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Abstract: - The model parameters of the micromachined tunnelling accelerometer have a significant effect 
on the accelerometer’s performance, including its range, bandwidth, sensitivity, accuracy and even the 
interfacing circuitry. This paper presents the design, simulation and development of a low voltage 
micromachined tunnelling microaccelerometer and the effects of parameter on the accelerometer’s 
performance. The derivation of the sensing accelerometer model will be discussed. With the use of the 
MATLAB simulation program, the real world effects of the various parameters are revealed. 
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1. Introduction 
 
 
 Since the development of micro-electro- 

mechanical system (MEMS) inertial instruments have 
undergone significant progress over the last few 
decades. The significant advantages of low cost, low 
power, compact size and batch fabrication allows 
MEMS based inertial sensors to serve a wide range of 
applications, as demonstrated in table 1. As can be 
seen from the table 1 the typical performance 
requirements for each application are considerably 
different.  

 
Recently, a new class of micro machined sensors 

has appeared that makes use of a constant tunnelling 
current between one tunnelling tip (attached to a 
movable macrostructure) and its counter electrode to 
sense deflection. This is viable due to the exponential 
relationship of the tunnelling distance with the 
tunnelling current [1]. 

 
A low voltage operation (approximately 5-15V) is 

vital if micro machined tunnelling sensors are to find 
widespread success in commercial application. In 
particular, this low voltage allows the readout 
electronics of tunnelling devices to be complementary 
metal-oxide semiconductor CMOS compatible, thus 
enabling them to be incorporated into a portable 
battery – operated by multi sensors instrumentation 
Microsystems [1]. 

  

 
Table 1. Typical performance requirements for each application for 

each application [2]. 
 

2. Device structure and operation 
Principle 

 
 

Figure 1 shows the device’s cross-section. 
The device incorporates two levels of silicon and one 
of glass. The first level of silicon contains one proof 
mass with the tunnelling tip, and cantilever beams 
anchored to the glass substrate. The second silicon is 
the fixed microstructure that acts as the top deflection 
electrode. The glass substrate supports the first and 
second silicon microstructure and two metal 
electrodes, one of which is the tunnelling counter 
electrode and the other is the bottom deflection 
electrode [3][4].  

Application Bandwidth Resolution 
Automotive   
Airbag release 0-0.5 kHz <500 mG 
Stability and active 0-0.5 kHz <10 mG 
control systems dc-1kHz <10 mG 
Active suspension   
Inertial navigation 0-100Hz <5µG 
Seismic activity   
Shipping of fragile Goods 0-1 kHz <100mG 
Space Microgravity 
Measurements 

0-10Hz <1µG 

Medical Applications 0-100Hz <10mG 
Vibration Monitoring 1-100KHz <100mG 
Virtual reality (head-mounted 
displays and 
data gloves) 

0-100Hz <1mG 

Smart ammunition 10Hz-100KHz 1G 

6th WSEAS International Conference on SYSTEM SCIENCE and SIMULATION in ENGINEERING, Venice, Italy, November 21-23, 2007     363

mailto:hazem@aast.edu
mailto:hibrahim_eg@yahoo.com
mailto:salah_zeyad@hotmail.com


Fig.1 Cross section of a low voltage tunneling 
based silicon micro-accelerometer 

 
The operation principle for tunnelling based 
microsensors is simple. As the tip is brought 
sufficiently close to the counter electrode 
(approximately 10V), using electrostatic force 
generated by the bottom deflection electrode, a 
tunnelling current is established. This remains 
constant if the tunnelling voltage and the tunnelling 
distance between the two electrodes remain 
uncharged. Once the proof mass is displaced due to 
acceleration, a readout circuit responds to the change 
of the tunnelling current and adjusts the bottom 
deflection voltage to move the proof mass back, thus 
maintaining a constant tunnelling current [3][4].  

Hence acceleration can be measured by reading out 
the bottom deflection voltage. The top deflection 
electrode is used to simulate acceleration 
electrostatically for self test and to protect against 
over range [7] 

The relation between the tunnelling current Itun and 
the displacement Δx at low tunnelling voltage is 

 
 

                               (1) 

       
 

                                           (2)                              

For optimum performance, tunnelling based micro-
accelerometers need to be operated in a closed loop 
mode [3], [4]. The reasons are as follows: Firstly, the 
ratio of the change in the tunneling current to the 
change in the tunneling distance is extremely large, 
thus limiting their measurement range if they are 
operated in an open loop mode. Secondly, the 
tunneling barrier height for two tunneling electrodes 
may vary by one order of magnitude in air [3], [5], 
thus affecting open loop device sensitivity directly. 
This is undesirable in closed loop operation the 
movable structure are virtually stationary so that a 
large distance to current gain does not limit the 
measurement range of tunnelling based devices. 
Furthermore, closed loop devices sensitivity is 
determined only by the electrostatic feedback force 
rather than the tunnelling barrier height [3] [4]. 

