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Abstract 

With the fast development of telecommunications, more and more VLSI chips are 

required to have small size, low power supply and wide dynamic range. Systems which 

include analog and digital circuits can be integrated on the same chip using the standard 

digital CMOS technology. Voltage mode circuits face the problems both in economic and 

technique. Current mode technique attracts researchers' attention because of its advan­

tages over the voltage mode technique. 

The research in this thesis can be divided into two parts. The first part is on the study 

of one of the basic building blocks in current mode technique, namely, the dynamic cur­

rent mirror. The second part is on the analysis and design of a pipeline stage used in an 8-

bit current mode AID converter. 

The research on the dynamic current mirror primarily focused on error analysis, as 

well as circuit design. Several methods to reduce the errors are presented. Regulated-cas­

cade dynamic current mirror is adopted in this work. 

An 8-bit current mode AID converter is based on multistage and pipeline architec­

ture. Each stage completes one 2-bit conversion. Because of this structure, the speed of the 

circuit is increased. Since the circuit in each stage is the same, a module has been designed 

and used for every stage. The research on the pipeline stage begins with the analysis and 

design of subsystem circuit blocks. Some of them are based on another current mode cir­

cuit - adaptive bias cascade current miITor. Each circuit block in the pipeline stage was 

simulated using Spectre within Cadence graphics. One channel of the converter was simu­

lated and it is capable of 8-bit resolution and 355 kHz conversion rate. If 7 parallel chan­

nels are used, the sampling rate can be increased to 2.5 MHz. 
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Chapter 1 

Introduction 

1.1 Current Mode Technique 

In the last decade, telecommunications have been developing very fast. Microelec­

tronics is one of the fastest growing industries in the world. Small size, high speed, wide 

dynamic range and low power consumption become the main trends in chip design. As the 

IC chip size is getting smaller and smaller, the feature size has been scaled into the sub­

micron range. This demands lower voltage. The supply voltage has gone down from 5 V 

to 3.3 V and finally to 1 V. For the digital circuits, the design techniques oflow voltage are 

not very different from the ones which operate with a higher voltage. But for the analog 

circuits, the design techniques are quite different [1]. Besides, under the low voltage cir­

cumstance, the dynamic range of voltage mode circuits will be reduced greatly due to the 

limited voltage swing. Now more and more mixed-signal circuits can be integrated on the 

same chip by using the standard digital CMOS technology. Although a lot of problems 

have been solved by using switched-capacitor (SC) technique, this technique still requires 

linear capacitors which are obtained by using non-standard process, such as double-poly­

silicon process. Therefore it increases the fabrication complexity. All these requirements 

make the conventional voltage mode circuit with high linearity and wide dynamic range to 

face great challenge and push people to think about other possible approach - current 

mode technique. 

Current mode technique is the technique which uses current to represent the signal in 
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circuits. It is called switched-cuITent (SI) technique when used in the sampled-data signal 

processing circuits. 

CuITent mode circuits have many advantages over the voltage mode circuits [2]. 

Firstly, because of the non-linear relationship between the cuITent and the voltage in 

MOSFET transistors, a small change in the input or controlling voltage results in a much 

larger change in the output current. Thus for a fixed power supply, the dynamic range of 

current mode signal is much larger than that of voltage mode signal. If the supply voltage 

is made lower, one still can get required signals represented by current. Hence the power 

consumption of the chip can be reduced. This satisfies the requirement of lower power 

supply and low power consumption in the chip design. 

Secondly, current mode circuits are much faster than voltage mode circuits. In a cir­

cuit, parasitic capacitances always exist. They must be charged or discharged with the 

changing voltage level. In current mode circuit, a change in the cuITent level flowing 

through any node is not necessarily accompanied by a change in the voltage level at that 

node. Hence the parasitic capacitances wi ll not degrade the circuit's maximum operating 

speed. 

Thirdly, current mode circuit has a wider band frequency response. Sampled-data 

current mode circuits can potentially operate at high frequencies due to the low-imped­

ance wide-band nodes of the current mirrors. 

Fourthly, current mode circuit will not require closely matched or high performance 

resistors and capacitors. So the special process options are not necessary. They are able to 

be implemented with the digital circuits in the same chip using the standard digital CMOS 

process. This also reduces the cost of the chip. 

Finally, in some applications, the output signals of the detectors or transducers are 

inherently currents. Using current mode technique can simplify the circuit and hence 

reduce the design complexity and cost. 

1.2 Basic Building Blocks 

The earliest building block of current mode circuit is cuITent conveyor presented by 
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K. C. Smith and A. S. Sedra in 1968 [3]. Two years later, they designed the second gener­

ation of current conveyor [ 4]. In 1975, B. Gilbert proposed the translinear principle [5]. 

These circuits attracted people to think about the current mode design techniques. 

In current mode circuits, the most basic building block is the simple MOSFET cur­

rent mirror (Figure 1. 1) [ 1]. This is a current-controlled current source (CCCS). M 1 and 

M2 are mirror transistors. In practical analog signal processing systems, designers have 

developed several other current mirror circuits, such as cascode current mirror and regu­

lated-gate cascode current mirror, etc. Sampled-data signal processing requires four basic 

operations: inversion, scaling, summation and delay. By using the conventional current 

mirror, the first three functions can be achieved. The function of delay can be implemented 

by using current mode track-and-hold (T/H) circuit and a dynamic current mirror. 

The T/H circuit (Figure 1.2) [I] introduces one extra transistor M3 between the gates 

of the mirror transistors M 1 and M2. The gate ofM3 is controlled by a clock. This is a very 

widely used building block. However, like the simple current mirror, the exact production 

of the input current depends on the precise matching of transistors M 1, M2 and the two 

bias cmTent sources I I and I2. Dynamic current mirror (Figure 1.3) can solve the problem 

of device mismatch by using only one transistor instead of two. 

Dynamic current mirror is also called "current copier cell" and "current memory 

cell". It was first presented by S. J. Daubert et al. in 1988 [6]. This circuit is able to copy 

and multiply an imposed input current which contains the information (bias or signal). 

The reproduced output current is available for any subsequent processing. Both T/H cir­

cuit and dynamic current mirror are the applications of the dynamic analog technique 

which is derived from the "dynamic logic circuits" . The gate control voltage of a MOS­

FET can be stored on a capacitor for a period of time. This is used to simplify digital cir­

cuits by temporarily maintaining established logic states as voltages across capacitors. By 

using this technique, the number of transistors can be reduced, the circuit is simplified and 

the chip size can be decreased. The dynamic techniques are widely used in digital systems. 

Dynamic analog technique is similar to the dynamic digital technique. The analog voltage 

is stored on a capacitor for a period of time. Because of using such a technique, the 



CHAPTER 1 INTRODUCTION 4 

requirement for matched transistors and linear capacitors are unnecessary. The circuit 

accuracy of dynamic current mirror is mainly affected by the following four error 

sources: charge injection from switches, clock feedthrough effect, channel length modula­

tion and junction leakage current from the MOSFET switches. Many efforts have been 

made to improve the precision of the basic dynamic current mirror [2, 6 - 13]. 

' 2 
II 

iout 

i2 

Ml M2 

Figure 1.1 Simple Current Mirror 

11 12 
iin i out 

Cl) 

1 
Ml 

M3 
M2 

Figure 1.2 Track-and-Hold (T/H) Circuit 
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1.3 Applications 

I• 
In 

Figure 1.3 Dynamic Current Mirror 

5 

Cun-ent mode technique has developed very fast recently. A lot of research have 

been done on cun-ent mode circuit designs. In digital signal processing and counting, cur­

rent mode CMOS multiple-valued logic (MVL) circuits have been receiving great atten­

tion. In 1983, D. A. Freitas and K. W. Current introduced such circuits showing that they 

were compatible with the requirements for VLSI circuits [ 14, 15]. Since then, many 

approaches to realize them have been discussed. Designers found that many logical and 

arithmetic functions have been shown to be more efficiently implemented with MVL. 

Also MVL has potential applications in neural network realizations. 

Cun-ent mode analog circuits have been used greatly in analog signal processing. 

Many cun-ent mode subcircuits, such as comparators, operational amplifiers, multipliers, 

integrators and differentiators, etc, have been designed and used to implement switched­

current filters and switched-current data converters. 

In the applications of high frequency digital communications, continuous-time filters 

are prefen-ed compared to switched-capacitor or digital filters [ 16]. These applications 

typically require the lowpass filters with the cutoff frequencies over 100 MHz and the 

dynamic range specification on the order of 35 to 60 dB. Many continuous-time filters 
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based on current mode technique have been proposed [ 16 - 23]. The basic building block 

in current mode filters is the current mode differentiator or integrator. The higher order 

transfer functions can be designed by cascading the building blocks with appropriate feed­

back loops. 

