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Abstract 

In this research, spectral coherence noise measurement technique is used to measure 

noise of capacitive accelerometers, based on measuring the spectral coherence and 

outputs of two identical sensors exposed to the same input stimulus. This effective 

technique can be applied to any sensor characterization problem where there is interest 

in distinguishing instrumental noise from background noise. The simulation study has 

been done in MATLAB to verify the proposed method reliability to calculate contributions 

of different noise sources in a system. To verify effectiveness and accuracy of the 

proposed technique in practical systems, we continue our research in experimental 

work, using this method on a commercial accelerometer. Then, the technique is applied 

to measure noise of microsensor systems which consist of MEMS capacitive 

accelerometer followed by low-noise interface electronics. The proposed technique is 

also used to measure and quantify the noise contribution of different stages of interface 

electronics. Experimental results are compared to either reported data on the used 

devices datasheet, analytical equations, or simulation results. The similarity between 

experimental results with theoretical values and simulation results verifies the measured 

noise for microsensor systems. Thanks to spectral coherence noise measurement 

technique, we will be able to characterize noise behavior of fabricated sensors and 

reader boards, and determine the lowest noise sensor and interface electronics.   

 

Keywords: Spectral Coherence Noise Measurement Technique; Noise; Capacitive 

Accelerometer; Interface Electronics. 
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Chapter 1  

Introduction 

 

Development of sensors has had a great impact on human life. A sensor is a 

device that converts a physical, chemical, or biological quantity to another domain, 

usually electrical. Biological sensing systems such as vision are known as the earliest 

sensors by human. Sensors allow recording and analysis of physical phenomenon, that 

need to be processed, such as displacement, velocity, acceleration, force, pressure, 

chemical concentration, or flow by converting the phenomenon into a more convenient 

signal in a different domain.   

The value of the original physical parameter can be back-calculated from the 

proper characteristics of the electrical signal. Electrical outputs are convenient because 

there are well-known methods for processing and storing electrical signals for real-time 

or subsequent analysis. Over the past century, electronic sensors are developing with an 

astonishing pace. For instance, today a basic smart phone can measure and report a 

wide variety of quantities, including temperature, acceleration, etc. 

Sensor size is often important, and small sensors are desirable for many reasons 

including easier use, a higher sensor density, and lower material cost. A revolution in 

microfabricated sensors occurred with the application of semiconductor fabrication 

technology to sensor construction. By etching and depositing electrically conductive and 

nonconductive layers on silicon wafers, the sensor is created with the electrical sensing 

elements already built into the sensor. The products created using these techniques are 

called microelectromechanical systems, or MEMS.  
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The entire MEMS sensor is fabricated on a small section of a single silicon wafer 

or a stack of wafers bonded together. Reducing the area of the sensor layout both 

decreases the area of the sensor, and increases the number of sensors produced on 

each wafer. The silicon dies are then packaged in chip carriers for use. Many types of 

MEMS inertial sensors have been fabricated. One of the earliest MEMS sensors were 

pressure sensors using piezoresistive sensing elements [1], while current MEMS 

sensors include accelerometers (measuring either linear or angular acceleration), 

chemical concentration sensors [2], gyroscopes [3], and shear stress sensors [4]. 

1.1  Accelerometers 

The task of any sensor is to convert a measured physical quantity into a form 

which can be easily read or manipulated. In the case of an accelerometer, the physical 

quantity is acceleration. This acceleration is converted to force through Newton’s law 

F=ma. Then, this force is converted to quantities like displacement (Δx). The output is an 

electrical quantity (typically capacitance) that represents this acceleration. This electrical 

quantity enables us to interface the accelerometer with a circuit. 

High precision accelerometer sensors have a variety of applications in wide 

range of fields. In engineering, it is used to measure dynamic quantities such as vehicle 

acceleration, machines vibration, process control systems, safety installations [5]. In 

seismology, two important applications are detecting earthquakes and geophysical 

mapping (particularly for petroleum exploration) [6]. In biology, high frequency recordings 

of bi-axial or tri-axial acceleration allows the discrimination of behavioral patterns while 

animals are out of sight [7]. In industry, accelerometers are used for machinery health 

monitoring to report the vibration in time of shafts at the bearings of rotating equipment 

such as turbines, pumps, fans, rollers, compressors, or bearing fault [8].  

There are important parameters for an accelerometer such as sensitivity, 

bandwidth, measurement and dynamic range, and noise.    
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Sensitivity of the accelerometer is the ratio of the sensor’s electrical output to 

mechanical input, typically rated in terms of . Despite the tight constraints that 

surround the sensitivity specification, this is the number that is most frequently used for 

programming a signal conditioner or data acquisition system. A signal conditioner or 

Data Acquisition (DAQ) system uses this number to process and interpret the signal 

from the accelerometer. 

Bandwidth means the amount of times per second you can take a reliable 

acceleration reading. For slow moving tilt sensing applications, a bandwidth of 50 Hz will 

probably suffice. If there is intention to do vibration measurement, or control a fast 

moving machine, a bandwidth of several hundred Hz is needed.  

Measurement range is the level of acceleration supported by the sensor’s output 

signal specifications, typically specified in ±g. Dynamic range is also the maximum 

amplitude that the accelerometer can measure before distorting or clipping the output 

signal. Accelerometer noise is further discussed in next chapters. 

1.2  Noise 

Noise is a random unpredictable fluctuation in quantity, and a characteristic of 

all physical phenomena. Noise generated by electronic devices varies greatly, as it can 

be produced by several different effects. Thermal noise is unavoidable at non-zero 

temperature, while other types depend mostly on device type (such as shot noise, which 

needs steep potential barrier) or manufacturing quality and semiconductor defects, such 

as conductance fluctuations, including  noise.  

Development of high performance sensor systems requires careful 

characterization of the system behavior. In particular, basic understanding of various 

noise sources in a system is a major step towards improving the resolution of the 

system. Measuring these error signals can be quite difficult in the case of high 

performance sensors, as the error signals they produce are generally in orders of 

magnitude smaller than fluctuations the sensor will see in a laboratory environment, and 
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error signals happen inside the chip. It is often impossible to monitor different noise 

signals separately. 

1.3  Motivation 

A major project of the Integrated Multi-Transducer Systems Laboratory (IMuTS) 

team at Simon Fraser University has been to design and fabricate an accelerometer 

sensor system with high accuracy and precision (µg accelerations). Here are the most 

important features that sensor should have: 

 Noise density less than 0.25 
√

. 
 5 KHz Bandwidth 

 120 dB dynamic range 

 Low noise characteristics is a crucial feature for this sensor system. So the noise 

measurement plays a vital role in this project. The goal of this study is to develop an 

easy and precise method to measure noise of fabricated microsensor systems.   

1.4  Outline 

In this work, a method, called spectral coherence noise measurement technique, 

is proposed to measure the noise of accelerometer systems. After describing different 

noise sources in a sensor system, and illustrating how the method works, we explain 

how this technique can work in order to extract and separate the noise of each stage of 

sensor systems. Using this technique, we can identify which part in our systems is 

dominant in noise. To verify this technique, we test it in simulated environment in 

MATLAB, and practically on a commercial accelerometer (ADXL 203),  

The proposed method is then applied to measure noise of fabricated 

accelerometers systems, which consist of a µg capacitive accelerometer and interface 

electronics. Then measurement results are compared with analytical calculations and 

simulation results. This technique can be applied easily to a wide assortment of high 

performance instruments which can often be dominated by environmental noise sources. 
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The data presented in this research verify that this is an effective method for measuring 

noise in the presence of large background signals. 

Chapter 2 briefly explains three type of MEMS accelerometers (piezoresistive, 

piezoelectric, and capacitive), and provides a brief description about different noise 

sources. Finally, some methods to measure noise are introduced and compared. 

Chapter 3 describes Spectral Coherence Noise Measurement Technique which 

is used for noise measurement of sensors. Then, we use this technique in simulated 

environment (MATLAB) to verify its reliability to determine noise levels of different noise 

sources in a system. Afterwards, we use the proposed method for a commercial 

accelerometer (ADXL 203), and compare the calculated data with the data reported on 

ADXL 203 datasheet to verify technique accuracy to measure noise of MEMS sensors. 

Chapter 4 discusses µg accelerometer system, which consists of a MEMS 

capacitive accelerometer followed by interface electronics. After briefly describing sensor 

structure, we mention a commercial reader board chip (MS3110), and explain why we 

need to design a low noise interface electronics for MEMS sensors. Then interface 

electronics design is described, and to further study the noise contribution of each stage 

of interface electronics, analytical equations are calculated, and simulations in LTSpice 

are conducted. 

Chapter 5 shows the experimental results conducted on interface circuits and 

sensors using spectral coherence noise measurement technique. In case of interface 

electronics, the values measured in experiment will be compared to theoretical values 

and simulations results. Sensors noises are measured using two interface electronics, 

and the results are compared to each other to determine which sensor and interface 

electronics has the lowest noise for the µg accelerometer system. 
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Chapter 2 

Literature Review 

 

In this chapter, three type of MEMS accelerometers (piezoresistive, piezoelectric, 

and capacitive) are explained in details. Then, a brief description about different noise 

sources (electronic and mechanical) is provided. Finally, different methods to measure 

noise are briefly explained.  

2.1  MEMS accelerometers  

Accelerometers are devices that convert acceleration into another quantity such 

as displacement or voltage. Figure 2.1 shows the mechanical model of an 

accelerometer. From this model that contains damping and spring constant of 

accelerometer, following equations regarding resonant frequency and quality factor can 

be derived:  

 
Figure 2.1: Mechanical model of an accelerometer. 
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퐹
푘

=
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푎
휔

                                                       (2.6) 

Here, 휔  is the resonant frequency of the system, Q is the quality factor. Typical 

MEMS accelerometers have a resonant frequency of a few kHz, a weight a few µgr, and 

have a spring constant of a few N/m [9]. It is important to note that since the mass must 

move, the accelerometer capacitors are actually air gap capacitors; this means that any 

means of measurement that requires a voltage to be applied across the capacitors will 

actually cause an attractive electrostatic force on the plates. This electrostatic force can 

potentially overcome the spring force. This is important to be aware of because in the 

event that this does happen, the accelerometer can be damaged.  

Today, there exist a multitude of different types of accelerometers. In case of 

MEMS accelerometers, piezoelectric, piezoresistive, and capacitive are the most 

common ones. These three types of accelerometers are discussed in this section. 

Capacitive accelerometer is discussed in more details, since the fabricated sensor in this 

project is a capacitive accelerometer.   
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2.1.1  Piezoelectric accelerometers 

Piezoelectric accelerometers are typically made from quartz or a piezoelectric 

ceramic. A mass subjected to some acceleration places stress on the piezoelectric 

material, causing an output charge to appear between opposite ends of the piezoelectric 

material. Since piezoelectric materials respond to changes in stress, these 

accelerometers cannot directly measure DC and low frequency accelerations, which is a 

major disadvantage [10].  

Some of piezoelectric accelerometer advantages are: [11] 

• High shock survival (up to 100,000g’s). 

• High dynamic range (due to large full scale range) [12]. 

• High frequency range (10’s of kHz). 

• High temperature range (well below -40°C to above 100°C). 