 
 
Where vtun is the tunnelling voltage, x is the tunnelling 
distance, α is a constant 1.025 Ao-1ev-1/2, and Ф is the 
height of the tunnelling barrier.  In a pair  

 
 
 
 
 

 
of parallel plates (the proof mass and the bottom 
deflection electrode), the electrostatic feedback force 
Feq, generated by the bottom deflection voltage Vo, is: 

 
 

                                        (3) 
 

 
 
 
Where εo is the permittivity in air, Ao is the plate area, 
and  hb is the distance between the proof mass and the 
bottom electrode 
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3. Analyses and mathematical model 
 
 
As shown in Figure 2 the block diagram of the closed 
loop system for a low voltage tunneling based 
microaccelerometer presented in [1] consists of four 
subsystems, suspended proof mass; tunneling based 
mechanism, current to voltage amplifier, and 
electrostatic feedback, the overall mathematical model 
can be developed as follows 

2
1

p sm s b k+ +

2
o b o

b

A V

h

ε
1

2

o

o

A
s
fπ

+ tunI φα

pm

a

Fa x 

 
 
 
 
 
 
 
 
 
 

 
Fig.2 block diagram for overall system 

 
 
The proof mass is developed as mechanical system 
represented by a mass (mp), spring constant (k) and 
damping coefficient (b). The initial force fa is 
transferred due to the acceleration (a), input to the 
system, into the displacement of the proof mass x with 
respect to the system frame. The mathematical 
equation for the mass can be developed using Newton 
equation for motion, in s domain as follows  
 

  
                      (4) 

   
Where Fapplied is the applied force, the resultant 
between the external system input force and the 
accelerometer internal electrostatic force, Fa Is the 
system input force, where Fa=a*mp, a is the system 
acceleration, Felec microaccelerometer electrostatic 
force comes from the feedback, x is the proof mass 
displacement 
 
The transfer function of the proof mass can be found 
as follows  
 

1 2
1

applied p

xG
F m s bs k

= =
+ +

                                         (5) 

 
 

 
 
 
The displacement of the proof mass with respect to the 
system frame induces a change in the tunneling  
 
Current Itun. This current flows in the circuit of the 
fixed electrode. The relation between the mass 
displacement and this tunneling current is nonlinear. 
Displacement is proportionally increases with the 
tunneling current as represented in equation (6) 

                                                                  
x                                                                (6) tunI eα

 
The constant of proportionality can be defined as 
shown in equation (7) 

 x                                                      (7)                      
                                                     
Where Ф is the tunneling barrier height for two 
tunneling electrode. Io is the initial tunneling current 
when the gap between the moving mass and the 
bottom electrode is x. 
 
at the current to voltage block the input signal is 
essentially a current, and thus the signal source is 
most conveniently represented by its Norton 
equivalent. The output quantity of interest is volt. The 
volte signal can be taken across resistance at the 
output terminal. Fig (3) shows the model for such 
amplifier [6], which can be implemented using BJT or 
JFET transistors Ri, Ro is the amplifier input and 
output resistance, Ai is the amplifier gain as in 
equation (8). The current to voltage amplifier has a dc 
gain Ao defined as in equation (8) 
 

  
                                  (8) 

 
 

 
 
 
 
 
 
 
 
 
 

 
Fig.3 current to voltage amplifier model 
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Where io the amplifier output is current, ii is the 
amplifier input current and vo is the amplifier output 
voltage in the time domain. The current to voltage 
amplifier transfer function (s domain) is represented 
by the relation between the input signal (tunneling 
current Itun) and the output signal (output voltage vo). 
The amplifier transfer function is shown in equation 
(9). It works as low pass filter system. Where it is a 
first order system with only one dominant pole at 2πfo
 

2
1

2
tun

V AG
sI
fπ

= =
+

                                                    (9) 

 
Where fo is the break frequency in Hz, it is the cut off 
frequency for the current to voltage amplifier (-3db 
frequency on the current to voltage bode plot graph). 
 
The feedback system works using the electrostatic 
actuation technique to bring the proof mass back to its 
original position. The applied voltage on two 
conducting plates generates electrostatic force; this 
force may be attractive or repulsive according to the 
charge type (positive or negative) on each plate. In 
general, in the time domain, the electrostatic force can 
be represented as in equation (10) 
 
 

2
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2ele
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Where v is applied voltage on the plates, ε=εo 
(permittivity of the free space 8.85*10-12) where the 
media between two electrodes is the air, A is the plate 
area and x is the gap between the plates. Finally, in 
our case, in the s domain, the output voltage signal vo 
generates and controls the electrostatic force, on the 
form of equation (10), to bring the proof mass 
back to its original position by means of negative 
feedback. Where this electrostatic force represented in 
equation (11) proportionally increases with,A

electF

b (the 
electrode area). Decrease with squaring of hb (the 
distance between the proof mass and bottom 
deflection electrode) 
 

                                                     (11) 
 

 
The above subsystems can be summarized as in fig 
(2). The transfer function of the closed loop sensors 
system can be expressed as in equation (12) 
 