The first generation of switched-current integrator was introduced by Huges et al. in 

1989 [ 17]. Single-ended [ 18] and fully balanced [ 19] clocked current mirrors were used to 

implement the track-and-hold function. But the measured frequency response exhibits 

some errors owing to several factors including MOSFET mismatches and clock­

feedthrough/charge-injection effects, etc. So in 1990, Huges et al. [20] presented the sec­

ond generation of SI integrator which uses current-copier T/H stages. From then on, sin­

gle-ended folded-cascoded current copiers and regulated-gate-cascode copier-based 

integrators were developed to reduce the channel length modulation and capacitive cou­

pling effects. In order to reduce charge injection and clock feedthrough effects, fully dif­

ferential integrators and delay stages are proposed [21]. Combining some of the above 

technique, R. H. Zele et al. presented an accurate high-frequency switched-current inte­

grator based on low-voltage fully-differentia l folded-cascode current copiers [21]. They 

designed a five-pole fully differential SI lowpass ladder fi lter with a sampling frequency 

of 5 MHz and the cutoff frequency is 280 kHz. The filter uses 3.3 V power supply. The 

measured dynamic range is 66.2 dB and the power dissipation is 10 mW /pole. Recently, 

CMOS fully balanced integrator circuit which consists of a pair of cross-coupled current 

amplifiers is widely used. In 1996, S. L. Smith et al. presented a 10 MHz, six-pole filter 

based on this kind of integrator [ 16]. It consumes only 0. 7 mW /pole and uses a single 3 .3 

V supply voltage. In the same year, R. H. Zele et al. [22] also presented another two filters. 

The two-pole bandpass filter uses only 1.5 V supply and the power dissipation is 7 5 µ W / 

pole. The five-pole lowpass filter consumes 30 µ W /pole. 

Instead of cascading more integrators in designing fi lters, M. S. Song et al. proposed 

a new design method of second order SI filter by using a single filter section. This method 

results in a simple layout with less transistors [23]. 

Differentiators can also be used to build filters . In 1996, E. I. El-Masry and J. W. T. 

Gates [24] presented a novel continuous-time current mode differentiator with a frequency 
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range from de to 100 MHz. They designed a sixth-order bandpass filter with the total 

power dissipation of 25 mW and a single 3 V power supply. 

AID converter is another big area to which SI technique can be applied. This 

includes many architectures, such as successive approximation AID converter, pipeline 

AID converter, algorithmic AID converter and delta-sigma AID converter. One of the suc­

cessive approximation current mode AID converter is an 8-bit CMOS AID converter with 

a sampling rate of about 5 MHz and chip area of 2 mm2 [25]. This type of circuit uses a 

current comparator to compare the input signal current directly to the DAC's output cur­

rent. After G. Wegmann designed the very accurate dynamic current mirror in 1989, he 

and his colleague proposed a new current divider based on the dynamic current mirror 

[26]. By using this principle, they presented a current mode implementation of the pipe­

line AID converter architecture proposed by Ternes [27]. In 1991 , P. Deval et al. designed 

another current mode pipeline AID converter which was integrated in a 3 µm CMOS tech­

nology and exhibits a 14 bit linearity [28]. In 1994, D. Macq et al. designed a 10-bit pipe­

line switched-current AID converter based on a modified RSD algorithm [29]. The 

nonlinearity error is less than 0.8 LSB. Power dissipation is 20 mW and silicon area is 2.5 

mm2. The sampling rate is 550 kSls. Measurements show that a factor of twenty of con­

version rate is obtained compared to the other known equivalent CMOS switched-current 

converters. 

Since 1988, several algorithmic AID converters based on current mode techniques 

have been designed by N. G. Nairn, et al. [30 - 33]. First they used the basic current mir­

ror, but the circuit resolution is limited by the non-zero input resistance and the finite out­

put resistance of the current mirror. Then they used the cascaded current mirror or active 

current mirror to improve the resolution. An 8-bit AID converter was fabricated using a 3 

µm CMOS process. The sampling rate is 500 kHz and the power consumption is about 65 

mW. The chip area is 0.74 mm2 [33]. But the circuit resolution is still limited by the device 

matching. By using the dynamic current mirror, they designed a 10-bit AID converter with 

the sampling rate of 25 kHz and the chip area of only 0.2 mm2 . 

With the development of delta-sigma modulator, designers apply the switch-current 
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technique to delta-sigma AID converters. In 1991 , a transistor-only current-mode delta­

sigma modulator was fabricated in a digital 0.9 µm CMOS process. The resolution is 13 

bits and the full scale linearity is 12 bits [34]. In this converter, the integrator is based on 

current copier. Recently, some low-voltage switched-current delta-sigma AID converters 

have been reported. In 1995, N. Tan and S. Eriksson presented a fully differential 

switched-current delta-sigma AID converter with a single 3.3 V power supply. Its dynamic 

range is over 10 bits and the chip area is 0.53 x 0.48 mm2 [35]. In the same year, J. Nedved 

et al. designed another delta-sigma AID converter. The power supply is also lowered to 

3.3 V with the resolution of 10 bits [36]. 

Nowadays, extremely fast DIA converters with accuracy between 10-16 bits are 

demanded in the fields where digital signal processing is used. The self-calibrating current 

steering technique is one of the most attractive and efficient methods to improve the accu­

racy of DI A converters. This method is based on the dynamic current mirror. Early in 

1989, D. W. J. Groeneveld et al. [37] proposed it and designed a 16-bit DIA converter with 

a total harmonic distortion of 0.0025% at a power consumption of 20 mW and a minimum 

supply voltage of 3 V. In 1995, R. J. Romanczyk et al. [38] presented a new Bi CMOS cur­

rent cell and current switch for DIA converter. Using bipolar transistors results in a large 

attenuation of errors introduced to the charge storage node and offers a lower minimum 

voltage for the cell. A 4-bit DIA converter has been designed and used in a sigma-delta 

modulator. 

Although current mode technique has restrictions in some applications, the simula­

tion and experimental results show that current mode analog circuits have great advan­

tages in low power, high speed and high precision applications. In the mixed-signal circuit 

design , in order to be compactible with the digital CMOS process, current mode analog 

circuit will gain more and more use in the big system. 

1.4 Motivations 

Numerous analog switches are used in a switched-current circuit. They play very 
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important roles especially in high precision circuits. Analog switches will inject charges 

into the data-holding node when they are being turned off. Also controlled voltage applied 

at their gates will couple to the data node via parasitic capacitances. Therefore it is neces­

sary to study the errors induced by switches and present methods to reduce them. Detailed 

analyses are presented in chapter 3. 

Dynamic current mirror is one of the main building blocks in SI circuit. Its accuracy 

and speed affect the whole circuit. In chapter 4, analysis on error sources and circuit oper­

ation is done. Simulation results are also presented. 

Researchers have applied SI technique on ND converter design based on pipeline 

architecture. But most of them use 1-bit for each stage and the conversion time is very 

slow. More clock phases are used in one clock cycle. In this work, a module of 2-bit ND 

sub-converter for each pipeline stage is analyzed and designed. Only three clock phases 

are used. A system level architecture is presented. By using parallel channels, the system 

can operate at 2.5 MHz. Simulation results show that the speed is higher than most of the 

other designs. 

In this work, designs are based on models for 0.8 µm BiCMOS technology which is 

the only technology available in the university. In the BiCMOS technology, both BJT and 

CMOS transistors can be fabricated on the same chip. Since speed of BJT is very fast , the 

speed of the system will be increased. CMOS transistors consume less power than bipolar 

transistors so the power consumption of the whole system will also be reduced. This satis­

fies current requirement for the system. Spectre is used to simulate the circuits within 

Cadence graphics. 

1.5 Outline of the Thesis 

This thesis can be divided into seven chapters. 

Chapter 1 is the introduction. Current mode technique and its applications are illus­

trated. The motivation of this research and the outline of the thesis are presented. 

Chapter 2 presents the general requirements for an ND conversion system. Several 

popular architectures are compared. In this work, multistage and pipeline structure is 
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adopted. The principle of the 8-bit current mode AID converter is shown. 

Chapter 3 analyzes the error sources for analog switches used in the circuit. CMOS 

switch is proven to be one of the best choices to reduce the errors. 

Chapter 4 analyzes the performance of dynamic current mirror. In the AID converter, 

two types of dynamic current mirrors are used. 

Chapter 5 illustrates the subsystem analysis and design in the AID converter. This 

includes the pipeline stage module, voltage-to-current converter (VIC) and sample-and­

hold (S/H) circuit. The design of a pipeline stage includes adaptive bias cascode current 

mirror, current amplifier, current comparator and 3-bit to 2-bit decoding circuitry. 

Chapter 6 is the system analysis and design. Simulation results are given. Factors 

which affect the accuracy and the speed of the system are discussed. 

Chapter 7 presents the results of this research. Future work is proposed. 
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Chapter 2 

Analog-to-Digital Conversion 

2.1 The Need for AID Converter 

With the development of the increasingly complex silicon integrated circuits, the use 

of digital systems has grown very fast. More complex applications with more types of 

functions are possible than before. But in practice, many physical phenomenons are ana­

log signals which have to be converted into digital signals first before being used in com­

putation or in the determination of control function to be performed. It is necessary to 

design the AID and DI A conversion systems to interface the digital electronics with the 

outside world. 

2.2 Basic Requirement for A/D Converter[39] 

Figure 2.1 shows the transfer characteristic and the quantization error of an ideal 3-

bit AID converter. It is noted that even for the ideal AID converter, there still exists error. 

The range of it is from O to ±0.5LSB. This is called quantization error. This error limits 

the conversion dynamic range and the accuracy of the AID converter. 

In order to design the AID converter, the first two requirements that are needed to be 

determined are: (1) dynamic range (resolution), (2) conversion speed. 

The resolution of the AID converter is the value of the smallest quantizing step size, 

that is the least significant bit (LSB) of the digitai output. It is determined by the number of 
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the binary bits in the AID digital output. 