• Low power circuit interface (can be below 10’s of µW). 

• Relatively low noise. 

Some disadvantages are: [13] 

• Deformation if exposed to high noise level [14]. 

• No DC response. 

• Low sensitivity (10-100 ). 

• Sensitivity degradation with time. 

• High output impedance. 

• Temperature dependence of piezoelectric material. 

• More complex interface circuit. 

2.1.2  Piezoresistive accelerometers 

A piezoresistive (PR) accelerometer attaches a PR material to a beam. When the 

beam deflects, this induces stress/strain on the piezoresistor, and the resistive 

properties of the material change. In Figure 2.2, a thin piezoresistor is placed on top of a 
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cantilever [15]. Since the top of a bending beam will have tension/compression and the 

bottom will have compression/tension, this ensures that the piezoresistor is only under 

tensile or compressive stress. This means that the effect of stress/strain on resistance is 

not cancelled out by opposite stress components.  

 
Figure 2.2: Piezoresistive accelerometer.  

PR accelerometers have several advantages: [16] 

• Tend to have a simple interface. 

• Can survive high shock conditions. 

• Medium frequency range (about 10 kHz). 

• Can measure low frequency accelerations. 

Unfortunately, there are some major disadvantages as well: [17] 

 

• Relatively high noise due to resistive structure. 

• Low sensitivity (10’s of  -~150 ).  
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• Tend to suffer from the effects of acceleration in perpendicular directions. 

• Tend to have higher power consumption; typically a Wheatstone bridge is used at the 

front end. 

• The resistance exhibits temperature dependence and limits high-temperature use.  

2.1.3  Capacitive accelerometers 

Capacitive accelerometers are the most common types of MEMS accelerometers 

due to a high performance to cost ratio. They also have minimal temperature 

dependence and a wide temperature range as the dielectric material is typically air [18].  

Capacitors can operate both as sensors and actuators. They have excellent 

sensitivity, and their transduction mechanism is intrinsically insensitive to temperature. 

Electrostatic Actuation is based on the simple concept that unlike charges attract each 

other. Hence if there are two plates of different charges as shown in Figure 2.3, there 

exists an electrostatic force between them. 

Capacitive sensing is independent of the base material and relies on the variation 

of capacitance when the geometry of a capacitor is changing. Neglecting the fringing 

effect near the edges, the parallel-plate capacitance is: 퐶 = 휀 휀 , where A is the area 

of the electrodes, d the distance between them, and ε =  휀 휀  the permittivity of the 

material separating them. A change in any of these parameters will be measured as a 

change of capacitance, and variation of each of the three variables has been used in 

MEMS sensing. For example, chemical or humidity sensors may be based on a change 

in permittivity whereas accelerometers are based on a change in distance or area. If the 

dielectric in the capacitor is air, capacitive sensing is essentially independent of 

temperature, but contrary to piezoresistivity, capacitive sensing requires complex 

readout electronics. Still the sensitivity of the method can be large [19]. 
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Figure 2.3: A simple parallel plate actuation principle. 

The stored energy W is:  

푊 =  
1
2

 퐶 푉 =  
휀 휀 퐴푉

2푑
                                                               (2.7) 

The electrostatic force is therefore given by differentiating W with respect to the distance 

of separation d, 

F =  
휀 휀 퐴푉

2푑
                                                                              (2.8) 

Equation 2.8 shows that the force is a non-linear function of the voltage and the 

distance. By varying the distance, we can control the electrostatic force between the 

plates. 

Typical MEMS accelerometer is composed of movable proof mass with plates 

attached through a mechanical suspension system to a reference frame, as shown in 

Figure 2.4 [20].  

Movable plates and fixed outer plates represent capacitors. The deflection of 

proof mass is measured using the capacitance difference. The free-space (air) 

capacitances between the movable plate and two stationary outer plates 퐶  and 퐶  are 

functions of the corresponding displacements 푥  and 푥 . If the acceleration is zero, the 

capacitances 퐶  and 퐶  are equal because 푥 = 푥  . The proof mass displacement x 
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results due to acceleration. If x not equal to 0, the capacitance on either side of the 

electrodes are found to be: 

퐶 =  휀 휀
퐴

푑 − 푥
= 퐶

푑
푑 − 푥

 ,퐶 =  휀 휀
퐴

푑 + 푥
= 퐶

푑
푑 + 푥

                                 (2.9) 

The differential capacitance is therefore found by:  

퐶 −  퐶 =  훥퐶 = 2휀 휀 퐴
푥

푑 − 푥
= 2퐶

푥 푑
푑 − 푥

 ≡  2퐶
푥
푑

                              (2.10) 

As a result of Equation 2.10, the displacement is proportional to the capacitance 

difference. 

 
Figure 2.4: Differential capacitive accelerometer.  

It is also possible that the mass will snap to one of the fixed plates and remain 

permanently stuck due to stiction. Mechanical over range stops are placed to prevent the 

mass from moving too close to the fixed plates. This protects the device from both 

physical damage and an electrical short [21].  
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Two fixed structures in a capacitive accelerometer act as a plate for two separate 

capacitors. The mass of the accelerometer acts as the second plate for both of these 

capacitors [22]. When an acceleration is present, the mass moves and so the 

capacitances will change. In practice, there can be hundreds of fingers, with the 

appropriate fixed plates shorted to one another to provide the two differential capacitors 

[23]. In electrical domain, the accelerometer is simply seen as two capacitors: one that 

increases with a ‘positive’ acceleration, and one that decreases with a ‘positive’ 

acceleration. These capacitors have a common node (the mass), resulting in 3 electrical 

nodes.  

Some of the more important advantages of capacitive accelerometers are: [24] 

• Low noise due to capacitive sensing ( the lowest noise among MEMS accelerometers). 

• High sensitivity (50  – 900 ). 

• Low temperature dependence due to gaseous dielectric. 

• Capable of measuring low frequency accelerations. 

• Low power circuit interface (10’s to 100’s of µW). 

• High temperature range. 

These advantages along with their low cost are the reason they are the most 

common among commercial devices. A disadvantage of capacitive accelerometers is 

complex interface circuit [25]. 

2.2  Noise Sources 

In this section, we introduce different noise sources, including electronic thermal 

noise, flicker noise, shot noise, and mechanical thermal noise, and describe their origin 

and behavior. 

2.2.1  Electronic thermal noise 
 

Electronic thermal noise is the noise generated by the thermal agitation of the 

charge carriers inside an electrical conductor, which happens regardless of any applied 

voltage. The generic, statistical physical derivation of this noise is called the fluctuation-
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dissipation theorem, where generalized impedance or generalized susceptibility is used 

to characterize the medium [26].  

Thermal noise in an ideal resistor is approximately white, meaning that the power 

spectral density is nearly constant throughout the frequency spectrum. When limited to a 

finite bandwidth, thermal noise has a nearly Gaussian amplitude distribution [27]. 

For a given bandwidth (Δf), the root mean square (RMS) of the voltage 푉  is given by: 

푉 = 4푘퐵푇푅훥푓                                                                          (2.11)                                                                

where 푘  is Boltzmann’s constant in , T is the resistor’s absolute temperature in kelvin, 

and R is the resistor value in ohms (Ω). 

The noise source can also be modeled by a current source in parallel with the 

resistor by taking the Norton equivalent that corresponds simply to divide by R. This 

gives the RMS value of the current noise as: 

푖 =
4푘퐵푇훥푓

푅                                                                        (2.12) 

 
Figure 2.5: (A) A resistor at nonzero temperature, which has electronic thermal noise; 

(B) A noiseless resistor in series with a noise-creating voltage source (the Thévenin 

equivalent circuit); (C) A noiseless resistance in parallel with a noise-creating current 

source (the Norton equivalent circuit).  
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2.2.2  Flicker noise 

Flicker noise is a type of electronic noise with a 1/f, or pink power spectral 

density. It is therefore often referred to as 1/f noise or pink noise. It occurs in almost all 

electronic devices, and can show up with a variety of other effects, such as impurities in 

a conductive channel, generation and recombination noise in a transistor due to base 

current [28].  

1/f noise in current or voltage is usually related to a direct current, as resistance 

fluctuations are transformed to voltage or current fluctuations via Ohm’s law. There is 

also a 1/f component in resistors with no DC current through them, likely due to 

temperature fluctuations modulating the resistance. In electronic devices, 1/f noise 

shows up as a low-frequency phenomenon, as the higher frequencies are 

overshadowed by white noise from other sources. In oscillators, however, the low-

frequency noise can be mixed up to frequencies close to the carrier which results in 

oscillator phase noise [29]. Flicker noise is often characterized by the corner frequency 
푓  between the region dominated by the low-frequency flicker noise and the higher 

frequency “flat-band” noise. 

The measurement of 1/f noise spectrum in voltage or current is done in the same 

way as the measurement of other types of noises. Sampling spectrum analyzers take a 

finite-time sample from the noise, and calculate the Fourier transform by FFT algorithm. 

After calculating the squared absolute value of the Fourier spectrum, they calculate its 

average value by repeating this sampling process by a sufficiently large number of 

times. The resulting pattern is proportional to the power density spectrum of the 

measured noise, and it is then normalized by the duration of the finite-time sample [30].  
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Figure 2.6: Flicker noise and corner frequency demonstration.  

2.2.3   Shot noise 

Shot noise is a type of electronic noise which can be modeled by a Poisson 

process. In electronics, shot noise originates from the discrete nature of electric charge, 

and consists of random fluctuations of the electric current in a DC current which originate 

due to fact that current actually consists of a flow of discrete charges. Because the 

electron has such a tiny charge, however, shot noise is of relative insignificance in many 

cases of electrical conduction. For instance, 1 Ampere current has about  

6.24 ∗ 10  electrons per second. although this number will randomly vary by several 

billions in any given second, such a fluctuation is minuscule.  

In addition, shot noise is often less significant as compared with two other noise 

sources in electronic circuits, flicker noise and electronic thermal noise. However, shot 

noise is temperature and frequency independent, in contrast to electronic thermal noise, 

which is proportional to temperature, and flicker noise, with the spectral density 

decreasing with the frequency. Therefore, at high frequencies and low temperatures shot 

noise may become the dominant source of noise [31]. 

2.2.4   Mechanical thermal noise 

Mechanical thermal noise is due to random movement of the molecules in gas at 

a certain temperature surrounding the mechanical structure which leads to random 

fluctuations in the energy transfer between the structure and damping gas. 
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Once the correct expression for the resistor noise voltage generator (푉 =

4푘 푇푅 ) is derived, a similar derivation for the case mechanical dissipation is possible. 

Since an RLC circuit has a similar governing equation as a mechanical spring mass 

damper system, we can define equivalencies between the two.  

 
Figure 2.7: Equivalence between mechanical systems and electrical circuits. 

Mechanical Domain Electrical Domain 

Force, F Voltage, V 

Velocity, 푥̇ Current, I 

Displacement, x Charge, q 

Mass, m Inductance, L 

Compliance, 퐾  Capacitance, C 

Damping, D Resistance, R 

Table 2.1: Correlations between electrical circuits and mechanical systems [32]. 
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Using the equipartition theorem, assuming we have a linear mass-spring system, 

the energy in a spring is equal to 

푓 (푥) =  
푘푥

2
 →  

푘 푇
2

=  
푘푥

2
 →  푥 =  

푘 푇
푘

                         (2.13)  

In the Equations 2.13, T is temperature, 푘  is Boltzmann’s constant, F is force, 

and k is the spring constant. Notice the similarity to 푉 =   , except that the 

capacitance is replaced with the spring constant. 

