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Taiji-1 is the first step of China’s efforts on the detection of gravitational waves in space. It is a 
one-year quick mission, which aims to verify the key technologies on orbit. The detection of 
gravitational waves at mHz frequency band needs to exceptionally focus on small spatial 
deviations between two inertial references several million kilometers apart. The inertial reference 
on Taiji-1 spacecraft (S/C) has been developed based on a capacitive readout and actuation 
scheme to meet the requirements of accelerometer. In this paper, the development condition, 
ground tests and on-orbit performance of this inertial reference are described.  

Keywords: Gravitational waves detection in space; Taiji program; inertial reference. 

1.   Introduction 

The detection of gravitational waves at mHz frequency band requires an initial reference 
for the spaceborne drag-free control system with unprecedented residual acceleration and 
a laser-interferometer system that is able to detect exceptionally small spatial deviations 
between two reference sensors several million kilometers apart. The test mass (TM), used 
as the reflecting mirror of such a gravitational wave detector, is the inertial reference. The 
sensor electronics is the electronic system required to sense the position of the TM in the 
spacecraft (S/C) and to actuate it in all degrees of freedom, except in the measurement 
axis used for gravitational wave detection.1,2 
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Taiji program is a space mission launched by Chinese Academy of Sciences.3,4 It was 
designed to measure gravitational radiation over a broad band of low frequencies from 
about 1 mHz to 1 Hz, where the universe is richly populated by strong sources of 
gravitational waves.5 Taiji program will be completely launched in 2030s in three steps. 
As the first step, Taiji-1 was launched successfully on 31 August, 2019, aiming to verify 
the key technologies (such as laser metrology and inertial reference) on one S/C. 

2.   Taiji-1 –– The First Step of China’s Efforts 

The successful and quick mission Taiji-1 was approved on 30th August 2018 and is 
planned to fly on 31st August 2019. The Taiji-1 S/C weights 180 kg. The orbit of Taiji-1 
is a 97.69° circular sun-synchronous dawn/dusk orbit. The orbit has a relatively stable 
sun-facing angle, which ensures that the batteries can always be properly charged and 
that the temperature inside the S/C shall not fluctuate too much. To save the launching 
cost, the orbital altitude was chosen to be 600 km. Similar to LISA Pathfinder,6 Taiji-1 
S/C also witnessed the onboard testing of two major technology units, namely laser 
metrology system7 and inertial reference system.1 Due to short development period and 
limited budget, the payload design was highly simplified. The laser metrology system 
consists of an optical bench, a phasemeter and two laser sources, while the inertial 
reference system is composed of an initial sensor, a drag-free controller and two types of 
micro-propulsion systems. The distribution of payloads on the Taiji-1 S/C is shown in 
Fig. 1. 

The inertial reference on Taiji-1 S/C works as an accelerometer.8 It is composed of 
sensor and electronics. The sensor consists of an electrode housing and a TM (see  
Fig. 2(c)). The inertial reference has three axes, including one nonsensitive axis and two 
sensitive axes (Fig. 2(c)). The nonsensitive axis is Earth-pointing and drag-free. The first  
 

 

Fig. 1. Taiji-1 S/C and its payloads. 
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            (a) Sensor                                          (b) Electronics 

 

 
 
 
 
 
 
 

(c) Electrode housing and TM 

Fig. 2. Inertial reference 

 

Fig. 3. On-orbit function diagram of inertial reference. 

 

sensitive axis is along the flight direction. With the technique of capacitive sensing, the 
sensor measured the disturbing acceleration of Taiji-1 S/C. The data was sent to a drag-
free controller. Then the controller instructed the thruster to exert forces to compensate 
for the disturbing force on Taiji-1 S/C. Two different types of thrusters (radio-frequency  
 

Test Mass Electrode housing 
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ion thruster and Hall Effect thruster) were tested. There are four individual thrusters in 
each type, which are assembled symmetrically on both sides of the satellite (see Fig. 1). 
The two types of thrusters, like the two lasers, serve as the backup for each  
other. 

