
 
 

 

 

 

 

DESIGN AND ANALYSIS OF A FIRST-ORDER 

SIGMA-DELTA CONVERTER WITH CMOS-

MEMS DIFFERENTIAL CAPACITIVE SENSOR 

BY 

MA LI YA 

A dissertation submitted in fulfilment of the 

requirement for the degree of Master of Science 

(Electronics Engineering) 

Kulliyyah of Engineering 

International Islamic University 

Malaysia 

JANUARY 2012 



ii 
 

ABSTRACT 

 

 

 

 
This dissertation presents the design and analysis of a MEMS accelerometer and its 

accompanying interface circuitry. The interface circuit is a sigma-delta (Σ-Δ) analog-

to-digital converter (ADC) which is capable of converting an analog low voltage (in 

mV range) and low frequency signal into digital signals. The first-order 1-bit Σ-Δ 

ADC is designed and simulated using MATLAB
®
 and Cadence

TM
 Spectre design 

tools. Σ-Δ converters are preferred for MEMS applications due to its capabilities of 

processing low output voltages from MEMS sensors and its noise-shaping techniques 

which push the noise outside the bandwidth of the baseband signals. The MEMS 

accelerometer is designed as a CMOS-MEMS differential capacitive sensor. The 

usage of CMOS technology to form the sensor allows integration of the MEMS sensor 

with its ADC interface circuitry together on the same chip. Each component in the 

converter is designed and simulated separately using Silterra 0.13um CMOS process 

technology. Simulation results indicate agreement with the theoretical evaluations. 
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CHAPTER  ONE 

                                      INTRODUCTION 

 

1.1 BACKGROUND 

Sensors are fundamental elements in all the instruments and circuits employed for 

measurement and monitoring purposes. They are extensively applied for measurement 

and control both in scientific and industrial fields. With the development of circuit and 

fabrication technology, particularly with the advances in very large scale integrated 

(VLSI) technology it has been possible that both sensors and the electrical signal-

processing circuitry to be placed on the same chip resulting in reduced size and 

parasitic effects.  

An analog-to-digital converter (ADC) is a signal-processing circuit, which 

produces an ideal digital output from an analog input. Conventional ADC suffers from 

inherent quantization errors which result from the fact that a signal sample is assumed 

to be of the same quantity over its entire sampling interval (Tropp, et al., 2010). The 

larger the number of bits produced by an ADC in the digital output, the smaller the 

quantization error, but at the cost of a more complex circuitry. 

ADCs can be typically categorized into two types, (i) conventional ADCs and 

(ii) oversampling ADCs (Aziz, et al., 1996). Each type has its own advantages and 

disadvantages, according to their circuit’s sample and hold delay, quantization error 

and speed. Most of the conventional ADCs, such as the successive approximation 

converter, sub ranging or pipelined converter, and flash converter types quantize 

signals sampled at (or slightly above) the Nyquist rate  Bs ff 2  (Aziz, et al., 1996). 

These converters are usually called as Nyquist rate pulse code modulation (PCM) 



2 
 

converters. The other set of converters, such as sigma-delta (Σ-∆) converter, is 

basically an oversampling converter. Such converters operate much faster than the 

Nyquist rate converters (typically 20 to 512 times faster) with an increased signal-to-

noise ratio (SNR) by filtering out quantization noise that is not in the signal’s 

bandwidth (Johns & Martin, 1997). Figure 1.1 shows the tradeoffs between the signal 

bandwidth and the output of conversion resolution of some ADC techniques.  

 

 
 

Figure 1.1: Bandwidth and resolution tradeoffs (Aziz, et al., 1996). 

 

 

 

Figure 1.1 illustrates that a Σ-∆ converter can provide the highest conversion 

resolution, using very low frequency bandwidths. These properties are properly suited 

for converting signals from the micro sensors, such as micro-electro-mechanical 

system (MEMS) sensors, or biomedical sensors.   

A MEMS sensor’s output is characterized by its slow varying outputs with 

frequencies ranging from 10Hz to 200 kHz and its magnitude in the order of some 
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micro (or milli) volts. This type of signal has a larger chance to be corrupted by field 

(or noise) external to it. The usage of a high resolution ADCs is especially important 

for processing of signals rich in contents where even quantization error loss of the 

signal is considered to be an unaffordable element. 