Similar to the resistor voltage noise of 4 푘 푇푅 in the electrical domain, a white 

spectral noise density force in a spring-mass-damper system is associated with the 

damping constant (D), 퐹 = 4 푘 푇퐷 . This force represents the Brownian noise in the 

mechanical system. Since F = ma and F = kx for a spring, we can model the 

accelerometer noise as shown in Figure 2.8. 

 

Figure 2.8: Mechanical noise modelled by a noise force. 

So the input referred root noise spectral density can be calculated to be: [33] 

푎 =  
퐹
푚

=  
4 푘 푇휔
푚 푄

                                                              (2.14) 

In Equation 2.7, 푄 =   is the quality factor and  휔 =  is the resonant frequency in 
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radians/second. So based on design features of an accelerometer, acceleration noise 

caused by mechanical noise of the sensor can be calculated.  

2.3  Methods to measure noise  

In this section, we mention some methods to measure noise aside from spectral 

coherence noise measurement technique, which will be described in next chapter. First 

three methods are used in Radio Frequency (RF) systems, and need measurement 

devices that must work for frequency domain signals (such as noise figure analyzer, or 

spectrum analyzer), and these instruments have disadvantages in terms of calibration, 

cost, user simplicity, and precision compared to instruments working in time domain 

(such as oscilloscope, or A/D sampler). 

The first method is using a noise figure meter, which generates a pulse signal to 

drive a noise source, which generates noise to drive the device under test (DUT). The 

output of the DUT is then measured by the noise figure analyzer. Using a noise figure 

meter is the most straightforward way to measure Noise Figure (NF). In most cases, it is 

also the most accurate. An engineer can measure the noise figure over a certain 

frequency range, and the analyzer can display the system gain together with the noise 

figure to help the measurement. A noise figure meter also has limitations like cost. The 

analyzers have certain frequency limits [34].  

Another method is called gain method which is based on the noise factor 

definition that is the ratio of total output noise power to output noise due to source only. 

The gain method can cover any frequency range, as long as the spectrum analyzer 

permits. The biggest limitation comes from the noise floor of the spectrum analyzer [35]. 

Y factor method is another way to measure Noise Figure. To use the Y factor 

method, an ENR (Excess Noise Ratio) source, which requires a high DC voltage supply, 

is needed. In this method, by turning the noise source on and off (by turning on and off 

the DC voltage), the change in the output noise power density is measured by a 

spectrum analyzer. These recorded measurements will be used to calculate Y factor, 

which will be used in noise figure calculations [36]. 
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Another method to measure noise of sensors is analog noise measurement. In 

this method, the output voltage measurements are made with an AC-coupled 

oscilloscope or an AC voltmeter for analog sensors. Readings are averaged to obtain 

the average RMS amplitude. This method is simple, but it has many disadvantages, 

such as background noise is considered in sensor noise, we cannot determine 

contributions of different noise sources, and we cannot see noise behavior in frequency 

domain [37]. 

Finally, in digital noise measurement, input-referred noise is characterized by 

examining a histogram of a number of output samples while the input to the Analog to 

Digital Converter (ADC) is held at a constant DC value. It has limitations in practical 

systems, including ADC has a certain amount of code transition noise and, therefore, a 

finite transition region width, and the input to the ADC needs to be heavily decoupled by 

setting the low-pass filter, and the sampling rate must be between five to ten times the 

low-pass filter cut-off frequency [38].     

In summary, in this section (2.3), different methods to measure the noise of 

systems in briefly introduced. They each have advantages and disadvantages and each 

is suitable for certain applications. Table 2.2 is a summary table of the pros and cons for 

each method mentioned in this section. 
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Method Suitable 
Applications 

Advantage Disadvantage 

Noise Figure 

Meter 

low NF Convenient; Accurate when 

measuring low NF 

Expensive equipment; 

Limited frequency range. 

 

Gain Method high gain  
or high NF 

Easy setup; Accurate when 
measuring high NF; Suitable 

for any frequency range.  

Limited by spectrum 
analyzer noise; Cannot 

deal with system with low 

gain and low NF. 

Y Factor Method Wide range of 
NF 

Can measure wide range of 
NF at any frequency 

regardless of gain. 

High measurement error 
when measuring high NF. 

Analog 
Measurement 

 Analog 
Sensors 

Simple, No need for special 
measurement instruments. 

Background noise is 
considered, Unable to 

measure different noise 

contributions. 

Digital 
Measurement 

Communication 
Systems 

Accurate, Useful in 
simulation. 

Code transition noise of 
ADC, Input of ADC need to 

be decoupled. 

Table 2.2: Summary of methods for noise measurement. 

In our experiment, we need an easy-setup, accurate, and effective method to 

measure noise of microsystems with particular application to MEMS accelerometers. 

The first three methods (noise figure meter, gain method, y factor method) are used in 

RF systems, and are not applicable in MEMS sensors. MEMS sensors need high 

accuracy, and analog measurement is not accurate enough. Moreover, we have to 
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observe noise behavior in frequency domain. So, analog noise measurement is not 

effective for MEMS sensors. Digital noise measurement is useful for digital systems, and 

MEMS capacitive accelerometers have analog output. In addition, it needs complex 

setup to prepare signals for measurement calculations. Therefore, Digital noise 

measurement is not practical for MEMS accelerometers. In next chapter, we describe an 

effective and accurate method to measure sensor noise. This method will be used in our 

research.
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Chapter 3 

Spectral Coherence Noise Measurement Technique 

 

In this chapter, we introduce and describe Spectral Coherence Noise 

Measurement Technique (SCNMT) which is used for measuring noise of sensors. To 

verify the technique effectiveness and accuracy, we use the proposed technique in both 

simulated and practical systems. First, we apply this technique in MATLAB to determine 

noise levels of different noise sources in a system. Afterwards, we use SCNMT on a 

commercial accelerometer (ADXL 203), and compare the calculated data to the data 

reported on the device datasheet.  

3.1   Basic algorithm  

Noise sources, that happen empirically, are assumed independent and 

uncorrelated. The proposed technique in this section is able to measure noise of sensors 

and circuits with high accuracy in presence of large background signals. In addition, the 

method is not dependent on the type of input which makes it compatible for a variety of 

sensors and circuits.  

The experiment of operating two sensors side-by-side can be modeled by the 

block diagram in Figure 3.1. For this analysis, it is assumed that both sensors have the 
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same input U. The noise of the sensors, N and M, can each be expressed as an 

equivalent input noise. The signal and the noise are then combined and passed through 

the transfer functions. 퐻  and 퐻 , of the sensors to produce output signals A and B 

respectively [39]. 

 

Figure 3.1: Block diagram of experiment to determine resolution by measuring from 

identical systems. 

We use the coherence between the outputs of the systems. Coherence can be 

thought of as the fraction of the power spectrum of signal A that also appears in the 

power spectrum of signal B. J. Peterson first described the basic approach used to 

determine noise from these measurements of spectra and coherence [40]. The 

coherence between two signals A and B, γ  , is defined in Equation 3.1:  

γ =  
|퐺 (휔)|

|퐺 (휔)||퐺 (휔)|                                                                   (3.1) 

|퐺 (휔)| =
2
푛 푇

|퐴 (휔,푇)|                                                            (3.2) 

|퐺 (휔)| =
2
푛 푇

[퐴∗  (ɷ, T)] [퐵 (휔,푇)]                                                 (3.3) 
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where 퐺 (ɷ) is the PSD of signal A, and 퐺  (ɷ) is the cross spectral density (CSD) of 

signal A and signal B. The PSD and CSD are defined in Equations 3.2 and 3.3, where 
푛  is the number for records averaged, T is the length of each record, 퐴 (ɷ,T) is the 

finite Fourier transform of the 푘  record, and 퐴∗  (ɷ,T) is its complex conjugate. 

Since the output coherence is used in this technique, it needs two recorded 

outputs. These outputs can be recorded by either two different identical sensors, or from 

the same sensor using the recorded output at two different times. In this analysis, each 

sensor is assumed to have the same noise contribution. Based on the block diagram, for 

power spectral densities of outputs A and B we have: 

퐺  = |퐻 | (퐺 + 퐺 ) & 퐺  = |퐻 | (퐺 + 퐺 ) 

And for the cross spectral density, we would have: [41] 

퐺  = 퐻 퐻∗퐺  

Given the fact that the systems are identical so: |퐺 | = |퐺 |, for the coherence function 

we have: 

  γ  =  | |  =
(  | |

| | )
  → |퐺 | =  |퐺 |  − 1                                (3.4)  

Most of the time, there is no access to exact input signals, and in accelerometer 

case, ambient vibrations can change the input. But output is always available as an 

electrical signal, and it can be recorded by measurement tools. So in most cases, output 

signals are used in calculation. Equation 3.4 can be replaced by: 

|퐺 | =  |퐺 | 1 − γ                                                           (3.5)  

The physical meaning of Equation 3.5 is that if sensor noise is small in the 

system, the outputs are similar. Therefore, the spectral coherence of outputs (γ ) is 

close to 1. If we consider  γ  ≈ 1 in Equation 3.5, we see that the calculated noise |퐺 | 
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will be small. So the equation is able to verify the initial assumption. This is also true with 

the assumption of having large sensor noises that the final equation is able to verify the 

initial assumption. Equation 3.5 is used in MATLAB code for SCNMT implementation. 

Compared to other methods to measure noise which were mentioned in section 

2.3, this method is more effective and accurate to measure noise of analog sensors. The 

main challenge for this method is to keep the conditions constant for two experiments in 

which the outputs are recorded. In case of µg accelerometers, we minimize the 

environmental vibrations by putting the sensors on no-vibration table, and use zero g 

input acceleration as their input. In addition, high resolution measurement devices are 

always used to have better accuracy and lower measurement noise in experiments.   

3.1.1   Noise identification 

Sensors often have multiple noise sources. Below is the general case we are 

considering. We have three sources of noise: Ambient (A), Sensor (S), Electronics (E), 

and Measurement (M) that are generally unknown and a measurement noise that can be 

quantified separately. The goal is to design experiments to measure noise of sensor and 

interface electronics in the system. 

Figure 3.2: Block diagram of a sensor followed by an interface electronics, and different 

noise sources.  

For total output noise PSD, we have (|퐻 |≈1): 

Output Noise PSD =  푁 |퐻 | |퐻 | +  푁  |퐻 | + 푁 + 푁                              (3.6)  
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Where 푁 ,푁 ,푁 ,푁   are the PSD of ambient noise, sensor noise, interface electronics 

noise, and measurement noise, respectively. 

Estimation of measurement noise (푁 ) is straightforward. We can estimate 

measurement noise by applying SCNMT, using no input. Since measurement noise is 

known for measurement tools, it is not of importance. 

SCNMT is able to measure the noise of each block using outputs of the same 

block, and it does not depend on input signal. So by using SCNMT, 푁  (background 

noise) will not affect noise calculations.  

