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Abstract: Ultra-sensitive inertial sensors are one of the key components in satellite Earth’s gravity field
recovery missions and space gravitational wave detection missions. Low-noise capacitive position
transducers are crucial to these missions to achieve the scientific goal. However, in actual engineering
applications, the sensor head and electronics unit usually place separately in the satellite platform
where a connecting cable is needed. In this paper, we focus on the stray-capacitance influences of
coaxial cables which are used to connect the mechanical core and the electronics. Specially, for the
capacitive transducer with a differential transformer bridge structure usually used in high-precision
space inertial sensors, a connecting method of a coaxial cable between the transformer’s secondary
winding and front-end circuit’s preamplifier is proposed to transmit the AC modulated analog voltage
signal. The measurement and noise models including the stray-capacitance of the coaxial cable under
this configuration is analyzed. A prototype system is set up to investigate the influences of the cables
experimentally. Three different types and lengths of coaxial cables are chosen in our experiments to
compare their performances. The analysis shows that the stray-capacitance will alter the circuit’s
resonant frequency which could be adjusted by additional tuning capacitance, then under the optimal
resonant condition, the output voltage noises of the preamplifier are measured and the sensitivity
coefficients are also calibrated. Meanwhile, the stray-capacitance of the cables is estimated. Finally,
the experimental results show that the noise level of this circuit with the selected cables could all
achieve 1-2 x 1077 pF/Hz!? at 0.1 Hz.

Keywords: space inertial sensor; capacitive transducer; stray-capacitance; coaxial cables

1. Introduction

The high precision inertial sensor is one of the key payloads in satellite Earth’s gravity field
recovery missions [1] and space gravitational experiments [2-5]. The capacitive position transducer
is crucial to the success of these missions where it measures the relative motion between the test
mass (TM) and the electrodes frame. The Office National d’Etudes et de Recherches Aérospatiales
(ONERA) has developed it with a performance of 10~7 pF/Hz!? level above 0.01 Hz [6]. A terrific
stable capacitive sensing circuit of the bandwidth down to 0.1 mHz has carefully been studied [7-10]
for space gravitational wave detection mission LISA, and in-flight tests have achieved the anticipated

Sensors 2020, 20, 3233; d0i:10.3390/s20113233 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0002-9351-8209
http://dx.doi.org/10.3390/s20113233
http://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/20/11/3233?type=check_update&version=2

Sensors 2020, 20, 3233 20f12

goal at mHz bandwidth in LISA Pathfinder mission [11,12]. In our lab, a similar capacitive position
transducer has also been developed, the effect of the excitation frequency in differential capacitive
sensing, the prototype sensing circuit, and a pre-scanning and adjustment method are investigated,
respectively [13-16].

In actual space engineering applications, the sensor head and the electronics are usually two
separate equipment in the satellite. For example, concerning the capacitive position transducer,
the mechanical core of the gradiometer in the GOCE mission consists of a low expansion carbon-carbon
sandwich panels and six electrostatic accelerometers’ sensor heads [17,18]. However, the electronics of
the gradiometer needs to operate far from the mechanical core in the satellite dimension. In space
gravitational detection missions, the gravitational reference sensor system consists of a cubic test mass
and surrounding electrodes assembled in a vacuum chamber. The front-end electronics unit needs to
detect the signal outside the vacuum chamber. So coaxial cables are used to connect those two pieces
of equipment to achieve the measurement and so on. The influences of the stray-capacitance of the
cables need to be investigated. In some applications, the analysis of capacitive sensor noise [19-23]
and the influences of stray-capacitance [24-30] have been considered in their experiments.

Due to the low-noise and high-stability requirement of the capacitive sensor for inertial sensors
used in the above missions, the transducer structure based on the differential transformer bridge
is usually used. Based on this type of sensor, the emphasis on this study aims at investigating the
stray-capacitance influences of the coaxial cables on the capacitive position transducer where the cables
connect the sensor head and the electronics. Different from the connecting method between the sensor
head and the transformer bridge, a connecting method between the transformer’s secondary winding
and the preamplifier of the front-end circuit is proposed, and its purpose is to transmit the signal that
is modulated onto an AC frequency carrier. The signal and noise models of the front-end circuit under
this configuration is analyzed. A prototype circuit board with three different types and lengths of
coaxial cables is realized. The performance of the whole transducer under nine different conditions
is measured, compared, and analyzed. It indicates that the type and length of coaxial cables are not
so important relative to the resonant work condition under our connecting approach. All the noise
level could achieve 1-2 x 10~7 pF/Hz!? at 0.1 Hz under the optimal resonant condition even with a
two-meter-long connecting cable. It is useful for estimating the stray-capacitance of selected cables
and tuning the circuits in actual engineering applications.