3.   Initial Reference of Taiji-1 

The TM (whose mass is m) surrounded by sensing electrodes and protected by the S/C 
(whose mass is M) is affected by a spring-like position-dependent coupling  between 
TM and S/C and by a position-independent internal stray force . The reader uses the 
position noise to measure the position of S/C relative to TM, denoted as , which is 
minimized by the drag-free controller forcing the precision thrusters to follow the free-
falling TM and to counteract the external forces on S/C.9 

3.1.   Design constraints 

According to the orbit frequency and the measured data of the nonconservative force of 
GRACE satellite at 450 km orbit altitude,10 the peak value of nonconservative force is 

73 10 m/s  in the flight direction and 8 7 210 ~ 10 m/s   in radial and lateral directions. 
Therefore, in the measurement mode, the range of inertial reference must reach the level 
of 6 210 m/s . Considering the design margin, the range of Taiji-1 inertial reference has 
been designed to be 5 23 10 m/s . 

The temperature fluctuation inside the Taiji-1 S/C will affect the structural parameters 
of the sensor and the circuit parameters of the electronics and then cause the fluctuation 
of deviation value. Considering the temperature environment inside the S/C, the GRS has 
been installed in the Taiji-1 S/C (see Fig. 1) by referring to the temperature control index 
0.1C/orbit of Super STAR accelerometer on GRACE. In addition, the Taiji-1 S/C 
provides the temperature stability of ±0.1C at sensor and ±0.5C at electronics. 

3.2.   Design requirements 

According to the requirements of Taiji-1 satellite engineering mission, the technical 
requirements of Taiji-1 inertial reference and the comparison between Taiji-1 and Taiji-3 
inertial references are shown in Table 1. 
 

Table 1. Key requirements of Taiji-1 GRS versus key requirements of Taiji-3. 

Parameter Taiji-3 Taiji-1 

Range 1 × 109 m/s2 3 × 105 m/s2 

Bandwidth 1 mHz1 Hz 10 mHz1 Hz 

Position noise 1.8 nm/Hz1/2 1 nm/Hz1/2 

Actuation noise 2 × 106 V/Hz1/2 2 × 105 V/Hz1/2 

Readout noise 5 × 106 V/Hz1/2 2 × 105 V/Hz1/2 

Acceleration noise 3 × 1015 m/s2/Hz1/2 3 × 109 m/s2/Hz1/2 
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Table 2. Design parameters of Taiji-1 inertial reference. 

Sensor 

Parameter Value Unit 

Mass of the TM, m 72 g 

Average electrode distance on Y, Z-axis, dy, dz 75 μm 

Average electrode distance on X-axis, dx 60 μm 

Electrode area on Y, Z-axis, SY, SZ 2 cm2 

Electrode area on X-axis, SX 10 cm2 

Electronics 

Bias voltage, VP 5 V 

Effective value of sensing voltage, Vd 4 Vrms 

Sensing voltage frequency, fd 100 k Hz 

Maximum feedback voltage, Vf ±10 V 

 
The design parameters of the sensor and electronics are shown in Table 2. 

3.3.   System composition and working principle 

The Taiji-1 inertial reference is composed of a sensor and its electronics, as shown in  
Fig. 4. As mentioned above, Taiji-1 inertial reference is based on the development basis 
of accelerometer. In order to support the ground test, a high-voltage suspension module 
has been designed. The sensor is used to measure the input acceleration signal and output 
the differential capacitance displacement measurement signal. It is mainly composed of a 
sensitive structure, a mounting base and a sealing structure. The electronics is used to 
sense, process and calculate the differential capacitance signal input by the sensor and 
then output the corresponding actuating voltage signal to the sensor to keep TM at the 
center of the electrode housing, so as to realize the measurement of Taiji-1 acceleration 
signal. The electronics consists of a three-axis (X, Y, Z) six-channel differential 
capacitance sensing circuit, a PID servo feedback control circuit, an actuating circuit and 
a scientific-data acquisition circuit. At the same time, Taiji-1 inertial reference needs to 
be designed with a vacuum maintenance module and a high-voltage suspension circuit 
module in order to meet the requirements of ground test. 