First, we apply the output of the sensor in spectral density noise measurement 

technique. For sensor experiment we have: 

Sensor Experiment Noise =  푁 +  푁                                               (3.7) 

Since we already know 푁 , we calculate 푁 , which is the sensor noise.  

Then, we use the signals at the end of interface electronics in SCNMT. For noise 

of this system, including sensor and interface electronics, we have: 

System Experiment Noise = 푁  |퐻 |  +  푁 +  푁                                 (3.8)  

Considering transfer function of interface electronics (퐻 ), and using the 푁  and 푁  in 

calculations, that we calculated before thanks to SCNMT, we calculate 푁  [34]. So by 

following the chain of noises, we can extract the noise of each stage of the system. 

In summary, Figure 3.3 is the flowchart for noise measurement experiments 

conducted in this research. 
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Figure 3.3: Flow chart of noise measurement experiments. 

3.2   Method verification 

In this section, we verify the technique in identifying different noise sources using 

the technique in simulated environment in MATLAB. Afterwards, measurement setup for 

experiments conducted in this research is explained. Then, to verify the technique 

effectiveness and practicability in sensors systems, we apply the technique to a 

commercial accelerometer (ADXL 203).  
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3.2.1   Simulation 

To verify noise identification of SCNMT in simulation, we use the method to 

calculate defined noise sources in MATLAB. The system used in this simulation is 

illustrated in Figure 3.4. The input signal is a unit step, and the transfer function of the 

system is a second order system with 휔 = 1퐾 ,  and Q =10 (Figure 3.5).  The noise 

sources 1 and 2 are two white noises with 10:1 amplitude ratio. 

 
Figure 3.4: Block diagram of the system in simulation verification. 

 

Figure 3.5: System transfer function. 
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So we follow the chain of the signal from the first block. By using the signals 

before the transfer function in SCNMT, we calculate Noise 1 PSD. Figure 3.6 shows the 

PSDs of defined and calculated Noise 1 using SCNMT. 

 

Figure 3.6: Calculated (a) and defined (b) Noise 1 PSDs. Noise density (a) is calculated 

using SCNMT on the input of the system, or after Noise 1 is added to the input. Noise 

density (b) is the PSD of the Noise 1 signal using pwelch function in MATLAB. Cross 

correlation between calculated and defined Noise 1 PSDs = 98% 

Now that we have Noise 1 PSD, we use the outputs at the end of the system to 

calculate total noise of the system. That will give us total noise:  

N = 푁 |퐻| + 푁 . Since we already have 푁 , we can calculate Noise 2 by 

푁 = 푁 −  푁  |퐻| . Here are the figures for PSDs of calculated total noise (Figure 3.7), 

defined and calculated Noise 2 (Figure 3.8). 
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Figure 3.7: Total noise PSD. 

 

Figure 3.8: Calculated (a) and defined (b) Noise 2 PSDs. Noise density (a) is calculated 

using SCNMT on the output of the system which gives the total noise of the system (N), 

and calculating 푁  from 푁 = 푁 −  푁  |퐻|  . Noise density (b) is the PSD of the Noise 2 

signal using pwelch function in MATLAB. Cross correlation between calculated and 

defined Noise 2 PSDs = 99% 

The similarity between the defined PSDs with the calculated PSDs for both Noise 

1 and Noise 2, based on high values of cross correlations and the similarity in noise 
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densities in terms of frequency spectrum and noise level, verifies SCNMT reliability in 

identifying different noise sources in simulated environment.  

3.2.2  Measurement setup 

For all the experiments reported in this thesis, as it is common in sensor and IC 

market, noise density is used. So in cases of accelerometers, noise density in 
√

 unit 

will be reported. 

The other important point is that, based on sampling frequency, due to Nyquist 

theorem [42], the measured noise frequency range is half the sampling frequency. This 

relationship is applied on all the experiments in this research.  

Measured noise frequency range =  ∗ Sampling frequency                            (3.9)  

For the experiment in this chapter and some sensor systems experiments in 

chapter 5 which have DC outputs, we use National Instruments PXI 4462 A/D sampler 

(Figure 3.11) as the measurement tool [43]. The most important advantage of using this 

instrument is its high resolution (24 bits of data per sample) which leads to lower 

measurement noise and higher precision in our results. The other advantage of using 

A/D sampler is that we can take our two data simultaneously. It saves the recorded data 

as .lvm file, which consists of both time and value columns, and can be converted to .csv 

or other formats. 
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Figure 3.9: National Instruments PXI 4462 A/D sampler system. 

3.2.3   ADXL 203 experiment  

SCNMT is applied to a commercial accelerometer (ADXL 203), and the result of 

calculated sensor noise is compared with reported data on the device datasheet. ADXL 

203 is a dual-axis [44] MEMS accelerometer with a measurement range of 5g 

acceleration. The necessary quantities of this accelerometer, reported on the device 

datasheet [45], are mentioned in table 3.1, which will be used to verify the reliability of 

the proposed noise measurement technique. Table 3.1 includes device sensitivity and 

noise density which are necessary for our work. 
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The ADXL 203 has provisions for band limiting the output signals. Capacitors 

must be added at these pins to implement low-pass filtering for antialiasing. In this 

experiment, we use 10 nF capacitors which set the device output bandwidth to 500 Hz. 

(Table 3.2). We then measured the sensitivity of fabricated chip, which is 1.01 . 

Parameter Typical Value Unit 

Sensitivity 1000 푚푉
푔

 

Noise Density 110 μ푔
√퐻푧

 

Table 3.1: Reported data for sensitivity and noise density on ADXL 203 datasheet [45].  

Bandwidth (Hz) Capacitor (nF) 

1 4700 

10 470 

50 100 

100 50 

200 27 

500 10 

Table 3.2: ADXL 203 filter capacitor selection [45]. 
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Figure 3.10: Schematic of the sensor circuit. 

 

Figure 3.11: The ADXL 203 sensor system used in the experiment. 

As described earlier, we record two samples at the output of the sensor to use as 

inputs of SCNMT. Figure 3.12 shows the two recorded data of the accelerometer with 

zero g input acceleration. These data were recorded using 200  sampling rate with 1s 

time range.  



CHAPTER 3. SPECTRAL COHERENCE NOISE MEASUREMENT TECHNIQUE 36 
 

 

 
Figure 3.12: Two recorded data of ADXL 203 accelerometer. 

Since the sampling frequency is 200 KHz, the calculated output noise frequency 

range is half of the sampling frequency ( ∗ 200 KHz =  100 KHz). Figure 3.13 shows the 

measured noise density of ADXL 203 accelerometer using SCNMT. As expected, the 

output noise density starts to drop after 500 Hz due to filtering by 10 nF capacitors. The 

noise density before the 500 Hz is 105.72 
√

, which relates to the sensor. If we 

consider the device measured sensitivity (1.01 ), we have the equivalent 104.67 
√

 

noise density for the accelerometer, which is close to the typical noise density reported 

on the device datasheet ( 110 
√

 ).  
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Figure 3.13: Measured noise density of ADXL 203 accelerometer. Noise density 

between 3 Hz and 500 Hz = 105.72 
√

 ≡ 104.67 
√

 

In summary, after spectral coherence noise measurement technique is described 

in this chapter, we were able to verify its effectiveness to measure noise in simulation 

and experiment. In simulation in MATLAB, calculated noises for different noise sources 

were similar to the defined noises. In ADXL 203 experiment, the measured noise value 

is similar to the reported data on ADXL 203 datasheet.  
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Chapter 4  

Microsensor and Interface Electronics System 

  

In this chapter, the structure of µg MEMS accelerometers is briefly described. 

Afterwards, a commercial interface electronics (MS3110) is introduced, and the reason 

to design low noise interface electronics is explained. Then, an interface electronics for 

reading accelerometer sensors is designed, and two versions of interface electronics, 

high and low resistance, are implemented. Moreover, analytical studies and noise 

simulations in LTSpice are conducted in order to study noise contribution of each stage 

of interface electronics. The contributions of this chapter are: 

 A low noise interface electronics for MEMS accelerometer is designed and 

explained. 

 Analytical studies on front-end amplifier for both interfaces are conducted. 

 Noise simulations for front-end amplifier in reader boards are done, and the 

simulation results will be compared with analytical equations. 

 Another analytical study is conducted to determine noise contribution of multiplier 

stage. 

 Time domain noise simulation is conducted to determine which reader board has 

more noise, and which noise source is dominant in reader board circuits. 
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4.1   Accelerometer system basics  

The accelerometer converts input acceleration to changes in its inner 

capacitances by changing the gaps between plates inside sensor. Then, an interface 

electronics is needed to convert these changes in capacitances into voltage. 

 Figure 4.1 shows the system setup for the experiment. As explained earlier, the 

input signal which is acceleration is converted to capacitance changes in accelerometer, 

and then is converted to voltage by reader board, and the output voltage can be 

observed by measurement tools, such as the high resolution oscilloscope in IMuTS lab 

in SFU Surrey campus. 

 
Figure 4.1: Schematic of accelerometer system. 

For the front-end amplifier and multiplier experiments, the recorded signals have 

high frequencies (about 2 MHz and 4 MHz, respectively). So, 200 KHz sampling 

frequency of NI PXI 4462 A/D sampler is not enough, and we cannot use this instrument. 

Instead we use a digital high resolution (8 bits) oscilloscope, LeCroy 42Xs-A wave surfer 

(Figure 4.2), which has high maximum sampling frequency (2.5 GHz), and is suitable for 

recording high frequency signals [46].  
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Figure 4.2: LeCroy 42Xs-A wave surfer. 

In order to determine the noise levels of sensor and reader board, we need to 

experiment one of them without using the other. The sensor cannot be experimented 

independently, because its output is not voltage. So first, we need to experiment reader 

board alone. But the reader board need to have connected capacitators as input. To do 

so, a board is implemented (Figure 4.3) with capacitors equal to the capacitors of 

accelerometer in zero g state (50 pF capacitors), and attach it to the reader board. Since 

this board only has capacitors, it can be considered noiseless. So by attaching it to the 

reader board, we can measure the noise of the reader board.   

 
Figure 4.3: The capacitor board with 50 pF capacitors. 
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4.2   Sensor structure 

In order to design capacitive MEMS accelerometer, surface-micromachined 

design was used, which leads to in-plane accelerometers. All devices mentioned here 

were fabricated by IMuTS research team. 

The prototypes based on this design were fabricated on 2 different thicknesses of 

device layer; 100 µm and 150 µm. It also contains 2 different designs with different 

capacitor gaps: 5 µm and 7 µm. Table 4.1 shows the theoretical mechanical and 

electrical characteristics of a 150 µm thick and 5 µm capacitor gap capacitive MEMS 

accelerometer. 

Mechanical Characteristics Electrical Characteristics  

Total mass 5.825e-03 gr Bulk capacitance 17.9 pF 

Resonant frequency 2000 Hz Sensitivity 0.286  

Quality factor 1 

Table 4.1: Mechanical and electrical features of capacitive MEMS accelerometer. 