VFS 
resolution = fl.V = lLSB = -

o 
2

N 

12 

(2. 1) 

where V FS is the full scale input voltage and N is the number of bits of resolution. 

Due to switching delays, integration cycles and settling time associated with the con­

version operation, the AID conversion process requires a finite amount of time. So the 

conversion rate of the system is fixed by the system design. In general, the higher the 

required resolution, the slower the conversion speed is, since more time is required for 

system transients to settle to within the prescribed accuracy limits. The other reason is that 

most of the AID converters require the circuit with nonidealities, such as offsets, gain and 

nonlinearities, down on the order of an LSB or less. So as the resolution increases, the cir­

cuit must be more precise and its speed will drop. 

Dig ita l Output 

Il l 

11 0 

IOI 

100 

01 I 

010 

001 

000 

Analog Input 

+ 0.5 LSB 

- 0.5 LSB 

Quantiza tion Error 

Figure 2.1 Transfer Characteristic and Quantization Error 

for an Ideal 3-bit AID Converter 
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2.3 Types of AID Converter 

The great majority of monolithic IC AID converters fall into one of the following 

categories: 

1. Integrating AID converters. 

2. Digital ramp or servo type AID converters. 

3. Successive-approximation type AID converters. 

4. Parallel or flash AID converters. 

5. Delta-sigma AID converters 

Table 2.1 compares the advantages and disadvantages of each type. 

2.4 Multistage and Pipeline Structure 

Usually the higher the conversion speed, the more complex the circuit. One method 

to achieve high speed at reduced circuit complexities and reduced converter circuit is 

through use of pipelined conversion stage. In recent years[39] , this structure has been 

widely used in many types of AID converters, such as successive approximation ADC, 

flash ADC, etc. 

In the pipeline type converter, each stage converts a partial number of bits and passes 

to the next stage the residue analog signal, which is the difference between the input ana­

log signal to that stage. Multiple sample-and-hold circuits are required, one at each stage 

in the pipeline to hold the residue analog signal while that stage completes the conver­

sion. The difference between the pipeline converters and non-pipeline converters is that: 

non-pipeline converters complete a conversion of each analog input sample during one 

analog signal sample period, while the pipeline converters can do a partial conversion on 

multiple analog input signals during each analog sampling period. This results in a 

delayed digital output, but can result in reduced internal converter circuit speeds while 

producing a digital output at each analog input signal sample time. The pipeline convert­

ers need more circuitry than the non-pipeline converters but can reduce circuit bandwidths 

and broad-band noise characteristics [39]. 



Table 2.1: Comparison of Different Types of AID Converter 

Type Advantages Disadvantages 

High resolution 

Integrating ADC 
No missing code 

Low conversion rate 
High linearity 

Excellent noise rejection 

Digital Ramp ADC Less complex Low speed 

High accuracy Response speed and accu-
Successive-approximation 

Medium conversion rate racy are limited by DI A con-
ADC 

Medium complexity verter. 

High speed Resolution is limited to 8 bit. 
Flash ADC 

Conceptually simple Most complex 

High accuracy 

Delta-sigma ADC 
(12-bi t to beyond 20-bit) 

Low conversion rate 
Easier to implement in a dig-

ital VLSI circuit. 

Examples 

Single-slope ADC 

Dual-slope ADC 

Multislope ADC 

Charge balance dual-slope 

ADC 

Voltage-to-frequency ADC 

Tracking ADC 

Staircase ADC 

Charge-redistribution ADC 

Potentiometric ADC 
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The other advantages of pipeline structure is the use of identical stages. So a module 

can be designed for all the pipeline stages. 

2.5 8-bit Current Mode AID Converter 

In this thesis, an 8-bit current mode AID converter is designed by using multistage 

and pipeline architecture. Current is used as the signal to finish the conversion. One can 

choose eight stages with 1 bit in each stage. But if there is an error in the first stage, even 

though it is very small, it wi ll propagate and accumulate in the following seven stages. At 

the last stage, the error will become very big and hence affect the accuracy of the circuit. 

In this work, the converter is divided into four stages. Each stage can work on 2 bits at a 

time. By using this structure, errors can be reduced and there is less latency in obtaining 

the full digital output words. Figure 2.2 presents the structure of the conversion system. 

Figure 2.3 shows its timing diagram. 

CLK 

S/H V-1 
Converte 

Stage I 
2-b ADC 

• 
• 
• 

Register 

Stage 2 
2-b ADC 

Register 

• 
• 
• 

Register 

Stage 3 
2-b ADC 

• 
• 
• 
• 
• 

Register 

8-bit Register 

• • • • 

Figure 2.2 Structure of the 8-bit Current Mode AID Converter 
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Analog signal s, S2 S3 S4 S5 s 6 
sample times 

Conversion of first 2 bits 

First stage 
s , s 2 S3 S4 S5 

Conversion of second 2 bits 

Second stage 
s, S2 S3 S4 

Conversion of third 2 bits 

Third stage 
s , S2 S3 

Conversion of last 2 bits 

Forth stage SI S2 

Sample # I conversion complete 

Figure 2.3 Timing Diagram For 8-bit N D Converter 

The input signal ~ 17 is sampled and held first and then converted into current Jin . In 

each stage, the current is multiplied by 2 first and then compared with three reference cur-

3 2 1 
rents - 2 (21,4 ) , 2 (21,4 ) and 2 (21,4 ) . Table 2.2 shows the comparison results. If 

2 2 2 

0 < 2Iin < ~ ( 2Iref) , the digital output is "00" and 4Iin goes into the second stage. If 
2 

~ ( 2Iref) :::; 2Iin < 
2
2 

( 2Iref) , the digital output is "O l" and 4 Jin - ]ref goes into the sec-
2 2 

ond stage. If 
2
2 

(21,4 ) ::; 21;
11 

< 
3
2 

(21ref) , the digital output is "10" and 41;
11 

- 21,4 goes 
2 2 

into the second stage. If 
3
2 

(21,.ef) :::; 21;
11 

< 2Iref' the digital output is " 11 " and 
2 

41;
11 

- 3Jref goes into the second stage. When the second stage processes the input signal 

from the first stage, another new signal value comes into the first stage. For each stage, 

latches are used to store the digital output. After four stages, the conversion of first signal 
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has been completed and the output of the 8-bit register is the digital word of the first ana­

log signal. 

Table 2.2: Comparison Results in Each Pipeline Stage 

Comparison Result 
Input Current Range Residue 

MSB (b1) LSB (b2) 

1 
0 ::; 2/in < 2 ( 21,4 ) 0 0 4/in 

2 

1 2 
2 (21,4 ) ::; 2/in < 2 (2/re} 0 1 4hi - Jref 
2 2 

2 3 
2 (21rej) ::; 21in < 2 (21ref) 1 0 4/in - 21,.ef 
2 2 

3 
2 (21,4 ) ::; 2/in < 2/ref 1 1 4/in - 31,.ef 
2 

Assuming that for each stage, the digital outputs are b1=1 and b2=1. Ii} and 101 (j=l , 

2, 3, 4) are the input and output current of each stage. 

For the first stage, 

] .I = J. ; 
l l/1 

(2.2) 

I = 41. - 21 - I o 1 1 I ref ref 

= 41. - 21 - I · 
111 ref ref' (2 .3) 

For the second stage, 

(2.4) 

= 16/. - 81 - 41 - 21 - I · 
111 ref ref ref ref ' (2.5) 

For the third stage, 
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(2.6) 

1 = 41 . - 21 - 1 o3 ,3 ref ref 

= 641. - 321 - 161 - 81 - 41 - 21 - 1 · 
1 n ref ref ref ref ref ref ' (2 .7) 

For the forth stage, 

(2 .8) 

= 2561;11 - 1281,4 - 641rer321ref- 161ref-81,4 - 41ref-21ref- 1,-e.f; (2.9) 

So after four stages, the input current can be represented by the following formula: 

1 = !1 + _!_1 + in 2 ref 2 ref 
2 

1 
+-1 8 ref 

2 
(2. l 0) 

The combination of digital output in each stage (2-bit) is the digital output word (8-

bit) of the whole AID converter. 

From Figure 2.3 it is noted that only after 4 stages can the full digital equivalent 

value of the first sampled signal be determined. So there is a delay in having the digital 

output of the first sampled signal. But for many applications, the latency of conversion is 

of little importance. The important criterion most often is the analog sampling rate. 

From Figure 2.2, it is noted that the design of this AID converter consists of the 

designs of a sample-and-hold (S/H) circuit, a voltage-to-current converter (VIC) and a 

module of the pipeline stages. In each pipeline stage, no additional S/H circuits are 

needed. This is because in this work pipeline stages are implemented by dynamic current 

mirrors. A dynamic current mirror itself has sample-and-hold function. Detailed analysis 

of dynamic current mirror is presented in Chapter 4. Designs of other circuit blocks are 

presented in Chapter 5. 
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Chapter 3 

Analog Switch 

In a dynamic current mirror basic cell, there are three analog switches. Analog 

switch has many applications in IC designs. In the high precision circuit, its accuracy is 

affected by charge injection and clock feedthrough effect when the switch is turned off. In 

this chapter, the switch-induced errors are presented and analyzed. Error reduction meth­

ods are shown. 