The Σ-∆ converter is a popular signal conversion technique for obtaining high 

resolution digital output of an input signal with relatively small bandwidth. It 

performs noise-shaping where the noise function is forced to have low magnitude at 

the baseband and higher magnitudes at high frequencies (Aziz, et al., 1996). Σ-∆ 

topology does not limit the number of bits, but the cost is exponentially raising 

dependent on the number of bits produced. It requires small bit (1-bit or 2-bit) internal 

quantization. This allows the quantizer to be realized as a 1 or 2-bit comparator, 

leading to considerably simplified analog circuitry. It also has inherent linearity and 

high tolerance to sources of errors stemming from circuit imperfections (Abbiati, et al., 

2004). 

 

1.2 PROBLEM STATEMENT AND ITS SIGNIFICANCE 

An ADC is used to obtain the digital equivalent of a given data carrying analog signal 

derived from a transducer. This conversion is required to be as error free as possible. 

Once digitized, the signals can be efficiently transmitted as compared to its analog 

partner that may suffer from losses. Also, a digitized signal is easy to be stored with 

no error and simple use of electronics. Small size, low cost, and high resolutions are 

desirable features to be achieved during the conversion process. 

For Nyquist rate converters (or traditional converters), each signal sample is 

quantized at the full precision or resolution of the converter. This kind of converters 

essentially obtains output by comparing the input voltage to various reference levels. 
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The resolution of such converters implemented on VLSI chip is limited by the 

technology on which these chips are fabricated (Aziz, et al., 1996). These samples, for 

example are quantized by the digital code from 000 to 111 in the case of a three-bit 

ADC, in other words a given analog signal sample is regarded as one out of eight 

levels. As such samples are being categorized by resistive and capacitive elements, 

any mismatch in the resistors or capacitors results in loss of conversion accuracy. For 

an n-bit resolution converter, the number of matching components is at least 2
n
 

samples. The realization of accurate resistive and capacitive values in VLSI 

technology is a challenging task and an extremely high cost, especially in case of for 

high resolution requirement. However, for oversampling Σ-∆ converters, they employ 

only a simple two-level quantizer, embedded within a feedback loop (Norsworthy, et 

al., 1996). This technique makes such converters especially insensitive to circuit 

imperfections and components mismatching. That means using current integrated 

circuit technology to attain high resolution Nyquist rate converters is a real 

challenging task in chip fabrications. 

This work intends to integrate the oversampling ADC together with a MEMS 

sensor on the same chip. There have been several reported designs focusing on Σ-∆ 

modulators, such as those reported in (Nordin & Zaghloul, 2002) and (Park & Perrott, 

2009). They use different processing, and are fabricated in 1.6μm CMOS technology 

(Nordin & Zaghloul, 2002) and in 0.18μm CMOS as in (Park & Perrott, 2009). The 

works in (Amini & Ayazi, 2004) and (Oysted & Wisland, 2005) are the designs of Σ-∆ 

converter with sensor together, their CMOS technology and power supply make them 

not to be the best choice. In order to make the integrated circuit (IC) area smaller with 

less power consumption, as well as less chip cost, the smaller design technology with 

the minimum voltages supply is required.  
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The significance of this work lies in its application in cases where the signal of 

interest is too weak to be retrieved in full. The design consists of two major blocks: a 

CMOS-MEMS differential capacitive sensor and a Σ-∆ ADC, which are worked out 

together on a single chip and implemented in Silterra 0.13um CMOS standard 

technology. The MEMS differential capacitive sensor designed here is used in 

accelerometers and similar pressure sensing devices such as air bag used as an impact 

detecting device. The primary significance of this work lays on the improved 

resolution, reduced power supply design and chip design dimensions. 

 

1.3 RESEARCH OBJECTIVES 

This dissertation focuses on the design and analysis of a novel on-chip Σ-∆ converter 

integrated with a MEMS differential capacitive sensor in 0.13μm CMOS 

(complementary metal-oxide-semiconductor) technology. The novelty of this work 

lays in the integration of the Σ-∆ ADC and the MEMS sensor on the same chip. Full 

integration eliminates bond-wire parasitic which results in noise minimization and 

shrinking of the device size. The objectives of this work are summarized as follows. 

i. To design a MEMS differential capacitive acceleration sensor using 

Silterra’s 0.13μm CMOS process. 

ii. To design a first-order 1-bit Σ-∆ ADC based on 1.2V Silterra’s 0.13μm 

CMOS technology, using MATLAB and Cadence. 

iii. To integrate the developed ADC with the on-chip MEMS sensor. 

iv. To evaluate the performance of the developed ADC with respect to the 

following parameters: linearity, resolution, noise immunity and power 

consumption. 