The theoretical noise for sensor is calculated using mechanical thermal noise 

formula for accelerometer system (Equation 2.14): 

푎 =

4 푘 푇휔
푚 푄

9.81
= 610 

ng
√Hz

                                                 (4.1) 

The important point about the calculated noise is that theoretical noise only 

considers mechanical noise of the sensors. Practically, there will be other noise sources 

such as electrical, parasitics, and packaging. In addition, fabrication variation plays an 
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important role on noise, and the sensors with the same design have different features, 

including quality factor and resonant frequency, in experiment. So different measured 

noise is expected for sensors with the same design due to non-idealities in 

microfabrication processes of microsensors. 

Figure 4.4 depicts layout of the device which consists of different parts of the 

sensor. In zoomed figures, the comb structure of the capacitive accelerometer can be 

seen which was explained earlier.  

 

Figure 4.4: MEMS capacitive accelerometer layout. 

After the design is complete, MEMS accelerometer are fabricated on silicon dice. 

Figure 4.5 shows a microscopic image of the fabricated capacitive sensor. In addition, 

Figure 4.6 is a picture of fabricated mass-spring accelerometers on silicon dice. These 

figures were provided by Shirin Edalatfar. The sensors need to be wire bonded and 

packaged in order to make them ready to be used in experiments. 
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Figure 4.5: Microscopic image of fabricated capacitive sensor. 

 
Figure 4.6: Fabricated sensors on silicon dice. 
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Finally, Figure 4.7 is a picture of one of the packaged sensors which is installed 

on the board by Dr Soheil Azizmi so the sensor can attach to the interface electronics. 

 

Figure 4.7: The packaged sensor on the board. 

4 capacitive accelerometers were fabricated that are able to perform. The 

numbers of the operational sensors are 2, 7, 8, and 11. Table 4.2 shows the gap 

between capacitor plates in fabricated sensors. Although sensors 2, 7, and 11 have the 

same gap, but they are not completely the same, and due to variations in fabrication and 

packaging process, they have different response, sensitivity, and noise density. 

 

 

  

Table 4.2: Gap between capacitor plates in different fabricated sensors. 

4.3   Interface electronics 

In this section, we first briefly describe a commercial reader board chip 

(MS3110), and explain why there is a need to design a lower noise interface electronics. 

Then, we explain the designed interface electronics, and its different stages (front-end 

Sensor Number Capacitive Gap (µm) 
2 7 
7 7 
8 5 

11 7 
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amplifier, multiplier, low-pass filter). The electronic circuits and PCBs were designed by 

Dr. Soheil Azimi. 

4.3.1   MS3110 chip 

The universal capacitive readout IC (MS3110), produced by Micro Sensors, is a 

low noise IC intended to support a variety of MEMS sensors that require a high 

resolution capacitive readout interface. MEMS sensors require a readout electronic 

interface that can sense small changes in capacitance. The MS3110 senses the change 

in capacitance between two capacitors and, provides an output voltage proportional to 

that change. The capacitors to be sensed are an external balanced pair. 

Figure 4.8 shows MS3110 chip on circuit board. The chip is programmed to have 

about 5 KHz bandwidth [47], the same bandwidth that sensor should have, and will 

further be used in interface electronics design.  

 
Figure 4.8: MS3110 chip on circuit board. 

The typical value for noise reported on the chip datasheet is 4 
√

 [47]. 

Considering the device sensitivity (2.5 ): 
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푀푆3110 푁표푖푠푒 퐷푒푛푠푖푡푦 = 4
aF
√Hz

∗ 2.5 
푉
푝퐹

= 10 
μV
√Hz

                           (4.2) 

Which is too much for the µg MEMS accelerometer that should have less than 0.25 
√

 

noise. In section 5.1, we will measure the noise of MS3110 in experiment using SCNMT. 

So, even though MS3110 is considered a low noise readout chip among 

available reader board chips in the market for MEMS sensors, it is not suitable for a µg 

MEMS accelerometer considering the noise limitations, and a lower noise reader board 

needs to be designed. 

To design interface electronics, the main concentration is on noise performance. 

There are other limitations such as dynamic range and power consumption that MS3110 

or other commercial readout circuits may have advantages over the designed interface 

electronics. 

4.3.2  Interface circuit design  

Based on section 2.1.3, the sensor differential capacitance changes with the 

applied acceleration. The goal of interface electronics is to convert differential 

capacitance to voltage, so the system will be able to convert the input acceleration into a 

voltage.  

Figure 4.9 shows the block diagram of the designed C2V reader board. It 

consists of three serial sections: front-end amplifier, multiplier, and low-pass filter. Each 

section design considerations will be explained separately. 
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Figure 4.9: Block diagram of C2V reader board. 

4.3.2.1   Front-end amplifier 

After two sinusoidal voltages with 180   degree phase difference are applied to 

the sensor, there is a voltage with the same frequency at output of sensor. This voltage 

is small, because the difference between C1 and C2 is small for small accelerations. So 

this voltage needs to be amplified to increase system sensitivity, and take care of this 

sensitive signal against reader board noise. That is the job of the front end amplifier.  To 

do so, OpAmp with feedback impedance is used.  

Due to large frequency of the input voltage (~ 2 MHz), the selected OpAmp must 

have high bandwidth. It also must have low noise density (~ 10 
√

), so the total noise 

density of the board will be low. OPA656 OpAmp by Texas Instruments [48] has desired 

characteristics, due to its high -3dB bandwidth (~ 200 KHz) and low input noise (7 

√
 input voltage noise, and 1.3 

√
 input current noise). These input noise 

characteristics will be used to obtain analytical noise density equation of front-end 

amplifiers. Figure 4.10 shows the open loop gain and phase of OPA656. 
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Figure 4.10: Open loop gain and phase of OPA656 [48]. 

Based on the elements used in feedback, two designs for front-end amplifier is 

considered: 1- High Resistance Interface Electronics (HRIE): 푅 =  10 MΩ, 퐶 = 1pF,  

2- Low Resistance Interface Electronics (LRIE):  푅 =  100 KΩ.  Both two reader boards 

will be later studied in theory (analytical study), and simulation (in LTspice),  

4.3.2.2   Multiplier 

After the voltage is amplified in front-end amplifier, it will be multiplied by a 

voltage of the same frequency so the signal will have one AC component and one DC 

component. 

퐵 푠푖푛 (휔푡) =
퐵
2

 −
퐵
2

 cos (2휔푡)                                           (4.3) 

                                                                                           |___|   |_____________|   

                                                                                            퐷퐶             퐴퐶                 
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The AC component will be eliminated by the following low pass filter, and there 

will be a DC component that has a linear relationship with the input acceleration applied 

to the sensor. 

If the input of multiplier has a nonzero DC value, the multiplier will saturate, and it 

is not able to perform in the circuit. Therefore, the DC value of the output of the amplifier 

is cancelled using RC filter before multiplier stage (as shown in figure 4.9). The 100 nF 

capacitor and 10 KΩ resistor is used for this high pass filter. 

For multiplier chip selection, having low noise density plays an absolute essential 

role. By conducting research among available multiplier chips, AD835 chip by Analog 

Devices [49] has desired features (50 
√

 for zero inputs). 

4.3.2.3   Low-pass filter 

To eliminate high frequency AC component, the low pass filter should have low 

cut-off frequency with high filter order. The filter cut-off frequency is set on 5 KHz, which 

is the required bandwidth for the sensor specification. Figure 4.11 shows the circuit 

schematic for designed low-pass filter. 

  

Figure 4.11: 3rd order low pass filter schematic. (Cut-off frequency= 5 KHz) 
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Figure 4.12 shows the Printed Circuit Board (PCB) layout of the reader board, 

including every stage and biasing component. In addition, Figure 4.13 also illustrates the 

implemented LRIE board. 

 

Figure 4.12: PCB layout of the reader board. 

 

Figure 4.13: Implemented LRIE board. 
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4.4   Interface circuit noise study 

In this section, amplifier stage of the reader board is analytically studied. Then, 

noise simulation is conducted for front-end amplifiers, and simulation results are 

compared with analytical studies. Analytical calculations are also done to study noise 

contribution of multiplier stage. Finally, time domain noise simulation for amplifier-

multiplier systems is conducted to determine which noise source is dominant.  

4.4.1   Front-end amplifier noise analytical study 

In this section, noise density of the amplifier stage of the HRIE and LRIE is 

discussed, and equations for output noise density will be calculated using circuit laws. 

The results of analytical study will be later compared to simulation results. 

Table 4.3 shows the necessary parasitic and noise elements of the OPA656 

OpAmp for noise analysis. These are the typical values for input current and voltage 

noise, and input differential and common mode capacitors reported in device data sheet. 

Parameter Typical Value Unit 

Input Voltage Noise 7 nV
√Hz

 

Input Current Noise 1.3 fA
√Hz

 

Input Differential Capacitance 0.7 pF 

Input Common-Mode Capacitance 2.8 pF 

Table 4.3: OPA656 noise and patristics parameters [48]. 



CHAPTER 4. MICROSENSOR AND INTERFACE ELECTRONICS SYSTEM  52 

 

 

By considering all the noise sources and parasitic in amplifier circuit, Figure 4.14 

is the circuit model for noise analysis. Cs+ (48.1 pF) and Cs- (47.9 pF) are the sensor 

capacitors in zero g state. Board parasitic capacitance (~0.2 pF) for LRIE amplifier also 

needs to be considered. 

Noise model includes input current and voltage noise, and the resistor thermal 

noise. These noise sources are independent, so superposition circuit rule is used to 

drive an equation for output noise.  

 

Figure 4.14: Circuit model for noise analysis of front-end amplifier. 

First thermal noise of feedback resistors is considered. Since two different 

resistors are used in feedback structure of LRIE and HRIE circuit, there are two different 

thermal noises: 

 

퐻푅퐼퐸: 푉 푅 = 10 푀Ω = 4 푘 푇푅 = 406.93
nV
√Hz

                                      (4.4) 

퐿푅퐼퐸: 푉 푅 = 100 퐾Ω = 4 푘 푇푅 = 40.69
nV
√Hz

                                      (4.5) 
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From Figure 4.5, OpAmp is modeled as: 

푉  =
퐴

1 + 푠
푃

(푉 − 푉 ) =  
−퐴푃
푃 + 푠

푉                                                        (4.6) 

In which 퐴 = 1.4 ∗ 10 ,푃 = 2휋 ∗ 200 ∗ 10  

For current in feedback structure: 

푖 = (푉 − 푉 )퐶 푠                                                                  (4.7) 

 Using Equation 4.7: 

푉 − (푉 − 푉 )푅 퐶 푠 − 푉 = 푉                                                     (4.8) 

Considering Equations 4.6 and 4.8: 

푉 _ = 푉  
퐴푃

푠 + 푃(퐴 + 1)
 

1
1 + 푅 퐶 푠

                                                  (4.9) 

Since Gain-Bandwidth product: 퐴푃 = 17.6 ∗ 10  is a large number, the term 
( )

 

is close to 1 for low frequencies. So what remains is:  

푉 ≃ 푉  
1

1 + 푅 퐶 푠
                                                             (4.10) 

So the feedback plays filter role for resistor thermal noise. 