2. Connecting Method of Coaxial Cables and Its Stray-Capacitance Analysis

2.1. The Principle of the Capacitive Transducer Focusing on the Cable’s Connecting Method

The schematic diagram of the capacitive sensing circuit based on the differential transformer
bridge for space inertial sensors is shown in Figure 1. Considering the actual application for a satellite
environment, the sensor head unit and the electronics unit are separate. In our design, a connecting
coaxial cable is adopted here as a transmission channel to combine the transformer’s secondary winding
and the preamplifier. Theoretically, it can also increase the connecting cable between the sensor head
and the transformer bridge, namely between the electrodes and the two primary windings of the
transformer [7,11]. The cables are used as the extended connecting wire of the electrodes, where the
stability and symmetry influences of the cables need to be more concerned.
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Figure 1. Schematic diagram of capacitive sensing circuit with a coaxial cable.

In our design, a long coaxial cable is used specifically to transmit the modulated differential
capacitance signal including the position information between the TM and the electrodes. It also shows
that a three-winding transformer needs to be configured near the sensor head to directly transmit the AC
signal. This connecting method theoretically intends to better suppress the low-frequency influences
of the cables compared with the method by extending the transmission wires of the electrodes directly,
especially when the cable is much longer. So in this paper, the experiments focus on investigating the
influences of the cables using the method in Figure 1.

Then the electronics unit includes a preamplifier, a band-pass amplifier, a lock-in amplifier
(a demodulator, and a low-pass filter circuit), and an ADC device [6,14]. V, is the pumping voltage
signal with a frequency of 90 kHz in our design. Theoretically, the thermal noise of the front-end circuit
(the transformer and preamplifier) of this sensor plays a dominant role, so only the measurement and
noise model of the front-end circuit is introduced in detail.

The equivalent measurement model of the transformer and preamplifier is shown in Figure 2.
C1 and C; represent the sensing capacitance. C; is the tuning capacitance. C, is the parasitic capacitance
of the printed circuit board (PCB). L is the inductance of the transformer’s each identical winding. R is
the equivalent AC resistance of the winding. C¢ and K¢ are the feedback capacitance and resistance. R
and C. are the equivalent loss resistance and stray-capacitance of the coaxial cable. The equivalent
inductance of the cable is neglected in this model due to its smaller value relative to the transformer.

—
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Figure 2. The signal model of the transformer and preamplifier with a coaxial cable.

In order to get the main relationship between the transformer and the preamplifier, we assume a
hypothesis of an ideal transformer and preamplifier working at the resonant condition. The signal
output voltage of the preamplifier is proportional to the input differential capacitance which can be
expressed as

Vire ® =AC ﬁ 1
pre ¥ Ce/ (1)

where AC = C; — (3 is the differential capacitance signal which presents the relative motion of the TM.
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2.2. The Noise Analysis on the Influences of Stray-Capacitance of the Cables

The total thermal noise needs to especially focus on the long cable because of its loss resistance
and stray-capacitance. The differential transformer bridge with a long cable is equivalent to a voltage
source vs. in series connection with the impedance Zs. The noise model is shown in Figure 3,
where Z; is the parallel connection of C¢ and Ry, es and e mean the thermal noise of the bridge and
the feedback impedance, e, and i, represent the equivalent input voltage and current noise of the
amplifier, respectively.

Z o 7
TN |
— o —J
Z Z 2
Vs Vpre & i“ Vn
+ +
(a) (b)

Figure 3. The equivalent function (a) and noise (b) model of the front-end circuit.

Neglecting the higher order small quantities, the equivalent impedance Zg and the voltage vs.
can be written as

LS
1+ (rCy 4 rCe + R.C.)S + (2C, + C.)LS
Vs = ZsACVpS, 3)

where S is the Laplace variable. Considering above four equivalent noise sources, then the total output
noise of the front-end circuit is given by

Va = \/es2

In order to insure the best performance, this circuit must work in a resonant condition. Theoretically,
this constraint condition can be expressed as

7 2
_Z—i +€f2+€r\2

2
+ in2|Z¢l%. @)

Zg
1 —_—
+ 7.

