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Abstract 
Micromachined gyroscope always contains two groups of capacitors, one is the driving capacitor, 

which is used to drive the micromachined gyroscope, to make sure the gyroscope could oscillate along the 
driving direction. The other is so called the sensing capacitor, which used to detect the displacement along 
the sensing direction, in order to detect the input angle velocity. Since there are some imperfections during 
the machining process, the static value of the driving capacitor and sensing capacitor always have some 
variations. These variations would cause some bad effects in the integrated circuit. In this paper, the 
variations of driving capacitor and sensing capacitor are analyzed based on the principle of integrated 
circuit. It is shown that the effect caused by driving capacitor variation would be cancelled in the signal 
processing, but the driving capacitor variation could cause a DC error signal at the output node of the first 
LPF in the integrated circuit. This DC error would distort the desired signal at the output node of the 
amplitude amplifier. So that a DC error self-correcting circuit is designed, both the simulation results and 
the testing results show that DC error could be self-corrected by this additional circuit. 
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1. Introduction 
Micromachined gyroscope is the key research field because it is widely applied in both 

civil and military field [1-5]. Owing to the characters of simple structure, high sensitivity and low 
temperature drift, capacitive micromachined gyroscope becomes one of the most popular 
gyroscopes [6-9]. However, the static value of the capacitor has a deviation because of the 
imperfections during the machining process [10-13]. The deviation would deteriorate the desired 
signal in integrated circuit. Based on the principle of integrated circuit, the effect of capacitive 
deviation is analyzed in this paper. The result shows that the deviation of driving capacitor could 
be cancelled during the signal processing in the integrated circuit. But the deviation of sensing 
capacitor induces a DC error at the output node of the first LPF in integrated circuit. This DC 
error would distort the desired signal at the output node of the amplitude amplifier, which also 
decreases the output range of the sensor system. In order to cancel this DC error, a DC error 
self-correcting circuit is designed. Both the simulation and testing result are presented to prove 
it works properly. 
 
 
2. Principle of Capacitive Micromachined Gyroscope 
2.1. Structure of a Capacitive Micromachined Gyroscope 

Figure 1 shows the structure of a capacitive micromachined gyroscope. It is an inside 
sensing outside driving frame micromachined gyroscope. There are two movable directions as 
shown in Figure 1, one is the driving direction (marked as X direction in Figure 1), the other is 
the sensing direction (marked as Y direction). The gyroscope contains two masses: outer mass 
and inner mass. Outer mass is connected to anchors by driving springs, and sensing springs 
connect inner mass to outer mass. If outer mass is forced by a sine electrostatic driving force, it 
may oscillate along the X direction, inner mass would also oscillate along the X direction 
because it is connected to outer mass by sensing springs. At the same time, if there is an input 
angle velocity in the Z direction, Coriolis force generates by Coriolis effect, and inner mass 
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moves along the Y direction because the direction of Coriolis force is along the Y direction. So 
that, inner mass has a displacement along the Y direction, which induces a variation of 
equivalent capacitor of sensing combs. The displacement of inner mass along the Y direction is 
linear to the input angle velocity, to detect the variation of sensing capacitor, we could calculate 
the input angle velocity. This is the fundamental of capacitive micromachined gyroscope. 
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Figure 1. Structure of capacitive micromachined gyroscope 
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Figure 2. Structure of capacitive micromachined gyroscope 
 
 
2.2. Principle of Integrated Circuit for Capacitive Micromachined Gyroscope 

Since the variation of sensing capacitor caused by Coriolis force is rather small, almost 
at atto farad (10-18F) level. So that the desired signal is always modulated to high frequency in 
order to reduce the 1/f noise. Then by demodulation, the desired signal is detected at the output 
node. 

The principle of sensing circuit is showed in Figure 2, which contains a modulation and 
two demodulation process. The variation of sensing capacitor signal is modulated by the high 
frequency square wave as shown in Figure 2. Integrator is used to achieve modulation and the 
capacitance to voltage transformation. HPF could filter both the low frequency 1/f noise and the 
coupling driving signal. After two demodulation process, the input angle velocity Ω can be 
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detected at the output node in the form of voltage or current. The amplitude amplifier circuit in 
Figure 2 is used to increase the sensitivity of the micromachined gyroscope. 
 
2.3. Integrator  

As discussed before, integrator not only achieves the modulation function, but also 
transforms the capacitance to voltage. The principle of integrator is presented in Figure 3, where 
op-amp means an operational amplifier, C3 is the integrating capacitor, C1 and C2 are the 
equivalent capacitor of sensing combs. 