Now, input current noise is discussed. The similar OpAmp model is used: 

푉  =
퐴

1 + 푠
푃

(푉 − 푉 ) =  
−퐴푃
푃 + 푠

푉                                               (4.11) 
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 The input capacitance at negative input node is: 퐶 = 퐶 +  퐶 + 퐶 + 퐶 =

99.5 푝퐹. Now, using KCL in the negative input node of the Opamp: 

푉 퐶 푠 + (푉 − 푉 )
푅 퐶 푠 + 1

푅
= 푖                                                        (4.12) 

Considering Equations 4.12 and 4.13, for output noise of input current noise: 

→ 푉 _  = −푖
퐴푃 푅

퐶 + 퐶 푅  푠 + 푃 퐶 + (퐴 + 1)퐶 푅 + 1  푠 + 푃(퐴 + 1)
    (4.13) 

The same analysis is used for input voltage noise: 

푉  =
퐴

1 + 푠
푃

(푉 − 푉 ) =  
퐴푃
푃 + 푠

(푉 − 푉 )                                                 (4.14) 

For input capacitance: 퐶 = 퐶 +  퐶 + 퐶  = 98.8 푝퐹 

푉 퐶 푠 + (푉 − 푉 )퐶 푠 + (푉 − 푉 )
푅 퐶 푠 + 1

푅
= 0                                    (4.15) 

(4.14) 푎푛푑 (4.15) → 

푉 _

= −푉  
퐴푃 퐶 + 퐶 푅 푠 + 1

퐶 + 퐶 + 퐶 푅  푠 + 푃 퐶 + 퐶 + (퐴 + 1)퐶 푅 + 1  푠 + 푃(퐴 + 1)
    (4.16) 

By paying attention to denominators of Equations 4.11 and 4.16, and giving the 

fact that 퐶 = 퐶 +  퐶 , the outputs for input current noise and input voltage noise 

has the same denominator, and as a result, the same poles.  

Inserting  푅 =  10 MΩ, 퐶 = 1pF for HRIE amplifier in calculated results 

(Equations 4.10, 4.13, 4.16), Figure 4.15 shows the output noise density for different 
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noise sources. As it seen in Figure 4.15, for high frequencies (>100 KHz), OpAmp input 

voltage is the dominant noise source in the amplifier circuit. 

 
Figure 4.15: Output noise density for different noise sources in HRIE amplifier. 

Likewise, having 푅 =  100 KΩ, 퐶 = 0.2pF for LRIE amplifier, Figure 4.16 depicts 

the output noise density for different noise sources. Again, OpAmp input voltage is the 

dominant noise source in LRIE amplifier circuit. In addition, we see a resonance around 

2 MHz, which is because of a second order imaginary pole (푓  = 2.12 MHz) for output of 

OpAmp input voltage.  
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Figure 4.16: Output noise density for different noise sources in LRIE amplifier. 

Finally, Figure 4.17 shows the output noise of HRIE and LRIE amplifiers. The 

output is calculated by adding output noises for all noise sources. As we see in Figure 

4.17, for low frequencies, HRIE has more output noise. But due to a resonance in LRIE 

output noise around 2 MHz, LRIE has more noise around this frequency. Since the input 

signal frequency for reader boards, which is the frequency the interface circuit operates, 

is close to 2 MHz, we expect that LRIE reader board has more noise. 
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Figure 4.17: Output noise density for amplifiers of HRIE and LRIE. The output noises are 

calculated through adding output noises for all noise sources (Figures 4.15 and 4.16) in 

amplifier circuit. HRIE amplifier noise density between 5 KHz and 50 MHz = 13 
√

, LRIE 

amplifier noise density between 5 KHz and 50 MHz = 177 
√

  

4.4.2   Front-end amplifier noise simulation 

Here, noise analysis is conducted for front-end amplifier in LTSpice IV software. 

LTspice can perform frequency domain noise analysis which works on linear circuits. 

The resulting noise density (
√

) can then be plotted to aid in circuit analysis and 

understanding. Since all components in front-end amplifier circuit are linear, noise 

analysis on this circuit can be conducted. LTSpice library includes only chips fabricated 

by Linear Technology. So in order to place OPA656, a chip by Texas Instruments, the 

spice model of the device needs to be imported. In addition, For LRIE front-end 

amplifier, although the circuit does not have a capacitor, parasitic capacitor as a parallel 
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capacitor in feedback should be considered. The value of this parasitic capacitor is about 

0.2 pF which is included in the circuit schematics. 

Since in experiment, 100  sampling rate is used, so the waveforms will have 50 

MHz frequency range. Therefore, the same frequency range is considered for the 

simulation to easily compare the simulation results with the results obtained by 

experiment. 

Figure 4.18 shows the noise analysis result on the output node of the HRIE 

amplifier. The noise levels are similar to analytical calculation results. In addition, we see 

an attenuation in output noise after 2 MHz which can also be seen in Figure 4.17. That is 

because of a first order real pole in this frequency range (푓  = 2.97 MHz). So the 

simulation result is similar to analytical calculations (HRIE amplifier noise in Figure 4.17). 

 
Figure 4.18: Noise analysis result of the HRIE amplifier.  
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Figure 4.19 is the noise analysis result on the output node of the LRIE amplifier. 

Comparing to calculation results in Figure 4.17, the noise levels are similar. In addition, 

resonance behavior of output noise around 2 MHz can be observed in both figures. So 

the simulation result is completely in agreement with analytical calculations (LRIE 

amplifier noise in Figure 4.17). 

 
Figure 4.19: Noise analysis result of the LRIE amplifier. 

More importantly, although in low frequencies HRIE amplifier has more noise 

level than LRIE amplifier, but in operating frequency, which is close to resonant 

frequency of LRIE noise figure, LRIE amplifier has more noise. So overall, we make a 

similar hypothesis, like we did in analytical calculations, that LRIE circuit has more noise 

than HRIE circuit. 
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4.4.3  Multiplier noise analytical study 

Now that we have output noise of the amplifier, we can better study multiplier 

contribution in output noise of the amplifier-multiplier system. 

Figure 4.20 shows the noise model of multiplier. 푉  represents RMS output noise 

of the amplifier which was discussed in the last two sections, and is one of the two inputs 

of the multiplier. Multiplier input noise (푉 ) is added to 푉 , and then this sum is multiplied 

by the other input of the multiplier which is an external signal (퐴 sin  (2휋푓 푡)) , and has 

the same frequency with the amplifier input signal (푓 ∿ 2 푀퐻푧).  

 

Figure 4.20: Noise model of multiplier. 

In designed circuit, AD835 chip is used as multiplier chip. The typical value for 

multiplier input noise (푉 ) reported on AD835 datasheet is 50 
√

 [49]. AD835 has a 

large bandwidth (250 MHz) [49], which is much higher than operating frequencies that 

are less than 10 MHz. So unlike OPA656, there is no need to consider bandwidth in 

multiplier model. So, for the output noise of the multiplier: 

푉 = 퐴 sin  (2휋푓 푡) (푉 + 푉 )                                                 (4.17) 

Since input noises of the multiplier system (푉 ,푉 ) are independent from each other and 

the external signal, which is a sinusoidal voltage, for the output noise power: 
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→ 푃 , =  
퐴
2

 푉 + 푉                                                    (4.18) 

For multiplier noise, which is the noise contribution of multiplier stage: 

푃 , =  푃 , +  푃 ,  

→  푃 , = 푃 , −  푃 , =  
퐴
2
− 1 푉 +

퐴
2

 푉                         (4.19) 

Equation 4.19 gives the noise contribution of multiplier stage. If we tune the amplitude of 

external signal (A) equal to √2, we will have: 

퐴 = √2  →  푃 , =  푉                                                     (4.20) 

Equation 4.20 says that by tuning the amplitude of the external signal to a proper 

value, multiplier instrumental noise is equal to multiplier input noise. Therefore, we can 

have an estimation of a multiplier system based on the multiplier chip used in the 

system. This relationship will be used to verify experimental data in section.  

4.4.4   Multiplier noise simulation 

Since multiplier is not a linear component, we cannot run noise analysis like the 

front-end amplifier. Instead, all noise sources in amplifier-multiplier system are placed, 

and time domain analysis is conducted for each noise source and both reader boards. 

There are four noise sources in amplifier-multiplier system: 1) OPA656 input current 

noise (1.3 
√

), 2) OPA656 input voltage noise (7 
√

), 3) Resistor thermal noise: (400 

√
 for HRIE and 40 

√
 for LRIE), 4) AD835 input voltage noise (50 

√
). 

To evaluate contribution of each noise source, we place only one noise source 

for each simulation. When we have the simulation results for all the noise sources, we 

can determine which noise source is dominant in the output.  
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Figure 4.21 shows the simulation results for output noise densities of OpAmp 

input current noise on HRIE and LRIE circuits. We run this noise simulation for all four 

noise sources on both interface circuits. 

 

Figure 4.21: Output noise density generated by OPA656 input voltage noise in HRIE 

(left) and LRIE (right) amplifier-multiplier system. 

Table 4.5 shows the output noise density of all noise sources in amplifier- 

multiplier systems for HRIE and LRIE circuits. By comparing the results in Table 4.5, we 

conclude two important points:  

 For all noise sources, LRIE amplifier-multiplier system has more output noise than 

HRIE amplifier-multiplier system. (Except multiplier noise which should be the same 

for both interface circuits.)  
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 For HRIE circuit, multiplier input noise, and for LRIE circuit, OpAmp input voltage 

noise (despite its lower density amplitude compared to other voltage noise sources) 

are the dominant noise sources. 

 

Noise Source Output Noise Density 

for HRIE Circuit ( 퐧퐕
√퐇퐳

) 

Output Noise Density 

for LRIE Circuit ( 퐧퐕
√퐇퐳

) 

OpAmp Input Voltage 14 195 

Multiplier Input Voltage 51 52 

Feedback Resistor 2 17 

OpAmp Input Current 0.018 0.026 

Table 4.4: Output noise density between 1 KHz and 50 MHz of all noise sources in 

amplifier- multiplier system for HRIE and LRIE circuits.  

Although HRIE has a large resistor (10 MΩ) that produces large noise in the 

circuit (400 
√

), but parallel capacitors in the feedback (OpAmp input capacitor, 1 pF 

feedback capacitor) builds a filter with low cut off frequency: 

퐻푅퐼퐸  푓푒푒푑푏푎푐푘 푐푢푡 − 표푓푓 푓푟푒푞푢푒푛푐푦 =  
1

2휋 ∗ 10 푀Ω ∗ 1.7pF
= 9.36 퐾퐻푧   (4.21) 

So the output noise of HRIE feedback resistor at operating frequency of amplifier (∿ 2 

MHz) is low. Therefore, although HRIE has a large noise source produced by its large 

feedback resistor, but the output noise for this noise source is considerably attenuated at 

the operating frequency of the circuit, and has a small impact on system output noise. 
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Chapter 5  

Experimental Results 

 

In this chapter, experiments are conducted on fabricated sensors and 

implemented reader boards to measure their noise using SCNMT. First, SCNMT is 

applied on MS3110 to measure its noise. Then, we continue our experiments on 

different stages of the reader boards to determine each stage noise contribution. Finally, 

sensors are connected to reader boards, and sensors noises are measured using two 

different reader boards (high resistance and low resistance). 