1+ (2C, +2Cp + Cc)LS* = 0. (5)

It is obvious that the equivalent stray-capacitance of the coaxial cable will directly act on the
resonant frequency wp. So here if we assume the stray-capacitance per unit length of the coaxial cable
is k. (F/m), and the distance is I, then the total capacitance C. = kcl.. Then the resonant condition
equation can be written as

1= (2C, +2C, +kele) L. (6)

Considering the capacitance C; in actual circuit is positive, we can get

1

I < .
‘ kcLa)Iz,

@)

Itindicates that the length of the coaxial cable will be limited by the type of the cable, the transformer
inductance, and the pumping voltage frequency.
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Under the resonant condition, the theoretical analysis shows that the thermal noise of the bridge,
namely the contribution of e; dominates at the resonant frequency [14]. The equivalent capacitance
detection thermal noise from the bridge and the transmission cable is given by

1 [SkgT

1 Bl 1 1
Vp ng

+5) ®)

C - ’
e Q Qe

(

where kg is Boltzmann constant, T presents the absolute temperature, Q; = wpL/7 is the quality factor
of the transformer, and Q. = wpL/R. is equivalent quality factor due to the loss resistance.

So the influences of coaxial cables result in altering the circuit’s resonant condition and increasing
the thermal noise. Besides, considering the real transformer and the amplifier which will slightly
influence the tuning of resonance, the actual circuits must be tuned experimentally.

2.3. The Parameters and Potential Ability of the Prototype Circuit

In this paper, a prototype circuit board was realized with the designed parameters given in
Table 1. The pumping frequency of the excitation signal is usually chosen from dozens of kHz to
hundreds of kHz due to the frequency response of the transformer and the amplifier. In our experiment,
this frequency is chosen to be 90 kHz.

Table 1. Main typical parameters of the capacitive transducer.

Electronic Parameters Value
Transformer inductance L 6.3 mH
Transformer quality factor Q¢ ~90
Equivalent coaxial quality factor Q. ~3.4 x 10*
Feedback capacitance C¢ 5.0 pF
Input noise voltage density e, 15.0 nV/Hz!/?
Input noise current density in 10.0 fA/HZ!/?
AC pumping amplitude Vy, 50V
AC pumping frequency wyp, 27t x 90 kHz
Coaxial cables In Table 2

Table 2. The types and main characters of three coaxial cables.

Tyvpes Conductor Conductor Cable Outer Stray
P Stranding Diameter Diameter Capacitance
M17/60-RG142 1 0.91 mm 4.95 mm 96.5 pF/m
M17/93-RG178 7 0.30 mm 1.80 mm 96.5 pF/m
M17/128-RG400 19 0.98 mm 4.95 mm 96.5 pF/m

If the resonant condition is met by adjusting the tuning capacitance to compensate for the
stray-capacitance of the cables, then the contributions of each noise source are analyzed in Figure 4.
The red curve is the total voltage of the front-end circuit, and the curves of black, brown, green, and blue
represent the contributions of es, ey, en, in, respectively. The expressions of es and ef are +/4kgTRe[Zg] and
\4kpTRe|[Zg], respectively, where the symbol Re means the real part of the impedance. So according to

equation (4), the basic frequency response expression of each noise contribution is |§—:| V4kgTRe[Zs],
\4kpTRe[Z¢], ‘1 + %—i'en and |Z¢|in, which mainly comes from Zg and Z¢. Meanwhile, the frequency
response of the open-loop gain of the preamplifier is also considered and finally each curve is obtained

by using mathematical software in Figure 4. Besides, the noise contribution from the loss resistance of
the cable could be neglected due to the higher equivalent quality factor Q..
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Figure 4 shows that the total output voltage noise of the front-end circuit with a long coaxial cable
is about 1.0 x 1077 V/Hz!? at the pumping frequency where it is currently limited by the contributions
of e, and the equivalent capacitance detection noise level is about 1.2 x 107 pF/Hz"2.