Suppose C1-C2=2∆C, where ∆C represents the variation of sensing capacitor of 
micromachined gyroscope. The fixed plates of C1 and C2 are applied the high frequency 
modulation signal Vplus and -Vplus respectively. The current i1、 i2 and i in Figure 3 can be 
expressed as the following equations. 

 
1 1p lu si V j C   (1) 

 
2 2p lu si V j C    (2) 

 
1 2 1 2( ) 2p lu s p lu si i i j C C V j C V          (3) 

 
Since the total current i passes through the integrating capacitor C3, the output voltage 

of the integrator can be expressed as:  
 

3 3

1 2
o int plus

C
V i V

j C C



     

 (4) 
 
From equation (4), Vo-int is proportional to ∆C·Vplus. It proves that integrator not only 

achieves the modulation function, but also transforms the capacitance to voltage. 
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Figure 3. Principle of integrator 
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Figure 4. Switching phase-sensitive 
demodulator 

 
 
2.4. Switching Phase-Sensitive Demodulator 

Switching phase-sensitive demodulator is used to carry out signal demodulate, the 
detail of this circuit is shown in Figure 4. The demodulator includes a comparator, a switch and 
an operational amplifier, and in Figure 4, the values of R1、 、R2 R3 are equal. 

The signal Vref has the equivalent frequency and phase with the envelope signal of input 
signal Vin, suppose the signal at the output node of comparator is V1. So that V1 is a square 
wave signal with exactly same frequency and phase as the envelope signal of input signal Vin. 
Switch connects the positive input node of operational amplifier to reference voltage Vdc, which 
is a DC balanced voltage. The switch is controlled by signal V1, so that the signal V2 is:  
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          (5) 

 
Where, Tc is the period of signal Vref. 
Because of the values of R1、 、R2 R3 are equal, the signal at output node can be 

expressed as: 
 

22o dem inV V V     (6) 
 
Substituting equation (5) into equation (6), we can easily get the following equation 
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          (7) 

 
We can replace equation (7) as equation (8) and equation (9) 
 

o dem inV V K    (8) 
 

 

1
1

2

1
1 1

2

C C

C C

nT t n T

K

n T t n T

         
          (9) 

 
In Figure 2, there are two demodulation processes. The input signal of first 

demodulation can be expressed as:  
 

1( ) K c o ss p lu sU t t V      (10) 
 
Where, K1 is a constant, it is proportional to the amplifier coefficient before the first 

demodulation. Ω is the input angle velocity, cosωt is the displacement of movable plate along 
the sensing direction. Vplus is the high frequency modulation signal, suppose the frequency and 
amplitude of Vplus are ω1 and Vamp respectively. The Fourier expansion of Vplus is: 

 

1 1 1
4 1 1

V sin sin 3 sin 5
3 5

plus ampV t t t  


        
   (11) 

 
The reference signal of the first demodulation in the integrated circuit is Vplus, so that 

equation (9) can be expressed as: 
 

1 1 1
4 1 1

sin sin 3 sin 5
3 5

K t t t  

         
   (12) 

 
Substituting equation (10) (11) and (12) into equation (8), and using the product to sum 

formula, we could get: 
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 (13) 

 
Where, A、 、 、B C D are constant. A can be expressed as 
 

2 21 1 1 1 1 1
A= (1 )

2 9 25 49 81 2 8 16

 
        

 (14) 
 
Substituting equation (14) into equation (13), we could get: 
 

 1
1 1 1 1

2

16K V
( ) K V cos cos Bcos 2 C cos 4 D cos 6

amp
o ampU t t t t t t    


           

 (15) 
 

In equation (15), there is a multinomial inside the parentheses on the right side of the 
equal sign, every item in this multinomial a cosine function with the frequency of even times of 
ω1. Since ω1 is much bigger than the frequency of driving signal ω, the second item on the right 
side of the equal sign in equation (15) can be filtered by a low pass filter with the frequency 
higher than ω but lower than 2ω1. After the low pass filter, only the signal –K1·Vamp·Ω·cosωt  
leaves. 

The second switching phase-sensitive demodulator is exactly same as we discussed 
before. But the input signal is –K1·Vamp·Ω·cosωt and the reference demodulation signal is cosωt  
in this demodulator. After the two demodulation processing, the output signal is proportional to 
the input angle velocity Ω. 

 
2.5. Simulation Results of Integrated Circuit.  

Figure 5 shows the simulation results of the total circuit. Where Vin is the input angle 
velocity with the 50Hz frequency and 1V amplitude. Vout1 is the signal at the integrator output 
node, which is an envelope signal. Vlpf1 is the signal at first LPF output node, we could find it is 
already demodulated for the first time, and Vlpf2 is the signal at second LPF output node, this 
signal is proportional to the input angle velocity Ω. 