 Meeting noise requirements is crucial for a high sensitive system like µg MEMS 

accelerometer. This chapter novelty is that, thanks to spectral coherence noise 

measurement technique, we will be able to measure noise density of implemented 

reader boards, and fabricated µg MEMS accelerometers to see if they meet design 

features in terms of noise level. We will also be able to determine which sensor and 

reader board has the lowest noise. So we will determine which accelerometer system 

has the best performance in terms of noise. 

5.1   MS3110 experiment 

As explained in section 4.3.1, MS3110 is a commercial capacitive readout IC, 

which is designed for MEMS sensors. Here, we measure its noise in experiment.  
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Figure 5.1 is the recorded data of the output of MS3110. The data is recorded in 

1s time range and 1  sampling rate. So due to Nyquist theorem, the spectral data 

calculated in SCNMT has 500 KHz frequency range (Equation 3.9). The bandwidth of 

MS3110 is programmed on 5 KHz. So we expect that the output noise drops after 5 KHz 

 
Figure 5.1: Recorded data of the output of MS3110 chip. 

Figure 5.2 shows the measured noise of MS3110 using SCNMT. We use the 

sensitivity of the chip (2.5 ) in the calculations to convert noise unit from 
√

 to  
√

.  As 

expected, the noise starts to drop after 5 KHz, because the bandwidth of the chip is 

programmed on 5 KHz. The measured noise for MS3110 chip (9.04 
√

) is not proper for 

a µg accelerometer system. Moreover, we see that the value measured in experiment 

(3.6 
√

) is close to the typical value reported on the device datasheet (4 
√

) [44].  



CHAPTER 5. EXPERIMENTAL RESULTS 66 
 

 

 

Figure 5.2: Measured noise density of MS3110 chip. MS3110 noise density between  

3 Hz and 5 KHz = 9.04 
√

 ≡ 3.6 
√

 

As expected (section 4.3.1), MS3110 does not meet the noise requirements of µg 

accelerometer system. So we continue to measure noise of implemented reader boards. 

5.2   Interface circuit experiments 

After doing analytical study and simulation, we try to measure noise density of 

interface circuits by recording outputs from different stages of the circuits, and use 

SCNMT to measure their noise density. To setup the experiment, we attach noiseless 

capacitor board (Figure 4.3) as the input to reader boards. Then we connect the input 

signal to the capacitor board. We divide this experiments into three sections based on 

the output in which the data is recorded. 

5.2.1   Front-end amplifier output 

First, we take data from output of the amplifier stage of reader boards. The data 

is taken in 10ms time range with 100  sampling rate using LeCroy 42Xs-A wave surfer 

(Figure 4.2). Figures 5.3 and 5.4 show the recorded data of the output of amplifier stage 

of HRIE and LRIE, respectively. Input signals used for reader boards have different 



CHAPTER 5. EXPERIMENTAL RESULTS 67 
 

 

frequencies. This is because the frequency is set at the frequency in which highest 

sensitivity is achieved, and this frequency is different in HRIE and LRIE circuits. The 

recorded data (the output of amplifier) has the same frequency with the input signal. 

Figure 5.3: Recorded data for the output of HRIE amplifier stage. 

 

Figure 5.4: Recorded data for the output of LRIE amplifier stage. 

Applying these recorded data in SCNMT, we will have the following noise density 

waveforms for the amplifier stage of the reader boards (Figures 5.5 and 5.6). Compared 

to simulation results in Figures 4.18 and 4.19 with the data acquired in experiment by 

SCNMT, not only the noise levels are close to simulation results, but also the noise 

spectrums throughout the frequency range are similar. For instance, for LRIE amplifier 

noise density (Figure 5.6), we see a resonance around 2 MHz, which can also be 

observed in noise simulation result (Figure 4.19). The other important point is that 

although in most frequencies HRIE amplifier has more noise level than LRIE amplifier, 

but at the operating frequency (~ 2 MHz), due to a resonance in LRIE amplifier noise, it 

has more noise.  
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Figure 5.5: Measured noise density for amplifier of HRIE circuit. HRIE amplifier noise 

density between 400 Hz and 50 MHz = 16 
√

 

 

 

Figure 5.6: Measured noise density for amplifier of LRIE circuit. LRIE amplifier noise 

density between 400 Hz and 50 MHz = 196 
√
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5.2.2   Multiplier output 

As was explained in multiplier noise analysis (section 4.4.3), we need to tune the 

amplitude of the external signal coming to amplifier to √2 ≈ 1.414 푉 to make the output 

noise of multiplier stage equal to instrumental noise of multiplier chip that is reported 50 

√
 on AD835 datasheet [49]. Then, we record data from output of multiplier stage of 

reader boards, and use these data in SCNMT to measure noise contribution of multiplier 

stage of reader boards. Figures 5.7 and 5.8 illustrate the recorded data for the output of 

multiplier of reader boards. Like the last experiment, the data is recorded in 10ms time 

range with 100  sampling rate  Since the amplified input signal is multiplied by a signal 

which has the same frequency, the recorded data frequency is twice of the input signals 

frequency of sensors.  

 
Figure 5.7: Recorded data for the output of HRIE multiplier stage. 

 
Figure 5.8: Recorded data for the output of LRIE multiplier stage. 

Using the recorded data for multiplier stage output of the reader boards in 

SCNMT, we can measure noise density of multiplier stage of each reader board. Figures 

5.9 and 5.10 show the noise density for amplifier-multiplier systems. Since the stages 

work independently from each other, using the values for noise density of amplifier 
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(Figures 5.6 and 5.7), we can calculate noise density of multiplier stage by subtracting 

the output noise power of multiplier-amplifier system from output noise power of 

amplifier, which gives 55 
√

 and 67 
√

 for HRIE and LRIE circuits, respectively.  

 
Figure 5.9: Measured noise density for amplifier-multiplier system of HRIE. System noise 

density between 400 Hz and 50 MHz = 57 
√

, Multiplier noise density between 400 Hz 

and 50 MHz = 55 
√

 

 
Figure 5.10: Measured noise density for amplifier-multiplier system of LRIE. System 

noise density between 400 Hz and 50 MHz = 207 
√

, Multiplier noise density between 

400 Hz and 50 MHz =  67
√
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Considering the typical noise value reported on AD835 datasheet (50 
√

 for zero 

inputs), the values measured in experiment are similar to the typical noise density of 

AD835 multiplier chip. In addition, from Figures 5.9 and 5.10, in operating frequency of 

multiplier stage, the amplifier-multiplier system of LRIE has higher noise density. So we 

expect that LRIE system to have higher noise density. 

5.2.3  Reader board output 

Now we record the data from output of the reader boards which is after low pass 

filter. Using these data will give us the noise density of the whole reader board system. 

We use National Instruments PXI 4462 A/D Sampler which has higher resolution (24 

bits) [40] and lower noise which give better accuracy for measurement results. Figures 

5.11 and 5.12 show the recorded data of the output of HRIE and LRIE reader boards. 

The data are taken in 1s time range with 200  sampling frequency. Comparing peak to 

peak noise amplitudes for reader boards (0.8 mV for HRIE and 4.5 mV for LRIE), we can 

make an early prediction that LRIE circuit has more noise. 

 
Figure 5.11: Recorded data for the output of HRIE circuit.  

 
Figure 5.12: Recorded data for the output of LRIE circuit. 
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Using these data in SCNMT, we can have noise density of reader bards (Figures 

5.13 and 5.14). As expected, the noise density drops after filter cut-off frequency (∿ 5 

KHz), and reaches a minimum that is set by AD8028 OpAmps used in low-pass filter 

circuit. The reason for high output noise density for LRIE (Figure 5.14) is that the circuit 

operates at the frequency in which gain and sensitivity are maximum, and this high 

amount of gain results in having high noise density. These values will be later used to 

calculate noise density of capacitive accelerometers. 

 

Figure 5.13: Measured noise density for HRIE circuit. HRIE noise density between 3 Hz 

and 5 KHz = 76 
√
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Figure 5.14: Measured noise density for LRIE circuit. LRIE noise density between 3 Hz 

and 5 KHz = 1.11 
√

 

Based on the values measured for noise density of reader boards, HRIE has less 

noise than LRIE, and in terms of noise level, HRIE is more suitable for µg MEMS 

accelerometer system. Now that figured out which interface electronics has the lowest 

noise, we will continue our research to determine which sensor has the lowest noise 

among fabricated sensors. 

5.3   Sensors Experiments 

Now we have the noise density of reader boards, we can attach the sensors to 

reader circuit, and calculate the noise densities of sensors. We divide this section (5.2) 

into two parts: 1) Sensors experiments using HRIE circuit, 2) Sensors experiments using 

LRIE circuit. So in each section, we change sensors while interface electronics remains 

the same. 

The other important point is that since our data is voltage, calculating noise 

density of sensors gives noise density of sensors in 
√

 unit. Because these are 

acceleration sensors, we need to convert noise density to 
√

. To do so, we need to 
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measure the sensitivity of each sensor-interface electronics system and use it in 

calculations. In order to measure sensitivity, we apply –g and g acceleration to systems 

and measure their outputs. Table 5.1 shows the measured sensitivity for sensor systems 

using HRIE and LRIE reader boards.  

Sensor 
Number 

Sensitivity Using HRIE 
Reader Board ( ) 

Sensitivity Using LRIE 

Reader Board  ( ) 

Capacitor Gap 
(µm) 

2 165 199 7 

7 167 214 7 

8 337 372 5 

11 172 214 7 

Table 5.1: Sensitives for different sensor systems using HRIE and LRIE reader boards. 

As seen in the table, Sensor 8 has higher sensitivity which is an advantage for a 

µg accelerometer. In addition, we realize LRIE board has slightly higher sensitivity which 

makes it a slightly better interface electronics in terms of sensitivity. 

5.3.1   Sensors experiments using HRIE circuit 

Figures 5.15 to 5.18 show the recorded outputs for HRIE circuit using different 

sensors. All data are taken in 1s time range and 200  by NI PXI 4462 A/D sampler. 

The input acceleration in all cases is zero g. 
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Figure 5.15: Recorded data for the output of HRIE circuit using sensor 2.  

 
 Figure 5.16: Recorded data for the output of HRIE circuit using sensor 7. 

 
Figure 5.17: Recorded data for the output of HRIE circuit using sensor 8 

.  

Figure 5.18: Recorded data for the output of HRIE circuit using sensor 11. 
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Using the recorded data in SCNMT, we can measure noise density of sensor- 

reader board system. Since we already have noise density of HRIE (76.47
√

), we can 

calculate noise density of each sensor, and convert it to 
√

 using system sensitivity. 

Figures 5.19 to 5.22 show the noise density of systems using different sensors with 

HRIE reader board. 