—1: es thermal noise 3
—2: ¢rthermal noise

—3: en NOiSe

—4: In noise

--5: Total output voltage noise

Vou (V/Hz/2)
)
&

1077

10-2 L Ll N 1 - | L L 1 1
500 1000 5000 1x10* 5% 10* 1x10°
Frequency (Hz)

Figure 4. The noise curve estimation of the front-end circuit of the capacitive sensor with a coaxial cable.

3. Experimental Investigation on Stray-Capacitance Estimation, Capacitive Transducer
Calibration, and Noise Level Comparison

3.1. Experimental System Set up

The experiments are implemented on the prototype circuit in our laboratory. The experimental
setup for the transmission cable investigation in the high-precision capacitive position sensor is shown
in Figure 5. The whole system consists of a simulative sensor head unit and capacitive position
detection circuits unit. The sensor head includes a transformer and the differential capacitance. The
PCB size of this simulative sensor head unit is 152 mm (length) X 68 mm (width). The detection
electronics includes the preamplifier, the band-pass filter, and the lock-in amplifier. The PCB size of

the electronics unit is 181 mm (length) x 100 mm (width). The data acquisition unit adopts a 24-bit
ADC device.

152' mmXx68 mm

Figure 5. The prototype circuit of the capacitive position sensor in our laboratory.
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In our experiments, three different types of coaxial cables produced by Thermax manufacturers are
chosen in order to compare their performance. The types and the characters of coaxial cables are shown
in Table 2. The material of the inner conductor is silver-coated copper. The material of the insulator
between the inner and ground and between the ground to the external side is FEP (Fluorinated ethylene
propylene). The nominal stray capacitance is about 29.4 pF/ft, namely 96.5 pF/m. The main difference is
the conductor structure by using different stranding and diameter. Each type meanwhile is 0.5-m-long,
1-m-long, and 2-m-long, respectively. Figure 6 gives the photos of these cables.

Figure 6. The different types of coaxial cables (0.5 m) used in our experiment.

3.2. Stray-Capacitance Estimation

The resonant capacitance of circuits is placed nearby the sensor head. It can make the output
voltage noise of the front-end circuit achieves the minimum value at the center frequency through
adjusting the resonant capacitance. Actually, a spectrum analyzer was used to measure the resonant
frequency to assure the optimal resonant condition. According to the theoretical analysis, the frequency
error of the spectrum analyzer and the actual experimental result of the lowest curve frequency, then the
total equivalent resonance capacitance is 504 + 6 pE.

According to Equation (5), the total resonance capacitance includes the tuning capacitance C;,
which is a real capacitor soldered on the PCB, the residual stray-capacitance Cp of the PCB which
could be assumed as stable because it is irrelevant to the cables and detection electronics, and the
stray-capacitance of the cables.

Here, the total equivalent resonance capacitance, namely 2C; + 2Cp, + kclc, is about 504 pF. The
tuning capacitance C; is actually measured shown in Table 3. We assume the value of the residual
stray-capacitance Cp, is constant and the stray-capacitance per unit length of these coaxial cables k. is
constant. Finally, by changing the types and three lengths of the cables, the stray-capacitance of the
cables and the residual stray-capacitance of the PCB can be finally obtained by linear fitting method.
Table 3 gives the stray-capacitance estimation results in our experiments. The uncertainty of the
stray-capacitance comes from the fitting error, the testing error of the tuning capacitance, and the
total equivalent resonance capacitance. It shows that the stray-capacitance of above three different
cables is approximately the same, and the stray-capacitance per unit length of these coaxial cables k. is
90.7 + 1.3 pF/m, which is close to the nominal value.
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Table 3. The stray-capacitance estimation under different length of the cables.
The Tuning PCB Cable’s
Cables Length Capacitance C; Stray-Capacitance Cp Stray-Capacitance C.
0.5m 204.2 + 0.5 pF 45.4 + 0.7 pF
RG142/RG178/RG400 1.0m 182.4 + 0.5 pF 249 + 0.8 pF 90.7 + 1.3 pF
20m 136.3 £ 0.5 pF 181.4 + 2.6 pF

Each time after the tuning, a dynamic signal analyzer SR785 [31] which is manufactured by
Stanford Research Systems was used to verify the resonant frequency and test the noise of the

preamplifier. Figure 7 shows the measured output voltage noise curve of the preamplifier, where it

achieves the minimum value of about 100 nV/Hz!/2

at 90 kHz under all circumstances, which agrees

with the theoretical value. It also means the resonant condition is all met by additional tuning, then the
emphasis is to compare their performance.