 

 

 
 

Figure 5. Simulation results of integrated circuit 
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3. The Effects of Driving Capacitor Deviation 
The micromachined gyroscope sensor shown in Figure 1 is equivalent to two groups of 

capacitors, the sketch of connection between micromachined gyroscope sensor and integrated 
circuit is shown in Figure 6. Where C4 and C5 are the driving capacitors and C1 and C2 are the 
sensing capacitors. In ideal condition, the value of C4 equals to C5, and the value of C1 equals 
to C2. But it is hard to achieve in actual condition because of the imperfections during 
machining process. If there is deviation between C4 and C5, the AC signal Vac·sinωt would 
couples to node 1 in Figure 6. Since the frequency ω is much lower than -3dB frequency of HPF 
which is following the integrator in Figure 2, the coupling signal Vac·sinωt would be filtered and 
would not cause any problem in the following demodulation processing. 

Figure 7 shows the comparison of simulation between ideal condition and the condition 
of there is deviation between C4 and C5. Suppose the deviation between C4 and C5 is 1% of 
their stable value, and the frequency of driving signal is 2755.4Hz. In Figure 7, out1 is the signal 
in the output node of integrator, in ideal condition, it is an envelope signal, but in the condition 
with deviation, the coupling driving signal deteriorates the desired signal. Compare the output 
signal at the HPF output node of two conditions, it is easy to observe that the signal of these two 
conditions are quite similar. It means that the coupling driving signal has been filtered by HPF. 
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Figure 6. Sketch of connection between micromachined gyroscope sensor and ASIC 
 

 
 

Figure 7. Comparison of ideal condition with the condition with 1% departure of driving 
equivalent capacitance 
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4. The Effects of Sensing Capacitor Deviation 
In Figure 6, if there is deviation between C1 and C2, then the high frequency 

demodulation signal Vplus would be coupling to node 1. Suppose C1=C2+∆Cs, then the current 
i1 and i2 in Figure 6 can be expressed as equation (16) and equation (17) respectively. 

 
1 1p lu si V j C   (16) 

 
2 2plusi V j C    (17) 

 
And the sum current i in Figure 6 is: 
 

1 2 1 2( )p lu s p lu s si i i V j C C V j C          (18) 
 
The voltage at the output node of integrator is: 
 

3 3 3

1 1 s
err s plus s plus

C
V i V j C V

j C j C C


 



      

 (19) 
 
From equation (19), we could get the conclusion that if deviation between C1 and C2 is 

∆Cs, the coupling signal at the output node of integrator is ∆Cs·Vplus /C3, where C3 is the 
integrating capacitor. Since the coupling signal is linear to Vplus, and the fundamental frequency 
of Vplus is higher than the -3dB frequency of HPF. So that HPF is helpless to this coupling signal. 
The coupling signal is also processed by the first switching phase-sensitive demodulator. In 
mathematics, we could multiply equation (19) to equation (12) in order to express the coupling 
signal processing, the result is: 
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 (20) 

 
Where，  Vamp is the amplitude of Vplus, A、 、 、B C D are constant. It could be calculated 

that A=π2/16, then: 
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 (21) 
 
After the first LPF following the first switching phase-sensitive demodulator, high 

frequency component of the coupling signal shown in equation (12) is filtered, only the DC 
component of the coupling signal leaves, it can be expressed as: 

 
3V /err dc s ampV C C    (22) 

 
Normally, ∆Cs is almost more than one percent of stable value of C1 because of 

imperfections during machining process, meanwhile, the value of ∆C in equation (4) is not more 
than one per mille. So that the DC coupling signal shown in equation (12) is almost more than 
ten times of amplitude of desired signal.  

In Figure 2, the first LPF is followed by an amplitude amplifier circuit. In this case, the 
DC coupling signal would also be amplified. It may easy induce distortion of desired signal.  

Figure 8 shows the comparison of simulation results between ideal condition and the 
condition of deviation between C1 and C2 is 1% of their stable value. Suppose the input angle 
velocity is sine signal with 50Hz frequency and 1V amplitude. We could found that the DC 
coupling signal at the first LPF output node is almost 2.4V. Meanwhile, the amplitude of desired 
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signal is 0.2238V, less than 1/10 of the value of DC coupling signal. After amplitude amplifier 
circuit, the distortion of desired signal can be observed easily. If the deviation between C1 and 
C2 or the gain of amplitude amplifier circuit increases, distortion would deteriorate, so that it is 
necessary to cancel the DC coupling signal Verr-dc at the output node of first LPF. 