3.1 MOS Switch 

A B 

C 

Figure 3.1 Common Equivalent Circuit for an Analog Switch 

Figure 3.1 shows the common equivalent circuit for an analog switch. When the 

switch is in "on" state, ideally the value of the turn-on resistance R0 n is On and the offset 
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voltage Va.fl is also O V. When the switch is in "off' state, the value of the tum-off resis­

tance R aff is infinite and the offset current Ia.ff is O A. These four parameters are the main 

parameters to describe the performance of an analog switch when the parasitic capaci­

tances are ignored. 

When a MOSFET is used as a switch, nodes A and B represent the source and the 

drain. Node C represents the gate. The MOSFET should work in the linear region and the 

current going through the source and the drain is : 

Hence one can obtain the tum-on resistance : 

1 
Ron~ ------­

~(Vgs- VTH- Vds) 

(3.1) 

(3.2) 

It is noted that for MOS switch, Ran is no longer equal to O Q when the switch is 

closed. In fact there are some factors which affect the performance of the switch. When 

the switch is turned off, charges in the channel will inject to the source and the drain of the 

transistor. Gate control voltage will also be coupled to the source and the drain hence 

induce errors. After the switch is turned off, leakage current in the reverse-biased pn junc­

tions will generate offset current for the switch. When the switch is used in some high pre­

cision circuits, these error sources will affect the performance of the circuits. 

3.2 Error Analysis 

In a dynamic current mirror, since all the switches are implemented by using MOS­

FET, there is some charge in the channel when the MOS transistor conducts. When the 

switch turns off, the channel charge transferred to the data-holding node will induce an 

error voltage to the capacitor. In addition to channel charge injection, charges associated 

with the clock feedthrough effect of the gate-to-diffusion overlap capacitance wi ll also 

induce an error to the capacitor. Hence before we design a dynamic current mirror, it is 

very important to analyze the charge injection and clock feedthrough effect when the 

switch is turned off. 
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3.2.1 Charge Injection[40, 41] 

In [40, 41] , B. J. Sheu et al. have done some important work on the switch-induced 

error analysis. Here their work is summarized and simulated. Simulation results show that 

they are consistent with the analysis results which are derived from the equations. 

5V 

B 
l 

Figure 3.2 Model for Charge Injection Analysis 

The circuit used for charge injection analysis is shown in Figure 3.2 . Cl is the 

capacitance at the data-holding node. Cs is the capacitance at the signal source node. Vs is 

the voltage source. Rs is the source resistance. 

There are several assumptions in the analysis. 

( 1) When short transistors are used as the switches, we assume that charges lost 

through the substrate can be neglected. So we can ignore the charge pumping phenomenon 

[40, 41]. 

(2) When the MOS switch is turned off, there are two stages. In the first stage, gate 

voltage Ve is higher than the effective threshold voltage VTE (Ve> VT£) , a conduction 

channel exits. When Ve decreases, the channel conduction decreases. In the second stage, 

Ve is lower than V TE (Ve < V TE ). If Ve goes on decreasing, switch will be in the sub­

threshold region first and then the conduction channel will disappear. In this stage, behav­

ior in the subthreshold region is not considered and only clock feedthrough effect is 
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analyzed. 

(3) The effective gate threshold voltage VrE is assumed to depend on source voltage 

(3.3) 

where n0 is the bulk modulation. 

( 4) The gate voltage V c decreases linearly from V H to VL according to the equation 

(3.4) 

(3.4) 

where U is the falling rate of the gate voltage. Usually V His 5 V and VL is O V. 

If Cc is used to represent the total gate capacitance of the switch, it will include the 

channel capacitance and gate-to-source, gate-to-drain overlap capacitances: 

(3.5) 

W is the channel width and L is the channel length. Cox is the capacitance per unit 

area of the gate oxide. Co vs and Co VD are the gate-to-source and gate-to-drain overlap 

capacitances. 

Analog switch can be modeled by its gate capacitance Cc and transconductance g . 

Figure 3.2 can be redrawn as shown in Figure 3.3 . 

CG CG 

RS 
2 2 

vs g 
VL 

B A 
id 

vs cs C L 

Figure 3.3 Detailed Circuit for Charge Injection Analysis 
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According to Kirchkoff's current law, at node A 

at node B 

vs dvs 
-+C ­
R sdt s 

23 

(3.6) 

(3.7) 

where vL and vs are the error voltages at the data-holding node and the signal-source 

node, respectively. id is the current going through the switch. When the transistor func­

tions as a switch, it works in the linear region, so 

id= ~ (Vcs - VT£) (vL - vs) 

= ~ ( VHT - Ut) (vl - vs) 

where 

(3.8) 

(3.9) 

(3.10) 

dV dv dVc dvs 
Under the condition _ G » _ L and _ » _ , the equations (3.6) and (3.7) 

dt dt dt dt 

can be simplified as 

and 

vs dvs 
-+C ­
R Sdt s 

(3 .11) 

(3.12) 

Since no closed-form so lution can be found for these equations, numerical integra­

tion could be used to find the results. In order to study the switch in more detail , three spe­

cial cases are presented in Figure 3.4 and the results for each case are given as follows. 
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(a) Case 1 : No Source Resistance and Capacitance 

(b) Case 2 : No Source Capacitance 

( c) Case 3 : Infinitely Large Source Resistance 

Figure 3.4 Three Cases of Switch Charge Injection Analysis 
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Figure 3.4 (a) is the case with only a voltage source at the signal-source node. Since 

Cs» CL , vs~ 0 , the equation (3.11) is reduced to : 

(3.13) 

The en-or voltage at the data-holding node is: 

(3 .14) 

where the error function erf(x) is : 

l if 

erf(x) ~ { 2x( 
1 

_ x') 
Jn 3 

X » ] 

if X « I 
(3.15) 

Figure 3 .4 (b) is the case when the source capacitance is negligibly small, the equa­

tion (3 .11) and (3. 12) are reduced to: 

(3.16) 

and 

(3.17) 

The en-or voltage at the data-holding node is : 

(3 .18) 

Figure 3.4 (c) shows the third case when the time constant RsCs is much larger than 

the switch tum-off time. Rs can be assumed to be infinite. The channel charge will be 

shared between CL and Cs. The equation (3 .11) and (3 .12) are reduced as: 

(3.19) 
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and 

(3.20) 

The voltage difference between the data-holding node and the signal-source node is : 

(3.21) 

Since the total charge distributed to each node is : 

(3.22) 

Substituting (3 .22) to (3 .21 ), one can get 

nUCL [ Cc ( C5 - CL) ] 
2CL(CL+Cs) ·er 

-
s 

3.2.2 Clock Feedthrough Effect[40, 41] 

When the gate voltage of the switch reaches the threshold voltage, the channel will 

disappear. The clock voltage will be coupled to the data-holding node by gate-to-source 

overlap capacitance. This is called clock feedthrough effect. It will also induce an error. 

Figure 3.5 illustrates the model for clock feedthrough effect analysis. 
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Figure 3.5 Model for Clock Feedthrough Effect Analysis 

The derivative of vL can be written as : 

dvL_ CovD dVc 

dt CL+ COVDdt 
(3.24) 

The error voltage will be 

COVD 
v L = V Lo - C C Ut 

L + OVD 
(3.25) 

where vLo is the error vo ltage induced in the first stage. When the gate voltage 

reaches VL , Ut = Vs+ V TE - VL , the error induced in the second stage is: 

V = L 

3.2.3 Junction Leakage Current[39] 

(3.26) 

In a MOSFET, the type of channel material is different from those of the diffusion 

areas. For instance, the drain and the source of NMOS are n type semiconductors and the 

channel is p type. Therefore there exists leakage currents corresponding to the reverse­

biased pn-junctions. The leakage currents depend on the temperature and the reverse bias 

voltage V,-ev . It is represented in the following equation: 
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I a l+~ 
( 

V Jm 
leakage Vbi 

where m = 1/2 for an abrupt junction and 1/3 for a linearly graded junction. 

V6; is the built-in potential and is given by equation (3.28) 

28 

(3 .27) 

(3.28) 

where V r is the thermal voltage at the temperature T NA and ND are the acceptor 

density and donor density, respectively. ni is the carrier density. 

Figure 3.6 demonstrates leakage currents inside the NMOS and PMOS transistors. 

After the switch is turned off, the leakage currents should be small enough in order to get 

the high accurate results for the circuit. 

Drai n 

Channe l 

(a) NMOS 

Source Drain 

Channel 

(b) PMOS 

Figure 3.6 Leakage Currents in a MOSFET 

3.2.4 Results 

From the analysis above, we found that there are many factors which affect the per­

formance of the switches, such as gate voltage falling rate, signal voltage level, source 
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impedance and capacitance ratio, etc. The error voltage induced by a NMOS switch is 

negative because charges in the channel are electrons. In order to simplify the discussion 

in the following section, the absolute value of the error voltage is used. The analysis 

results shown in Figures 3.7 (a) and 3.8 (a) are derived from the equations shown in sec­

tion 3.2.1 and 3.2.2. Other figures are the simulation results by using Spectre as the simu­

lator. 