103
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Figure 7. Cont.
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Figure 7. The measured output voltage noise curve of the preamplifier after the tuning under different
lengths of the cables: (a) using the 0.5-m-long cable; (b) using the 1.0-m-long cable; (c) using the
2-m-long cable.

3.3. Calibration of the Whole Capacitive Transducer

Before the noise level comparison of this circuit, first, an adjustable differential capacitance facility
that is made in our lab was used to calibrate the whole capacitive transducer. Especially, Figure 8 gives
the calibration graph by using the 2-m-long RG178 type cable. Table 4 shows the sensor’s linear fitting
result of the sensitivity coefficient at all nine conditions. It indicates all the sensitivity is equal within
the limits of experimental error. It also means in our connecting method, the attenuation of the signal
by the cables could be neglected.

2 - T T g
Sensitivity: 32.53 % 0.22 (V/pF)| =
14 i
—~ .
b
g
g %7 e I
[c0)
~
0
g .
,/.
24 . 4
—0.I05 O.IOO O.E)S
AC(pF)

Figure 8. The calibration graph of using a 2-m-long RG178 type cable.

Table 4. The sensors’ calibrated sensitivity under nine conditions.

Calibrated Sensitivity Coefficient (V/pF)

Cables 0.5m 1.0m 2.0m
RG142 31.37 + 0.26 32.33 + 0.21 32.16 + 0.21
RG178 31.53 + 0.21 32.46 + 0.21 32.53 +0.22

RG400 31.68 +0.20 3252 +0.21 3249 +0.21
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3.4. Noise Level Comparison of the Whole Capacitive Transducer

Finally, the performance of the circuit which works under all the above circumstances is given.
First, the front-end circuit is tuned and the whole capacitive sensor is calibrated. Second, the ADC
device is used to acquire the voltage data of the sensor, and the noise power spectrum density of
the voltage is analyzed. Finally, the voltage noise divides each corresponding calibrated sensitivity
coefficient presented in Table 4, in which the capacitance detection noise level with the unit of pF/Hz"2
can be obtained. The experimental results are compared in Figure 9, which shows that the capacitance

detection noise level does not have obvious differences between different cables.

- — RG178-0.5m
- - RG178-1.0m
- - RG178-2.0m
——RG142-0.5m
——RG142-1.0m

RG142-2.0m

RG400-0.5m
""""" RG400-1.0m
-------- RG400-2.0m

-
S,
&

PSD (pF/Hz'?)

10-7 L

107 102 107!
Frequency (Hz)

Figure 9. Noise level of the capacitive position sensor under all nine circumstances.
4. Discussions

From the above analysis and experimental investigation of the stray-capacitance influences
of the cables, Figure 9 shows that all the noise level is about 1-2 x 1077 pF/Hzl/2 at 0.1 Hz and
3-5 x 1077 pF/Hz!? at 6 mHz which also meets the requirements of the satellite Earth’s gravity field
recovery missions and TianQin space gravitational wave detection mission [5].

In order to reduce the influences and achieve low-noise capacitive position measurement,
basic design factors are given here. First, the resonant condition equation should be met experimentally
to obtain the best noise level. It means the resonant frequency and the length of the cable could be
flexibly adjusted by changing the tuning capacitance. Second, the whole circuit needs to be calibrated
and tested after choosing the transmission cable and the tuning. The smaller of the stray capacitance
per unit length of the cable, the better to increase the transmission length. However, there exists an
upper limit of the length at the pumping frequency.

Though this work verified the feasibility of the connecting method, the other influences of the
cables, such as the long-term stability and the temperature effect, need to be further carefully studied
in the future.

5. Conclusions

In this work, a low-noise capacitive position sensor with a coaxial cable connecting the sensor
head and the electronics has been designed and realized for its space applications in satellite Earth’s
gravity field recovery missions and space gravitational wave detection missions. The stray-capacitance
influences of the cables are studied experimentally. The whole capacitive transducer is tuned and
calibrated by using three different types and lengths of coaxial cables. The experimental results show
that the influence of the cables’ stray-capacitance could be ignored for engineering consideration under
the resonant condition and it indicates that using a coaxial cable between the preamplifier and the
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three-winding transformer that is placed near the core is an effective way to detect the TM motion for
engineering applications.
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