 
Figure 5.19: Measured noise density of the system using sensor 2 with HRIE. System 

noise density between 3 Hz and 5 KHz = 310 
√

 ≡ 1.88 
√

, Sensor 2 noise density 

between 3 Hz and 5 KHz = 301 
√

 ≡ 1.8 
√
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Figure 5.20: Measured noise density of the system using sensor 7 with HRIE. System 

noise density between 3 Hz and 5 KHz = 372 
√

 ≡ 2.23 
√

, Sensor 7 noise density 

between 3 Hz and 5 KHz = 364 
√

 ≡ 2.2 
√

 

 
Figure 5.21: Measured noise density of the system using sensor 8 with HRIE. System 

noise density between 3 Hz and 5 KHz = 138 
√

 ≡ 0.41 
√

 , Sensor 8 noise density 

between 3 Hz and 5 KHz = 115 
√

 ≡ 342 
√
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Figure 5.22: Measured noise density of the system using sensor 11 with HRIE. System 

noise density between 3 Hz and 5 KHz = 457 
√

 ≡ 2.66 
√

, Sensor 11 noise density 

between 3 Hz and 5 KHz = 451 
√

 ≡ 2.6 
√

 

5.3.2   Sensors experiment using LRIE circuit 

Like the section 5.3.1, we perform experiments on sensor systems by changing 

sensors while using LRIE board. Figures 5.23 to 5.26 illustrate recorded outputs of LRIE 

circuit using different sensors. The recording setup is completely similar to the last 

experiments. (Data taken in 1s time range and 200  by NI PXI 4462 A/D sampler, input 

acceleration in all cases: zero g) 

 
Figure 5.23: Recorded data for the output of LRIE circuit using sensor 2. 
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Figure 5.24: Recorded data for the output of LRIE circuit using sensor 7. 

 
Figure 5.25: Recorded data for the output of LRIE circuit using sensor 8.

 
Figure 5.26: Recorded data for the output of LRIE circuit using sensor 11. 

Using the recorded data in SCNMT, and considering noise density of LRIE circuit 

(1.11 
√

) and systems sensitivities using LRIE reader board (Table 5.1), we can 

calculate noise density of sensors. Figures 5.27 to 5.30 show the noise density of sensor 

system using different sensors with LRIE reader board. 
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Figure 5.27: Measured noise density of the system using sensor 2 with LRIE. System 

noise density between 3 Hz and 5 KHz = 1.17 
√

, Sensor 2 noise density between 3 Hz 

and 5 KHz = 376 
√

 ≡ 1.9 
√

 

 
Figure 5.28: Measured noise density of the system using sensor 7 with LRIE. System 

noise density between 3 Hz and 5 KHz = 1.20 
√

, Sensor 7 noise density between 3 Hz 

and 5 KHz = 471 
√

 ≡ 2.2 
√
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Figure 5.29: Measured noise density of the system using sensor 8 with LRIE. System 

noise density between 3 Hz and 5 KHz = 1.12 
√

, Sensor 8 noise density between 3 Hz 

and 5 KHz = 136 
√

 ≡ 365 
√

 

 
Figure 5.30: Measured noise density of the system using sensor 11 with LRIE. System 

noise density between 3 Hz and 5 KHz = 1.23 
√

, Sensor 11  noise density between 3 

Hz and 5 KHz = 572 
√

 ≡ 2.7 
√
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5.4   Experiments summary 

Tables 5.2 shows the experimental results for noise of reader boards. The 

commercial reader board (MS3110) has too much noise, so it is not proper for a low 

noise sensor such as µg accelerometer. Among designed reader boards (high 

resistance and low resistance), HRIE has lower noise than LRIE. Although LRIE board 

has slightly more sensitivity (Table 5.1), it is not considerable to its much higher noise 

density. Therefore, in terms of noise, HRIE is a better interface electronics for MEMS 

accelerometer system. 

Interface Electronics Measured Noise Density (
√

) 

MS3110 24.10 

High Resistance 0.226 

Low Resistance 3.064 

Table 5.2: Measured noise density for different interface electronics. 

Tables 5.3 summarizes the results for noise of sensors using high resistance and 

low resistance interface electronics. Comparing the results in Table 5.3, for the two 

experiments, the value for noise density of sensors in 
√

 unit are quite similar, and have 

less than 7% difference. This shows the accuracy of SCNMT that although we used 

different interface electronics, the value for noise density of sensors are quite the same. 

By evaluating the results for system sensitivity in Table 5.1, we realize that sensor 8 has 

higher sensitivity compared to others. Now by comparing the noise density values in 

Table 5.3, sensor 8 has the lowest noise density compared to others. Thus, considering 

sensitivity and noise density, which are two important features of a sensor, sensor 8 is 

the best µg MEMS capacitive accelerometer among fabricated sensors. 
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Sensor 

Number 

Measured Sensor Noise  

Using HRIE(
√

)  

Measured Sensor Noise   

Using LRIE (
√

) 

2 1.8 1.9 

7 2.2 2.2 

8 0.34 0.36 

11 2.6 2.7 

Table 5.3: Measured noise for MEMS accelerometers  

using high resistance and low resistance interface electronics. 

To summarize all the experiments conducted on fabricated sensors and reader 

boards, the system using sensor 8 and high resistance interface electronics has the 

lowest noise among available µg accelerometer systems. In addition, Table 5.4 is the 

summary for the theoretical, simulated, and measured noises for different sensors and 

interface electronics studied in this research. All noise values are normalized to 
√

. As it 

is seen in this table, in case of circuits (MS3110, HRIE/LRIE amplifier, HRIE/LRIE), the 

measured noise is similar to the simulated and theoretical noise. But when it comes to 

microsensors and microsystems, the measured noise has considerable difference with 

the theoretical noise. This is mainly because of non-idealities and fabrication variations 

in microfabrication processes of microsensors. 
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System  Theoretical Noise 
(
√

) 
Simulated Noise 

(
√

) 
Measured Noise 

(
√

) 

Sensor 8 0.61 NA 0.35 

Sensor 2 0.61 NA 1.8 

Sensor 7 0.61 NA 2.2 

Sensor 11 0.61 NA 2.6 

MS3110 26.6 NA 24.1 

HRIE Amplifier 0.04 0.04 0.05 

LRIE Amplifier 0.48 0.48 0.53 

HRIE Reader Board  0.15 0.15 0.23 

LRIE Reader Board  0.49 0.49 3.0 

Microsystem with 
Sensor 8 and HRIE 

0.63 NA 0.41 

Microsystem with 
Sensor 2 and HRIE 

0.63 NA 1.88 

Microsystem with 
Sensor 7 and HRIE 

0.63 NA 2.23 

Microsystem with 
Sensor 11 and HRIE 

0.63 NA 2.66 

Table 5.4:  Summary for theoretical, simulated, and measured noises for  

sensors, interface circuits, and microsystems.  
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Chapter 6  

Conclusions and Future Works 

 In this research, a technique was described that is useful for measuring noise of 

sensors and circuits. This technique has some important advantages: 

 It only needs two recorded signals in time domain at the output of the sensors or 

circuits, and there is no need for instruments that work in frequency domain. 

 The technique can be used for a variety of sensors and circuits.  

 It has high accuracy in measuring the noise, as in all the experiments in this 

thesis, the measured values and frequency spectrums using the technique are 

completely similar to the theoretical values, or simulation results. 

 Not only we can realize the value for average noise density, but also we can 

figure out the noise density spectrum, so we are able to study noise behavior in 

terms of frequency. 

After explaining the Spectral Coherence Noise Measurement Technique, we first 

verify the technique in simulated environment by using some defined noise sources, and 

compare the calculated results with the defined values. Then, we apply the technique 

practically to a commercial sensor, ADXL 203 accelerometer. The result of using 

SCNMT is similar to the theoretical value in ADXL 203 datasheet. 

Afterwards, µg accelerometer systems which consist of capacitive accelerometer 

followed by interface electronics are explained. Then, interface electronics design is 

thoroughly elucidated. In addition, analytical calculations and simulations in LTSpice are 

done to understand each stage noise contribution in interface electronics. The simulation 

results were in agreement to analytical calculations. 



CHAPTER 6. CONCLUSIONS AND FUTURE WORK 86  

 

Finally, we used SCNMT in experiment to measure noise density of available 

reader boards and sensors. We first used the proposed technique for MS3110 to verify 

the hypothesis that it is too noisy for µg accelerometers. Then, we used the technique in 

different stages of the reader boards (front-end amplifier, multiplier) to determine each 

stage noise contribution. The results are completely in agreement with the analytical 

equations, noise simulations, and reported data in multiplier chip (AD835) datasheet. 

The results for noise density of each sensor using different electronic interface are 

similar which verifies SCNMT accuracy in measuring noise of sensors. Analyzing the 

results in terms of noise density, we realized that sensor 8 and high resistance interface 

electronics have the lowest noise density, and are the best sensor and electronic 

interface that can be used among available sensors and reader boards for µg 

accelerometer system. 

6.1  Future works 

The sensors used in this research were the 2nd prototype of fabricated sensors 

for the µg accelerometer project. SCNMT can be used for further generations of µg 

accelerometers system, including 3rd fabricated prototypes which have better sensitivity 

and bandwidth. By doing so, we can realize that whether improving other factors such as 

bandwidth, mass, etc., improves sensor noise or not. 

In addition, the effect of vacuum packaging can be studied on noise level of 

sensors. The sensors used in this research had almost the same vacuum pressure in 

the package. To study the effect of vacuum packaging on noise density of sensors, 

same sensors with different package pressures can be fabricated, and we can measure 

their noise density thanks to SCNMT. In terms of electronic interface, we chose a 

relatively low noise- high bandwidth OpAmp (OPA656) for the front-end amplifier. We 

can further investigate to search for other OpAmps that result in lower reader board 

noise. Moreover, there are other low noise multipliers other than AD835 that their effect 

on noise density of electronic interface can be further investigated. 
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Appendix A  

Spectral Coherence Noise Measurement Technique 
MATLAB Code 

The procedure for implementing Noise Measurement Technique in MATLAB is 

described in the below flowchart. 
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Here is the MATLAB code accompanied by explanatory comments for Spectral 

Coherence Noise Measurement Technique: 

clc; 

close all; 

clear all; 

xstop= 1; % Data time range (second) 

T= 5*10^-6; % Sampling time (second)) 

y1= csvread('560s.csv',6,1,[6,1,1000005,1]); % Read first recorded output 

y2= csvread('561s.csv',6,1,[6,1,1000005,1]);% Read second recorded output 

L = length(y1); % Data length 

t= T:T:L*T; % Time vector 

Fs = 1/T; % Sampling frequency 

Y1= pwelch(y1); % Calculate PSD of first output 

Y2= pwelch(y2); % Calculate PSD of second output 

Y12= cpsd(y1,y2); % Calculate cross spectral density of signals 

S= length(Y1); % Window length 

f = Fs/2*linspace(0,1,S); % Frequency vector 

gama= zeros(S,1); %Spectral coherence array 

NoSiR= zeros(S,1); %Noise to signal ratio array 

No= zeros(S,1); %Noise array 

for i=1:S 

gama(i)= abs(Y12(i))^2/(abs(Y1(i))*abs(Y2(i))); % calculating spectral coherence 
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NoSiR(i)= (1-sqrt(gama(i))); % Calculating noise to signal ratio 

No(i)= Y2(i)*NoSiR(i); % Calculating noise 

end 

P1= mean (y1); % Average value of time-domain input  

figure (1); 

plot(t,y1); % Plot recorded output in time domain   

title('Output time domain'); xlabel('time (s)'); ylabel('Amplitude (V)');  

figure; loglog(f,No); % Plot noise spectrum 

title('Noise spectrum); xlabel('frequency (Hz)'); ylabel('Amplitude (V/sqrt (Hz))'); 

disp(['Sampling frequency = ',num2str(Fs)]); 

disp(['Avg = ',num2str(P1)]); 
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