1. Gate voltage falling rate and signal voltage level 

Figure 3.7 shows the relationship between the gate voltage falling rate and the error 

voltage at four signal levels. With the increase of the falling rate, more and more channel 

charges are injected to the data-holding node and the error voltage will increase. When the 

falling rate is very small, that is, the switch turning off time is quite long, most of the 

channel charges returns to the source and the main error is induced by the clock 

feedthrough effect. The error voltage will saturate at the value which is equal to the one 

shown in equation (3.26). When the falling rate is very high, almost equal amount of the 

channel charges will be distributed to both the drain and the source. So the error voltage 

will also be saturated at some fixed value which is equal to 

0.5C0 C0 VD 

-C VHr+ C C (Vs+ VTE- VL) . 
l L + OVD 

When the falling rate is small, the error voltage will increase with the increase of the 

signal voltage level Vs . This is because that most of the error is due to the clock 

feedthrough effect. According to the equation (3.26), the increase of the source voltage 

will increase the error. But when the falling rate is getting higher and higher, the induced 

errors will contain the one which comes from charge injection. This part of the error will 

decrease with the increase of Vs . When the error generated in the first stage dominates, 

the relationship between the error voltage and the signal voltage level will be different 

from the one when the falling rate is very small. 

Figure 3.7 also shows that the analysis result is almost the same as the simulation 

one except that error voltage values are a little different when the falling rate is very high. 

This maybe that when the circuit is simulated by Spectre, the effective threshold voltage is 
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calculated differently and this threshold voltage does affect the error voltage. 
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Figure 3.7 The Relationship Between the Gate Voltage Falling Rate 

and the Error Voltage at Four Signal Levels 
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2. Source impedance 
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Figure 3.8 The Relationship Between the Source Resistance and 

the Error Voltage at Two Signal Source Levels 
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Figure 3.8 shows the relationship between the source resistance and the error voltage 

at two signal source levels. When the source resistance gets larger and larger, the absolute 

value of the error voltage will also become larger. This is because the source resistance 
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will provide a low resistance path to let the channel charges return to the source. When the 

resistance is larger, fewer channel charges return to the source end of the transistor. Most 

of the charges will go to the load node and increase the error. Also it is noted that the 

larger voltage source, the smaller the error voltage. This is because the circuit is simulated 

when the gate voltage falling rate is 108 V/s. According to the result shown in figure 3.7, 

when the gate voltage falling rate is greater than 108 V/s, the error voltage will decrease 

with the increase of the voltage source. The simulation result is the same as the analysis 

result. So one way to reduce the error voltage is to provide a small source resistance. 

3. Capacitance ratio 
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Figure 3.9 Percentage of Channel Charge Distributed to the Data-holding Node 

Figure 3.9 shows the percentage of channel charge distributed to the data-holding 

node versus B, where B = ( V H - V TE) J cJc L . Qcl and Qch are the charge values in the 

data-holding node and the channel, respectively. When the switch turns off very quickly 

(Bis very small), there is not enough time for the channel charge to communicate between 

the data-holding node and the signal-source node. The charges distributed to each side are 
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equal in amount and QdQch is 0.5. When the switch turns off slowly (B is getting larger 

and larger), charges going to both nodes tend to make the final voltages at both sides 

equal. Most of the charges are going to the node with larger capacitance. 

3.3 Error Reduction Methods 

Section 3.2 analyzed the errors for the switch. From it we can obtain methods to 

reduce errors induced by charge injection and clock feedthrough effect. They can be sum­

marized as follows. 

1. Adjustment of switch size 

Error analysis in section 3.2 shows that the total charges in a MOSFET switch which 

will be injected is : 

(3.29) 

Cc is given in equation (3.5) and is increased with the increase of the transistor size. 

If the small size transistor is used as a switch, the total charge will be smaller and the error 

can be reduced. But minimizing the switch size will reduce the maximum operating fre­

quency. It can not be used in high frequency application. 

2. Usage of dummy switch 

(!) 

j_ 
M 

Figure 3.10 Dummy Switch 

Adding dummy switch to the main switch is one of the other methods (Figure 3.10). 

The dummy transistor Mn is connected serially with the switch transistor M. For the 

dummy transistor, both the source and the drain are attached to the signal line and the gate 

is attached to the inverted clock. The size of the dummy transistor is made half of the 
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switch transistor. It is used to apply opposing clock feedthrough to the switch. 

The accuracy of this technique is dependent on the phases of two clocks, which is 

hard to control. This method is not practicable for achieving low errors. 

3. Clock swing 

Error analysis also shows that if the falling rate of the clock is very large, charges in 

a switch will be distributed equally to both ends of the switch. But if it is small , charges 

will be distributed depending on capacitance ratio. If we can choose proper clock swing, 

the induced error could be reduced. 

In the dynamic current mirror designed by Wegmann and Vittoz [9] , a relatively low 

switching slope is used. This limits the clock frequency to about 1 kHz which decreases 

the speed of the whole circuit. The circuit achieved a relative precision of 100 ppm when 

reference current is 1 µA and 300 ppm when reference current is 50 nA. 

4. Adjustment of switch structure 

It has been found that complementary devices used as the switch are much better. It 

consists of two MOSFETs - one is PMOS and the other is NMOS. This can cancel some 

of the errors and the switch is widely used in many integrated circuits. 

3.4 CMOS Switch 
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Figure 3.11 CMOS Switch 

Complementary switch is also called CMOS switch. Figure 3.11 demonstrates its 
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structure. It combines two transistors and each transistor is driven by a clock with the 

opposite clock phase. 

Since these two transistors are connected in parallel, this results in a low total tum­

on resistance (R0 n) and therefore less distortion in the signal path. R0 11 is more unifonn 

over a wide range of input analog voltage than any of the single transistors [39]. 

When one NMOS transistor is used as a switch, in order to turn on the switch, the 

gate-drive signal need to be greater than the input signal. But for CMOS switch, the gate­

drive signal does not need to be greater [39]. 

Since two different kinds of transistors are used, the carriers in the channels are elec­

trons and holes. When the switch is turned off, some of the injected charges can be can­

celed by the switch itself. This will increase the circuit accuracy. In this thesis, CMOS 

switches are used for all the analog switches. 

Since the mobility of electrons is three times larger than the mobility of holes, the 

current gain of NM OS transistor is three times larger than that of PMOS transistor. It is the 

same for the conductance. To compensate this, usually the width of PMOS is made three 

times as wide as the NMOS. This will increase the parasitic capacitance. In some of the 

circuits, the sizes of these two MOSFETs are chosen to be the same so as to reduce the 

error induced by charge injection and clock feed through effect. Figure 3 .12 illustrates the 

output current error in a dynamic current mirror with three different sizes of PMOS tran­

sistor. The size of all the NMOS transistor is l .4µ/0.8µ. 

It is noted when the PMOS width is three times larger than the NMOS, the error is 

the biggest. When the input current is greater than 40 µA, the absolute value of the output 

current error when the size of PMOS is 1.4µ/0.8µ is smaller compared with the size of 

2.8µ/0.8µ. So in order to reduce the charge injection and the clock feedthrough effect, the 

size of PMOS should be the same as that of NMOS. This only applies to switch S 1 in a 

dynamic current mirror. For the other switches, the ratio of Wand L should be larger so as 

to reduce the tum on resistance. 
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Figure 3.12 Output Current Error versus Different PMOS Sizes 

-0.03 .------,-- ~------.--~---+ 

_0_04 - - 30 ns 

- 60ns 

-0.05 - - 80 ns 

-0.06 , I 

/ I 

1-001 
~ -0.08 
5 C. , 

8 - 0.09 

20 

I 

I 

, I 
, I 

I 

I 

40 60 
Input current (µA) 

80 100 

Figure 3 .13 Output Current Error versus Different Clock Falling Times 
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Analysis in the previous section shows the switch-induced error voltage depends on 

the clock falling rate. If the falling time is large, the error is small. Same result can be 

obtained for use of CMOS switch. Figure 3.13 shows the output current error versus dif­

ferent clock falling times (tra11). The result is obtained through the simulation of the 
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dynamic current mirror with the use of CMOS. It can be seen that the output error for tfa ll 

= 80 ns is the smallest and the output error for tfa ll = 30 ns is the largest. This result is con­

sistent with the analysis in section 3 .2. For the long falling time (slow falling rate), charges 

in the channel have more time to go back to the source node. Hence the output e1Tor is less 

and the circuit is more accurate. But the longer the falling time, the slower the circuit 

speed. This is the trade-off in the AID converter design in this work. 60 ns is chosen here. 

In the dynamic current mirror basic cell (Figure 1.3), capacitor C is used to store 

voltage which can keep the current going through transistor M constant. The value of C 

affects the circuit accuracy. Since the voltage across the capacitor V is equal to Q/C (Q is 

the charge on the capacitor), if C is large, V will be small. Also larger C can reduce the 

error induced by junction leakage current. But too large C will degrade the circuit speed. 

Usually in an IC, capacitor value should be small because the increase of its value will 

result in large chip area. In this work, 3 pF is chosen in order to get high accurate result. 
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Chapter 4 

Dynamic Current Mirror 

Dynamic current mirror is one of the basic building blocks in the current mode tech­

nology. It plays an important role in the current mode AID converter design in this work. 

Its accuracy affects the whole system. In this chapter, errors affecting a current mirror are 

shown. Methods to reduce those errors are presented. One of the structures - regulated 

cascode dynamic current mirror is analyzed and designed. It is compared with the con­

ventional current mirror and will be used in the AID converter. 

