGMT used in space
gravitational wave detection.
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