 
 

 
 

Figure 8. Comparison of ideal condition with the condition 
with 1% departure of sensing equivalent capacitance 
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Figure 9. Sketch of DC error self-
correcting circuit 

 

 
 
5. DC Error Self-Correcting Circuit 

In order to cancel the DC coupling signal Verr-dc at the output node of first LPF, a DC 
error self-correcting circuit is designed. The principle of this circuit is shown in Figure 9, where 
the upper operational amplifier together with the identical resistance resistors R4、 、R5 R6 and 
R7 compose an in-phase sum circuit. The lower operational amplifier and capacitor C8 
compose an integrator. A two-order LPF is composed of resistors R8、R9 and capacitors 
C6、C7. The input node of this DC error self-correcting circuit connects to the output node of the 
first LPF in Figure 2, so that Vlpf1 is the output signal of the first LPF. Vbal is the balance DC 
voltage of total circuit. Voutadd is the output signal of this DC error self-correcting circuit. 

Since the value R4、 、R5 R6 and R7 are equal, we could get the following equation:  
 

1( )ou tad d lp f d c b a lV V V V     (23) 
 
In equation (23), Vlpf1 includes both the DC coupling signal and the desired signal. If Vdc 

equals to the DC coupling signal, then DC component of Voutadd equals to Vbal, which is also the 
balance voltage of total circuit. In this case, the DC coupling signal Verr-dc is cancelled. 

By now, the key problem is how to make sure Vdc equals to the DC coupling signal. The 
integrator and LPF in Figure 9 give the solution of this problem. The two-order LPF keeps the 
DC component of Voutadd. As the integrator, the current i is integrated by capacitor C8, so that 
the value of Vdc changes until i equals to zero. If i equals to zero, that means no electrical 
current flows through R10, so that the voltage Vlpfout equals to V1 in Figure 9. Since V1 always 
equals to Vbal because of the character of operational amplifier, the finally stable condition of this 
circuit is that Vlpfout equals to Vbal. As discussed before, Vlpfout is the DC component of Voutadd, so 
that in stable condition, the DC component of Voutadd equals to Vbal, the DC coupling signal is 
cancelled. 

Add the circuit shown in Figure 9 into the first LPF output node, and suppose deviation 
between C1 and C2 is 1% of their stable value, we could get the simulation shown in Figure 10. 
The signal of Vlpf1 has a DC component equals to 11.37V, it is identical as the signal of non-
ideal condition at the same node shown in Figure 8. Approximately at 0.32S, the circuit comes 
to the stable condition. It is shown in Figure 10 that in the stable condition, the voltage value of 
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Vdc is 11.37V, equals to the DC component of signal Vlpf1. And the voltage value of signal Vlpfout 
is 9V, equals to the balance voltage of circuit system.  

Figure 11 is the detail of signal Voutadd and signal Vlpf1. It can be observed that the DC 
coupling signal has already been cancelled. Meanwhile, the amplifier offset voltage could also 
be eliminated by this circuit. 

 
 

  
 

Figure 10. Simulation results of DC error self-correcting circuit

 
 

Figure 11. Details of Simulation 
results of DC error self-correcting 

circuit 
 

 
 

Figure 12 is the picture of test board of micromachined gyroscope system. This system 
is used to validate the function of DC error self-correcting circuit. Inside the metal shell, there is 
a gyroscope sensor and the integrated circuit chip. The total integrated circuit consists of the 
inside chip and electrical circuit on the PCB. The power supply voltage is single 18V, so that the 
balance voltage of the system is 9V. 

Figure 13 is the testing results of test board shown in Figure 12, in which channel one 
(ch1 for short in Figure 12) is the signal at the output node of the first LPF, its average is 11.5V, 
so that the DC component of this signal is 11.5V. This value has a departure compared to the 
system balance voltage 9V. It is caused by the deviation between two sensing capacitors. In 
Figure 12, channel two (ch2 for short in Figure 12) is the signal at the output node of the DC 
error self-correcting circuit. The average of this signal is almost 9V, identical to the system 
balance voltage. From the testing results, it could conclude that the DC error self-correcting 
circuit works properly. 

 
 

 
 

Figure 12. Picture of test board of 
micromachined gyroscope system 

 
 

Figure 13. Measurement of input signal and 
output signal of DC error self-correcting circuit 
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6. Conclusion 
The variations of driving capacitor and sensing capacitor are analyzed based on the 

principle of integrated circuit. It is shown that the effect caused by driving capacitor variation 
would be cancelled in the signal processing, but the driving capacitor variation would cause a 
DC error signal at the output node of the first LPF in the integrated circuit. This DC error would 
distort the desired signal at the output node of the amplitude amplifier. So that a DC error self-
correcting circuit is designed, both the simulation results and the testing results show that DC 
error could be self-corrected by this additional circuit. 
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