4.1 Principle 

Figure 4.1 shows a simple dynamic current mirror [6]. A single NMOS transistor M 

is working as the memory transistor. J is the de bias current. iin is the input ac current. The 

circuit works as a sample-and-hold circuit. At the sampled stage, switches S I and S2 are 

closed and S3 is open. The gate and the drain of M is connected. The capacitor C is 

charged (or discharged) to the voltage which can let the drain current ofM remain equal to 

J+iin- We can say the current i111 is sampled in the transistor. At the held stage, switches S 1 

and S2 are open and S3 is closed. Since the voltage held on the capacitor C does not 

change, same amount of the current J+(n will keep going through M. The output current 

iout will be the same as the input current iin except in the direction. We can say that the cur­

rent i111 is held or copied by this block. 
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Figure 4.2 shows the corresponding clock phases. When S1 is closed, transistor M 

works as a diode-connected transistor. When S I is open, M works as an independent cur­

rent source. 

J 

I · S2 S3 
1out m 

/. • ■ • 

:'r-1 M 

Figure 4.1 Dynamic Current Mirror Basic Cell 

____,/ \'-----'I \'---

Figure 4.2 Clock Phases 

4.2 Error Analysis 

For an ideal dynamic current mirror, the value of the output current should be the 

same as the input current. But since the components inside the circuit are not ideal, there 

exists errors. The accuracy is mainly affected by the fo llowing five sources. Among them, 
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the first three are from switches. Charge injection and clock feedthrough effect are the 

main error sources in a dynamic current mirror. 

The error sources are: 

(1) Charge injection 

(2) Clock feedthrough effect 

(3) Junction leakage currents 

( 4) Channel length modulation 

4.2.1 Charge Injection and Clock Feedthrough Effect 

In the dynamic current mirror basic cell shown in Figure 4.1 , switch S1 is quite 

important because when it turns off, the charge inject and clock feedthrough effect will 

induce error voltage ~VG to the gate of M. So there will be error current Af = gm ~VG 

appearing at the output. In fact , the error related to analog switch is the main error in the 

dynamic current mirror. More detail analyses are presented in chapter 3. In this section we 

apply the analysis in section 3.2 to the dynamic current mirror. 

In order to simplify the analysis, we use Figure 4.3 instead of Figure 4.1. The struc­

ture of the circuit is the same. The only difference is that in Figure 4.1, de bias current 

source J and ac signal iin are both used. But in Figure 4.3 , we only use one input current 

source Ire/. 
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Figure 4.3 Basic Dynamic Current Mirror 
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In the sampling stage, the capacitor CL is charged until the voltage reaches the value 

calculated by equation ( 4.1 ). 

- ll,,J 
Vcs - VTO + ~m (4.1) 

In the holding stage, S I will be turned off first. S2 and S3 are still at the on and off 

state, respectively. 

When S 1 starts to be turned off, the channel charge will inject into the gate node, 

thus introduce some error voltages /!1 Vos. The model is shown in Figure 4.4. 

In the Figure 4.4, Cc is the total parasitic capacitance of S 1 and id is the current 

going through the switch S 1. 

(4.2) 

(4.3) 

where 

(4.4) 
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(4.5) 
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A B 
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M 

Figure 4.4 ElTor Analysis Model in Holding Stage 

When the switch S 1 is closed, transistor M is diode-connected. So M can be repre­

sented as a resistor R. Its value is given by equation (4.6). Even though there are parasitic 

capacitances between the gate and source (Cgso) and the gate and drain (Cgdo) in the tran­

sistor M, those capacitances are much smaller than CL. The model can be modified as in 

Figure 4.5 . 

CG CG 
2 2 

A B 
vi V 

s 

CL 
id 

R 

Figure 4.5 Modified Model 
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R = 1 

= 

gm 

1 
= --;:::== 

J2~,/ref 
(4.6) 

If v1 and v
5 

are the voltages induced by the switch, the equations can be derived as in 

the following. 

At node A, 

. CG = l - -U 
d 2 

At node B, 

. CG = - l - -U 
d 2 

When the gate voltage reaches the threshold condition, 

v, = l ~~: }xpl :~:R J [("';u [P, 1R ( V HT - ~) + I] 11( c,p,,R' u J 

exp ( C ~ R) [ 2 
- 1 + ~ s 

I
R (~HT - U/;) ] di; ] 

(4.7) 

(4.8) 

(4.9) 

After V cs < threshold voltage, the clock feedthrough effect continues to increase the 

error voltage. According to the analysis in section 3.2 , the total error voltage induced is : 
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(4.10) 

where 

- ll"f VDS - Vro + 73":- ( 4.11) 

v,o equals to the value calculated by equation ( 4.9). 

F I ~ 111 
( V - V ) 

2 
J2 ~ I Th . rom ref = 

2 
cs ro , one can get g

111 
= 111 ref . e error current 1s: 

Af = g V 
111 I 

The relative error current is: 

0 / Af 1oerror = -
1ref 

(4.12) 

(4.13) 

If more accuracy is required, the relative error current can be derived as follows. 

Before S I turns off, the gate to source voltage of M is : 

(4. 14) 

After S I turns off, the gate to source voltage of M is: 

= V +ii TO A 
1-',n 

(4. 15) 

(4.16) 

Thus 
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Squaring both side of the equation, one can get: 

2i = 2 + 21
ref + 2 J2J,,f 

A VI A VI A 
1-',n 1-',n 1-',n 

So the relative error current is: 

' 
1 - 1 

%error = ref 
1ref 

= ~mv/ +~~mv 
21 I 1 

ref ref 

4.2.2 Junction Leakage Currents[42] 

45 

(4.17) 

( 4.18) 

(4.19) 

(4.20) 

Due to the existence of reverse-biased pn-junctions in the analog switch, leakage 

currents exist in a dynamic current mirror. They can be represented by the current sources 

connected between the corresponding node and the ground (Figure 4.6). 
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M 

Figure 4.6 Leakage Current Sources in a Dynamic Current Mirror 

During the sampling stage, the actual current going through the transistor M is : 

ID= Jin - Ix - Id . In the copying stage, the output current will be: I0 ultJ =ID + Id = h i - Ix. 

Since Ix discharges CL, the gate voltage of M will be changed which will change the out-

Ixt 
put current. So the output current will depend on the time: l out ( t) = I - I - g - . 

111 X me 
L 

Integrating over a time period Th , the average output current will be: 

(4.21) 

So the error current will be: 

(4 .22) 

From equation (4.22) it is noted that the value of output error current depends on the 

values of capacitor CL, transconductance of transistor M (g,n), the holding time (Th) and 

the value of leakage current Ix. Leakage current will change the value of voltage stored on 
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a capacitor. That will limit the time that charge can be stored in a capacitor. So it deter­

mines the minimum switching frequency of the dynamic current mirror for a given accu­

racy. Also the leakage current will affect the absolute achievable accuracy in the case of 

very low input current. If CL is chosen to be large or gm is small, the value of output error 

can be reduced. But increasing the value of CL will decrease the circuit speed. Accuracy 

and speed can not be both satisfied in a circuit. In this work, CL is 3 pF. Transistor M is 

working in the linear region which gives the lower value of g111 • So the effect of leakage 

cmTents can be reduced. 

4.2.3 Channel Length Modulation[l] 

When modeling a MOSFET transistor, we have to consider the second-order effects 

such as channel length modulation, body effect, source terminal series resi stance and 

mobility degradation. These effects become obvious when the dimension of the transistor 

is narrowed or shortened. According to the channel length modulation, when the transistor 

works in strong inversion region, the current going through the drain is dependent on the 

voltage between the drain and the source. The drain and source current expression may be 

written as: 

(4.23) 

or 

(4.24) 

where 

c:oc: . 
SI 

C:oE . 
Sl 

').,= (4.25) 

V = V V Dsat GS - T (4.26) 

A is the channel length modulator. The effect of A is small when L is large. The 
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mechanisms which contribute to channel length modulation are: 

( 1) The widening of the drain depletion region due to an increase in the drain volt­

age, which modulates the effective channel length. 

(2) The space-charge limited current caused by the extension of the drain depletion 

into the source region (this is referred to as punch-through effect). 

(3) The electrostatic feedback of the drain field into the channel causing the drain 

tenninal to act as a second gate affecting the channel conductance. 

If the drain-to-source voltage of the transistor during current mirror's sampling stage 

is not the same as the one during copying stage, when the transistor is connected to the 

load, the output will produce additional current. When the dynamic current mirror is used 

in an A/D converter, it will affect the circuit accuracy. 

This error current is given by the formulas in Table 4.1. 

Table 4.1: Channel Length Modulation Effect 

Error Current Relative Error Current 
Region 

MDs MDs l IDs 

Linear P(Vcs - Vro - Vos) (l +2t,.Vos)L'1Vos 
( I + 2A. Vos) 

t,.VDS 
V DS ( I + AV os) 

Saturation p 2 "-2 ( V GS - V ro) 11.t,.V DS (I +11.VDS)t,.VDS 

4.3 Error Reduction Methods 

The dynamic current mirror affects the whole circuit accuracy directly. It is impor­

tant to improve its accuracy. Researchers have developed a lot of methods[2] , [6 - 13] to 

reduce the errors induced in a dynamic current mirror. 
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4.3.1 Methods to Reduce Channel Length Modulation Effect 
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Figure 4.7 Current Mirror with Op-amp 
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Figure 4.8 Current Mirror with Cascode Transistor 
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Figure 4.9 Current Mirror with Regulated Cascode Transistors 
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Figure 4.10 Current Mirror with a Source Follower 

Figure 4.7 - Figure 4.10 demonstrate the methods to reduce the error caused by 
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channel length modulation. 