In order to realize high-precision capacitance difference sensing, the TM is connected 
with electronics through a 20 μm gold wire to apply an AC excitation signal. The 
working principle of Taiji-1 inertial reference, as shown in Fig. 6, is based on the 
measurement of an electrostatic force required to keep TM at the center of the electrode 
housing. As a common electrode, the TM, together with the surrounding electrodes, 
forms a capacitance bridge, which applies the AC modulation sensing voltage signal  
and the DC bias voltage signal  to TM through the gold wire. When an external 
nonconservative force acts on Taiji-1 S/C, the TM, as the inertial reference, will change 
its position relative to the surrounding electrodes and deviate from the center of the 
electrode housing to generate a differential capacitance signal. After being sensed by the 
sensing circuit and adjusted by PID controller, this signal turns into the feedback voltage 
signal  that is applied to the electrode through the actuating circuit and is proportional 
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to the input acceleration. This voltage reflects the magnitude of the acceleration input 
from outside. 

When the Taiji-1 inertial reference works as an accelerometer and the TM is stably 
controlled at the center of the electrode housing, the feedback control output will be 
linearly related to the input: 

 𝑎୭୳୲ = 𝑎௘ ≅
ଶఌబఌೝௌ

௠ௗమ 𝑉௣𝑉௙ , （1） 

 

 

Fig. 4. Composition of Taiji-1 inertial reference. 

 

Fig. 5. Electrode layout. 
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Fig. 6. Measurement principle of inertial reference. 

 

Fig. 7. Sensor fabrication process. 

where ε0 is the vacuum dielectric constant, εr is the relative permittivity, S is the electrode 
area, d is the average electrode distance, Vf is the feedback control voltage and Vp is the 
DC bias voltage applied to the TM. 

3.4.   Fabrication and testing of inertial reference 

a. Sensor 

As the core of sensitive acceleration signal of Taiji-1 inertial reference, the sensor, to be 
specific, the accuracy of its processing and assembly, has great influence on the 
performance of Taiji-1 inertial reference. 

First, the ultra-precision machining and optical polishing of the sensor achieves the 
electrode parallelism and perpendicularity better than 3 μm, the coplanarity of electrodes 
on the same side better than 1 μm and the electrode flatness better than 1 μm, all of which 
meet the design requirements. The machined electrode plate and TM are shown in  
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Fig. 7(a). Second, the surface metallization of TM and electrode housing is achieved by 
magnetron sputtering, as shown in Fig. 7(b). Then, the electrodes are fabricated by 
femtosecond laser etching, as shown in Fig. 7(c). Finally, the precision assembly of this 
sensor is completed with the aid of CMM to achieve the micron-level assembly accuracy, 
as shown in Fig. 7(d). The flight model of Taiji-1 inertial reference sensor is shown in 
Fig. 7(e). 

b. Electronics 

Electronics is the measurement and control unit of Taiji-1 inertial reference. The 
differential capacitance between TM and electrode plate is converted into voltage through 
capacitance sensing circuit to realize the accurate measurement of TM position. In a 
microgravity environment, a bias voltage can be applied to the electrode plate so that an 
electrostatic force will be generated between TM and electrode plate to keep the TM 
stably suspended at the center of the electrode housing.9,11,12 

Sensing. 

 

Fig. 8. TM position readout circuit. 

The capacitive displacement sensing circuit is mainly composed of a Vd+Vp 
sinusoidal carrier and DC bias voltage circuit, a capacitance bridge sensing circuit, a 
preamplifier circuit, a band-pass filter circuit, a phase-sensitive demodulator circuit (with 
low-pass filter), an Analog to Digital Converter (ADC) circuit and a FPGA controller 
circuit. 