 
                      (12) 
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Where  
 
 

   
 
 

 
 

 
Sensitivity and bandwidth are the two main design 
parameters for accelerometer. The accelerometer 
sensitivity can be expressed as follows [1] 
 
 

                                      (14) 
 

 
Where pρ  and tp are the material density and 
thickness of the proof mass, respectively, and xo  is 
the initial distance between the two tunneling 
electrode. And it is assumed that the proof mass and 
bottom deflection electrode have the same areaAb . It 
is found that the easiest method to scale the sensitivity 
is to change the thickness of the proof mass since the 
martial density of the proof mass is a constant for a 
given martial and a change of the other design 
parameters varies the output offset voltage, according 
to the equation above (14), a number of conclusions 
can be drawn as follows:- 
1- Device sensitivity is linearly proportional to the 
proof mass thickness as well as the square root of the 
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proof mass area as shown in fig (5). However, a large 
increase in the proof mass would significantly reduce 
the bandwidth of the closed loop system [1], figure (4) 
shows the bandwidth versus different mass 
dimensions. 

 
 
 
 
 
 
 
 
 
 

Fig.4 Bandwidth vs. accelerometer mass 
 
2- Device sensitivity is inversely proportional to the 
square root of the spring constant, while the 
bandwidth of the closed loop system increases with 
spring constant [1].    

 
 

 
 
 
 
 
 
 
 
 

Fig.5 sensitivity vs. proof mass thickness 
 
3- Device sensitivity does not affect by squeeze film 
damping coefficient, but at the same time a very large 
squeeze film damping coefficient reduces the 
bandwidth of the closed loop system while a very 
small damping coefficient may cause the closed loop 
system to become unstable [1].  
 
4-an increase in the bandwidth of the current-to-
voltage amplifier does not affect the accelerometer 
sensitivity, where it increase the bandwidth of the 
closed loop system significantly (it brings the system 
from an over damped to under damped state). From 
the root locus analysis fig (6, 9, 10) one can find that. 
Fig (9) shows the closed loop frequency response, for 
50 KHz bandwidth current to voltage amplifier, the 

closed loop system bandwidth is about 28 KHz. And 
when the current to voltage amplifier bandwidth has 
been reduced to 1 Hz, the closed loop system 
bandwidth becomes 100 KHz as shown in fig (10).    
 
4. Experimental results 

 
 

Table (2) presents the nominal design parameters used 
in this design for the accelerometer taken from [1] the 
design value of the sensitivity for the accelerometer 
presented in [1][4] is 161 mV/g and the sensitivity is 
scaled by changing the thickness of the proof mass 
where the material density of the proof mass is a 
constant for a given material, and the change of the 
other design parameters varies the output offset 
voltage.  
 

Nominal design parameters values 
mp 5.576 μ  
k 4.42 N/M 
b 1.097*10-3 N.S/M (air) 
fo 5 KHz 

T FB
K A K

K  
5 

KTAOKFB 22.1 N/M 
Table 2 nominal design parameters for the accelerometer 

 
 
Intensive simulation has been done using MATLAB, 
the results obtained from the simulation are declared 
as follows. The system has three poles at (-31542 -35 
+2176i -35 -2176i), and a zero at -3154, they are all in 
the left hand side in the complex plan, which assures 
the system stability. From the impulse response for the 
accelerometer system one can find that, the system 

response reaches zero at time 0.18 sec. 
                          
 

Fig.6 root locus for closed loop system 
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Fig.7 magnitude and angel bode plot for 

closed loop system 
 
Fig (6) (7) show the root locus and bode plot for the 
accelerometer closed loop system. The frequency 
response of the closed loop system can be computed 
from the transfer function by replacing s by jω . One 

can note that, as the loop gain T FBK A K
K

increases as 

the system poles move on the root locus and the 
frequency response amplitude increases and goes to 
positive value. Fig (8) shows the step response for the 
system, it reaches 4% from the reference value at 
steady state, which means 96% error. The step input 
here represents the system acceleration input (to be 
sensed) and the system output is the mass 
displacement, which will be measured, by means of 
the variations in the tunnelling current, to give the 
accelerometer sensors reading.  
  

Fig.8 system step response 
 
 
 
 
 
 

  

Fig.9 closed loop system bode plot using current to voltage amplifier 
bandwidth at 50 KHz 

 
 

Fig.10 closed loop system bode plot using current to voltage amplifier 
bandwidth at 1 Hz 

 
5. Conclusions 
 
 
Microaccelerometer analysis has been presented with 
optimization objective in mind. Microaccelerometer 
model is presented and simulated using MATLAB. 
Device sensitivity, bandwidth for the 
microaccelerometer closed loop system are 
investigated. The simulation gave us conclusion that, 
the closed loop system parameters mass mp, spring 
constant k, damping ratio b and closed loop gain kc 
have big effect on increasing and decreasing the 
system bandwidth, accuracy, system type (damping 
and over damping) and system time response.  
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