In order to keep V DS of the main memory transistor constant, one way is to use two 

op-amps to force VDs ofM to be equal to the bias voltage Vbias (Figure 4.7) when the tran­

sistor is working both in the sampling and copying stage [2]. Though a single op-amp can 

be time-shared for both functions, it still occupies more chip area hence increases the cir­

cuit complexity. Also the circuit performance is affected by the op-amp. This structure 

limits the current mirror to some specified applications. 

One of the important parameters for the current mirror is the output resistance. It 

should be as large as possible so that the output current will not depend on the output volt­

age. Usually designers use cascode transistor to make VDs not change so much (Figure 

4.8) [9]. By using the cascode transistor, the output resistance will be increased by a factor 

of gm2rds2 (the output resistance of the basic dynamic current mirror is about rds J) - So any 

voltage change at the drain of M2, ~ V D2 , will cause V DS of M I to change only 

1 ~ V D2 . Hence the variation of V DS will be reduced by approximately gm2r ds2 . 
gm2 r ds2 

Typically the value of gm2rds2 is about 100. 

In 1990, C. Aoumazou et al. [ 12] presented a new switched-current memory cell 

(Figure 4.9). In the circuit, he used the regulated cascode transistors to increase the output 

resistance by about gm2r ds2gmf dsJ . So any change of V DS will be reduced by a factor of 

about gm2r ds2g m3r ds3.. If all the transistors operate in saturation region, typically 

g m2rds2gm3rdsJ will be 10000 which is very large. This method is widely used in the 

dynamic current mirror designs. 

Another effect of the drain voltage variation is that this variation can be coupled to 

the gate of the memory transistor through the capacitive divider formed by the storage 

capacitor C and the parasitic gate-to-drain capacitance Cgd . Gate voltage change can pro-

duce an error current going through the memory transistor. Some designers [6] used a 

source follower M3 before the input of the memory transistor M 1 (Figure 4.10). This 

source follower has two functions. One is that it is used as a level shifter since the poten­

tial at the output of the cell is normally higher than the desired potential at the input. The 
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other function is that it can be used to isolate the input from the output. So any drain volt­

age change of M2 will not be coupled to the gate of transistor M 1. 

4.3.2 Methods to Reduce Charge Injection/Clock Feedthrough Effect 

There are many methods to reduce errors induced by charge injection and clock 

feedthrough effect. They can be divided into three classes. 

I. Analog switch 

The first class is based on analog switch itself. Details can be found in section 3.3. 

2. Other components connected to the analog switch 

Those components include the memory transistor and the capacitor at the gate of the 

transistor. 

Since the output error current equals to gm!i Vgs where gm is the tranconductance of 

the memory transistor, if gm is reduced, the error current will also be reduced [9]. When 

the transistor is working in the saturation region, the transconductance is: gm = J2 ~IDS . 

So one way to reduce g 111 is to make IDS smaller. According to Figure 4.11 , we can see that 

if a current source is put to be parallel to the transistor M, the current going though the 

transistor will be: IDS = !ref - Im . Hence gm is reduced. 

In the dynamic current mirror, if the capacitance at the gate of the memory transistor 

is large, it can reduce the error. Some designers [8] realized this large capacitance by plac­

ing a small capacitor into the feedback loop of an amplifier and use the input port as the 

terminals for the resulting increased capacitance (Figure 4.12) . The effective capacitance 

is : Cin ~ (A + 1) CM , where A is the gain of the amplifier and CM is the capacitor in its 

feedback loop. Measurement showed that the dynamic range of this circuit is about 11-bit. 

Clock rate is greater than 100 kHz. Power dissipation is about 300 µ W per cell. But the 

increase of the capacitance will reduce the circuit speed. 
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M 

Figure 4.11 Current Mirror of Reduced gm 
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Figure 4.12 Miller Enhanced Memory Cell 

3. External circuits or algorithm 

The third class is related to some external circuits or algorithms. A modified switch­

ing configuration was proposed by S. J. Daubert et al. [6] (Figure 4.13). Switch S3 is 

turned off first. Since Sb is sti ll on, the gate to source voltage will keep the same as before. 

When Sb is turned off, the error voltage on C1 is significantly attenuated to C2/(C 1+C2) 

because of the capacitive divider. The measured relative current error is less than 2.5% 
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when the input cun-ent is between 1 µA and 1 mA. The clock frequency is 1 MHz. 

M 

Figure 4.13 Modified Switching Configuration 

In 1994, B. Pain and E. R. Fossum [ 1 O] presented a circuit to reduce the en-or based 

on en-or feedback technique. They used a self-cascading composite memory transistor. 

This method is very useful in memorizing ultra low cun-ent level. Even when the cun-ent is 

10 nA, the absolute cun-ent en-or is less than 0.1 %. But the memory accuracy is traded for 

error correction speed. For a cun-ent of 50 nA, the feedback time constant is about 4 µs. So 

this method is not suitable for high speed application. This is a feature common to all 

feedback-based switch feedthrough reduction schemes. 

Current cancellation technique is a widely used method. The principle is to use an 

extra memory cell, the cun-ent en-or can be cancelled partially. It was first presented by J. 

B. Hughes and K. W. Moulding in 1993 [ 13] (Figure 4.14 ). They used a two-step tech-

nique, called S2I, to achieve similar reduction of conductance ratio error as other methods 

and a greater reduction of charge injection en-or. It enhances the basic cell performance 

through successive refinement of the memorized sample. This circuit requires an addi­

tional PMOS transistor M2 to be used as both the bias cun-ent source and fine memory 

cell. Simulation showed a total transmission error which was about 30 times lower than 

that of the basic SI cell. 
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C 

Figure 4.14 Current Mirror of S2I Technique 

In 1994, D. M. W. Leenaerts et al. [7] presented another type of double memory cell. 

Two regulated cascode memory cells with dummy switches are implemented together. 

One cell uses NMOS transistor as the memory transistor, while the other cell uses PMOS 

one. The error currents induced by charge injection are with the opposite polarity. So it 

can also cancel some part of the errors. It is based on differential error matching. Three 

clock phases are used. The measured errors are less than 200 ppm for the input current 

between 50 to 85 µA. But this technique is only useful for a certain range of input current. 

The conversion speed is 700 ns which is lower than the other methods. 

C. Toumazou et al. [ll] presented a circuit by using algorithm technique in 1990. 

Because five clock phases and three basic memory cells are used, the accuracy is 

improved greatly with only a slight loss in speed. But the chip area is increased and the 

power consumption is larger. 

Researchers have thought about other methods such as using fully-differential struc­

ture and fully-balanced structure, etc [9]. Sometimes they combine some of the methods 

above to design the current mode circuits. Now many designs are based on more than one 

dynamic current mirrors. Also additional circuits or more steps are used in the analog 
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sampled-data applications. 

In this thesis, in order to reduce those errors, the regulated cascode structure is 

adopted. All of the switches are implemented by CMOS switches. The falling time of the 

clock which is used to control switches is chosen to be 60 ns . The value of capacitor C at 

the gate of the memory transistor Mis chosen to be 3 pF. Transistor M works in the linear 

region so that its transconductance is small. 

4.4 Analysis and Design 

There are two types of regulated cascode dynamic current mirror used in this work -

N-type and P-type. This classification is based on the type of transistors used in the cir­

cuits. 

Figure 4.15 shows the structure of an N-type dynamic current mirror. M I is the 

memory transistor . M2 and M3 form a feedback loop to keep the drain to source voltage 

of M 1 , V DSJ , to be constant in order to reduce the effect of channel length modulation. J 

and I are two de bias current sources. The operation of this circuit is the same as the 

dynamic current mirror basic cell mentioned in section 4.1. Figure 4.16 shows the struc­

ture of a P-type dynamic current mirror. In this thesis, all the analyses and designs are 

based on N-type dynamic current mirror. They also can be applied to P-type dynamic cur­

rent mirror. 
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Figure 4.15 N-type Dynamic Current Mirror 

J 

Figure 4.16 P-type Dynamic Current Mirror 
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4.4.1 Design 

According to Figure 4.15, when switch S 1 is turned off, a part of channel charges 

will release and change the voltage held by capacitor C. Assume the error voltage is 

6 V GS I, an error current will be generated and its value is equal to 6 V cs 1 · gm 1 . So the 

output current will not be the same as the input. In order to reduce 6i, gm 1 has to be small. 

If M 1 works in the saturation region , the current going through the drain and the 

source of M 1 , / DSI, and the transconductance gm 1 are : 

The output error current induced by the switch is 

6 i = 6 V GS I. gml 

(4.27) 

(4.28) 

(4.29) 

Apparently 6i is dependent on the input current. So the error current is signal-depen­

dent. When the input current increases, the error current will also increase which is not 

good for this circuit. 

If M I works in the linear region, the current going through the drain and the source 

ofM 1, IDsi, and the transconductance g1111 are: 

The output error current is 

6 i = 6 V GS I ·gm l 

(4.30) 

(4.31) 

(4.32) 

Since gm 1 is independent of I DSJ, the error current 6i is signal-independent. 

Analysis in section 4.2.2 also shows that smaller value of gm 1 can reduce the effect 
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of junction leakage currents in the dynamic current mirror. So it is preferred to have M 1 

working in linear region. 