When an acceleration signal is input from outside, the TM will deviate from the 
center of electrode to generate a differential capacitance, which will then be modulated 
by 100 kHz carrier signal into an 100 kHz amplitude modulation signal. After being 
amplified by the capacitance bridge sensing circuit composed of a differential 
transformer and a preamplifier, the amplitude modulation signal enters the band-pass 
filter circuit to further filter out its two-sided out-of-band noise and to improve the noise 
suppression ability of the later-stage phase-sensitive demodulator circuit. Then the phase-
sensitive demodulator demodulates the slowly varying differential capacitance signal 
from the amplitude modulation signal. After low-pass filtering, the differential 
capacitance signal enters the ADC circuit with a 24-bit Σ-Δ ADC. Finally, the FPGA 
controller circuit realizes the acquisition and processing of each signal and the calculation 
of digital PID controller. 
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Forcing: 

 

Fig. 9. TM forcing circuit. 

The feedback forcing circuit is mainly composed of a FPGA controller circuit, a 
Digital to Analog Converter (DAC) circuit and a positive and negative forcing circuit. 
After PID operation, the FPGA controller outputs the differential capacitance 
displacement signal to a 20-bit DAC and then amplifies the converted analog quantity 
through forward following amplification and reverse proportional amplification. Through 
the T-type resistance capacitance filter circuit, the electrostatic feedback control voltage 
is applied to the corresponding positive and negative plates to generate an electrostatic 
force that can keep TM near the center of the electrode housing. 

4.   Ground Test 

4.1.   Gravity component method 

Before launching, the function and performance of inertial reference were tested and 
evaluated with gravity component method, torsion pendulum method and free fall 
method. 

After the fabrication of inertial reference was completed, the TM suspension test was 
realized by improving the feedback control voltage to provide enough electrostatic force 
that could overcome the influence of gravity. The test was carried out in a quiet cave 
laboratory. The range, scale factor and other parameters of the inertial reference were 
tested and calibrated with the gravity component method, as shown in Fig. 10. In order to 
facilitate the test operation, the bias voltage and maximum feedback control voltage of 
the designed inertial reference were amplified from 5 and 10 V to 55 and 35 V, 
respectively, so that the range of the inertial reference was enlarged by nearly 40 times. 
The calibration curve is shown in Fig. 11. Thus, the scale factor and range of the inertial 
reference under on-orbit parametric conditions can be deduced. At the same time, the 
long-term static test of the inertial reference was carried out in the cave laboratory. The 
spectrum of test noise is shown in Fig. 12. The noise shown in the figure is mainly the 
coupling result of environmental vibration noise and high-pressure suspension noise, 
rather than the background test noise of the equipment. This test only proves that the 
inertial reference can realize long-term servo stability on orbit. 
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4.2.   Torsion pendulum method 

A set of semi-physical simulation system based on torsion pendulum was specially 
developed to verify and evaluate the function and performance of inertial reference 
before the launch. The noise source of Taiji-1 inertial reference was studied by 
comparing this system with the semi-physical simulation system on ground in the on-
orbit test of inertial reference.11  

The material, size, interval and machining accuracy of inertial reference in the semi-
physical simulation system based on torsion pendulum are consistent with those of Taiji-
1 inertial reference, as shown in Fig. 13(a). The differential capacitance formed by the 
upper and lower electrodes is a sensitive axis, namely the drag-free control direction of  
 

 

  

Fig. 10. Ground calibration of inertial reference based on gravity component method. 

 

    

Fig. 11. Calibration test of inertial reference in cave laboratory based on gravity component method. 
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Fig. 12. Time-domain and frequency-domain noise of inertial reference during long-term static test in cave 
laboratory. 

  

                                                (a) Testing sensor.                                                    (b) Torsion pendulum. 

Fig. 13. Inertial reference for torsion pendulum test. 

Taiji-1. One TM corresponds to three electrode pairs. Three sensitive axes can realize the 
3-DOF acceleration measurement.  

As shown in Fig. 13(b), the semi-physical simulation system based on torsion 
pendulum was built to test the performance indexes of gravitational reference 
electronics,13,14 including 3-DOF closed-loop control stability, range, electricity-force 
conversion factor and closed-loop acceleration resolution. 

The range of the system is −6.7 × 10ିଷm sଶ⁄  to 7 × 10ିଷm sଶ⁄ , and the electric 
force conversion coefficient is 4.8 × 10ିଷm sଶ⁄ V⁄ . Finally, the current acceleration noise 
results of inertial sensors are given. The results show that under current ground 
conditions, the measured acceleration resolution is only 9.6 × 10ି଺m sଶ⁄  due to 
environmental vibration. If the ground wants to measure high indicators, then a cave or 
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(a) 3-DOF control performance. 

 

(b) Noise of open-loop capacitance sensing circuit. 

  

(c) Noise of closed-loop actuation voltage. 

Fig. 14. Results of torsion pendulum test. 
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underground laboratory must be established to suppress the interference of low-frequency 
noise on the ground. For this system, if the ambient vibration is not considered, the total 
acceleration resolution can reach 3.4 × 10ିଽmsିଶ √Hz⁄ . 

4.3.   Free fall test 

The free fall test12 under ground conditions was carried out to demonstrate the rationality 
of on-orbit sensing and controlling parameters of inertial reference and to verify whether 
the capture and stable servo control of TM could be realized under on-orbit conditions. 

The test was done in the falling tower of the Institute of Mechanics, Chinese 
Academy of Sciences. The falling tower provided about 3.5 s free-falling time. During 
this period, the TM of inertial reference was captured in three axial directions after being 
released in the drop capsule for about 3.2 s, and then successfully switched to the 
measurement mode, as shown in Fig. 15(c). 

 

        

                                              (a) Drop capsule                     (b) Inertial reference for free fall test 

 

(c) Results of free fall test 

Fig.15. Position sensing curve of TM in free fall test 
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(a) 

 

(b) 

Fig. 16. Test results of inertial reference on orbit. (a) Accelerations of Taiji-1 S/C in three axes, as read out by 
inertial reference and (b) Noise of Taiji-1 inertial reference. 

4.4.   Test results of inertial reference on orbit 

The noise of inertial reference was sampled from the second sensitive axis. The dynamic 
range of the second sensitive axis was ±5.3 × 105 ms2, and the acceleration noise of this 
axis measured from the readout voltage fluctuation was 1010 ms2/Hz1/2 (Fig. 16(a)). The 
noise of inertial reference induced by voltage fluctuation is always proportional to its 
dynamic range (see Eq. (5)). In the equation, S is the area of the capacitor plate, m is the 
mass of TM, d is the capacitor distance, Vp is the preloaded voltage of the capacitor, Vr is 
the readout voltage, δVp is the noise of preloaded voltage, δVr is the noise of readout  
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voltage and ε0 is Electrostatic constant. 

 Readout acceleration: 𝐴୰ୣୟୢ୭୳୲ =
ଶఌబௌ

௠ௗమ 𝑉௣𝑉௥ , (2) 

 Acceleration noise: 𝛿𝑎 =
ଶఌబௌ

௠ௗమ 𝑉௣𝑉௥ ൬
ఋ௏೛

௏೛
+

ఋ௏ೝ

௏ೝ
൰. (3) 

So, the acceleration noise will decrease with the dynamic range (see Fig. 16(a)). The 
disturbance accelerations in the three axial directions of Taiji-1 S/C read out by Taiji-1 
inertial reference is given in Fig. 16(b). The nonsensitive axis is Earth-pointing, where 
the noise is mainly dominated by readout noise. The first sensitive axis is along the flight 
direction, where the noise is mainly contributed by air drag. The second sensitive axis is 
along the normal direction of orbit plane, where the acceleration measured by inertial 
reference is below 2 × 109 ms2/Hz1/2. 

5.   Conclusion 

The successful test of the Taiji-1 inertial reference has verified that sensor built, sensing 
and forcing electronics scheme are feasible. With further experiments on orbit and on 
ground, we will have a deeper understanding of inertial reference performance and noise 
sources. Encouraged by the achievement of Taiji-1, the inertial reference required by the 
Taiji Program (3 ×  10ିଵହmsିଶ √Hz⁄ ) will be built in near future, and the Taiji scientific 
collaboration is looking forward to flying Taiji in early 2030s. 
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