Note in both cases, there is a constant current going through M3, the value of V cs3 is 

fixed and we have VDS! = VcS3 =Constant.One of the functions ofM3 is to keep VDst 

constant so that the effect of channel length modulation will be removed. 

The other important requirement for the dynamic current mirror is a large output 

resistance. Figure 4.17 shows the small-signal model for the N-type dynamic current mir­

ror when it works in the hold mode. 

+ 

Figure 4.17 Small-signal Model of Dynamic Current Mirror 

Since vgsl = 0, gmlvgs l = 0 , vdsl = vgsJ = rdslio. So solving the following equations 

from (4.42) to (4.44) 

. _ V + Vo - V ds I 
l o - gm2 gs2 r 

ds2 

V gs2 + V gs3 = - r ds3gm3 V gs3 

one can get the output resistance R out is : 

Vo 
R = out 

(4.33) 

(4.34) 

(4.35) 
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(4.36) 

The gain A of the loop formed by M2 and M 3 is r ds2g 1112r dsJg 111 3 • Assuming the out­

put voltage is V0 , when the circuit is working in the hold mode, the voltage drop on M I is 

about 
1 

V . Since usually the loop gain is very high, about 10000, any 
r ds2g m2 r ds3gm3 ° 

change in the output voltage will have little effect on the voltage drop between the drain 

and the source of M 1 • 

When M2 works in the saturation region, the current going through its drain and 

source 1s: 

(4.37) 

the transconductance g 1112 is : 

(4.38) 

where 

~ 
V DS2 (sat) = ✓ T,-- (4.39) 

When M2 works in linear region, 

(4.40) 

(4.41) 

Since V DS2 < V DS2(sat) , gm2(linear) < gm2(saturation) , The loop gain A will be reduced 

if M2 works in linear region. So it is preferred to have M2 working in saturation region 

In this circuit, V DSJ is regulated by a negative feedback loop formed by M2 and M3 . 

M3 works as an inverting voltage amplifier and M2 works as a voltage follower. When 

there is any changes for V DSJ , say V DSJ increases, since V DS 1 = V GSJ , M 3 will amplify 

this increase and V DSJ will decrease. Since V DSJ = V Gl , and there is a constant current 
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going through M2 , the source voltage of M2 , which is also V Ds J , will decrease. So V Ds I 

will be stabilized at a constant value. 

M3 is the inverting voltage amplifier. Its gain should be: 

Vo 
;- = - gm3 r ds3 

111 

Since the current going through M3 is: 

g 1113 and r dsJ can be expressed as follows: 

rds3 = 
1 +AV DS3 

AlDS3 

So the gain of this amplifier is : 

(4.42) 

(4.43) 

(4.44) 

(4.45) 

(4.46) 

In order to make M3 be more sensitive to the voltage changes at its gate, the gain 

must be very large. So I DSJ has to be chosen very small. In this circuit, 5 µA is chosen for 

current source I. 

4.4.2 Performance 

In the dynamic current mirror, the bias current sources are chosen as I = 5 µA and 

J = I 00 µA. The input current range is O ~ 200 µA. M I works in the linear region and M2 

and M3 work in the saturation region. The circuit is simulated by Spectre under Cadence 

graphics . 
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1. Transient response 

Figure 4.18 shows the transient analysis result when the input current is 50 µA. We 

can see that in the first clock phase, the input current is sampled in the dynamic current 

mirror and the output is O A. In the second clock phase, there is no input current, the 

dynamic current mirror is copying the current to the output. So the output current is 

obtained. Since there are some errors, the value of the output current is not the same as the 

input. It is a little bit less than 50 µA. 
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Figure 4.18 Transient Performance 

2. Effect of different M 1 work regions 

4.5 5 
X 10-6 

..._ 

4.5 5 
X 10-S 

Figure 4.19 shows the absolute values of the output error current when M 1 works in 

the linear region and the saturation region. Obviously, when it works in the linear region, 

the error is much smaller when it works in the saturation region. This result is consistent 

with the analysis in section 4.4. l. 
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Figure 4.19 Absolute Error for Different Regions Where M I Works 

3. Output error 

Figure 4.20 shows the output error current versus the input current. The error is neg­

ative and the maximum error is about - 0.115 µA. Simulation results also show that for the 

N-type dynamic current mirror, the relative error is negative and the maximum value is 

about 9% when the input current is 1 µA. For the P-type dynamic current mirror, the rela­

tive enor is positive and the maximum value is 1 %. The relative error is defined as : 

I - 1. 
1 . out 111 

Re ative error= J. 
111 

(4.47) 

Figure 4.21 illustrates the relative error of the output current in the N-type dynamic 

current mi1Tor. 

In Figure 4.15, we found that when switch S I turns off, since there will be some neg-

ative charges going to the capacitor C, the voltage across the capacitor will decrease, 

hence the output current will also decrease. So l out - Jin < 0 . That means the relative error 

will be negative. But for the P-type dynamic current mirror in Figure 4.16, when S I turns 

off, the voltage across the capacitor will also decrease. This increases the voltage between 

the source and the gate of transistor M I and hence increases the output current. That is 

why the relative error for the P-type dynamic current minor is positive. These two types 
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of the current mirrors are both used in the AID converter. In each pipeline stage, they are 

connected in parallel. So some of the output errors can be canceled. 

4. Accuracy versus clock frequency 

Figure 4.22 illustrates the comparison result when the clock frequency f is 532 kHz 

and 1.85 MHz, respectively. It is noted that the output error whenf is 532 kHz is less than 

that whenf is 1.85 MHz. 1.85 Mhz is the worst case for the circuit. Since the frequency is 

so fast, the current source does not have enough time to charge the capacitances in the cir­

cuit. So the output error is very big. The result shows the circuit accuracy decreases with 

the increase of the speed. This is the trade-off in the AID converter design. 
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Figure 4.20 Output Error Current versus Input Current 
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4.5 Comparison With the Conventional Current Mirror 

Figure 4.23 Simple Current Mirror 

There are many types of the conventional current mirrors. Consider the simple cur­

rent mirror in Figure 4.23 with input iin and output iout. Table 4.2 shows some of the com­

parison terms between the simple conventional current mirror and the dynamic current 

mirror. 

Table 4.2: Comparison 

Simple Conventional 

Current Mirror 
Dynamic Current Mirror 

No. of memory transistors two one 

Clock no two clock phases 

Major eITor sources mismatches 
charge injection and 

clock feedthrough 

Accuracy 10 bits [43] up to 14 bits [29] 
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In Figure 4.23, two transistors M 1 and M2 are the main memory transistors. Since 

their gate to source voltages are the same, the output current iout should be the same as the 

input current i in- Mismatches between these two transistors are the main error source. Mis­

matches in any one of the device parameters will generate errors for the output current. 

These parameters include threshold voltage V r, transconductance parameter k, channel 

width Wand channel length L. Those mismatches are due to the variations in the fabrica­

tion process. Among them, threshold voltage mismatch is the major source of the errors. 

Current going through M I is 

I = I+ i = ~ W( V - V ) 
2 

ds I 2 L gs T 
(4.48) 

Ideally, current going through M2 , Idsl , is the same as Ids / . Consider the mis­

matches in the device parameters, one can get the error current going through M2 . 

One can see that there is de offset and ac-gain error in the equation ( 4.58). Table 4.3 

shows the distortion in the output current due to those mismatches. If the mismatches of 

channel width is 10%, the output current de offset and ac gain error will also be 10%. In 

order to reduce the error caused by the mismatches of threshold voltage which is the main 

error source in the MOSFET fabrication, one has to make V cs - VT much larger compared 

to the mismatch f.. V r . 

The reason why dynamic current mirror attracts researcher's attention is that it only 

uses one transistor as the memory transistor hence mismatch can not be the problem. 

Since only one transistor is used, the circuit is simpler than the conventional one. But it is 

a time-shared current mirror. At least two clock phases are used in the circuit. 
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Table 4.3: Distortion in the Output Current 

Mismatch DC Offset AC Gain Error 

D.Vr - [2D.Vr l (Vgs - Vr) ]I - 2D.Vr l (Vgs - Vr) 

D.k (D.k I k)I D.k / k 

D.W (D.W I W)l D.W / W 

M - (M I L)I - M I L 
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Chapter 5 

Subsystem Analysis and Design 

One of the applications of the current mode circuits is an AID converter. In this 

chapter, the pipeline stage of the 8-bit current mode AID converter is analyzed and 

designed. This includes the design of a current amplifier and a 2-bit AID sub-converter. 

Also voltage-to-current converter (VIC) and sample-and-hold (S/H) circuit are analyzed 

and designed. Circuits are simulated by Spectre and the results are presented. 

5.1 Subcircuits in a Pipeline Stage 

The 8-bit current mode AID converter is divided into 4 stages and each stage is a 2-

bit AID sub-converter. The circuits for each stage are the same. So one stage is designed 

and used as a standard module for the other three stages. Figure 5.1 shows the structure of 

each pipeline stage. Figure 5.2 shows the diagram of the 2-bit AID sub-converter. 

2-bit AID 

Sub-converter 

MSB LSB 

Figure 5 .1 Structure of the Pipeline Stage 
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The principle of the multistage pipeline ND converter is described in chapter 3. The 

operation of each pipeline stage is as follows. 

The input current Jin is first amplified by 2 through a current amplifier and then goes 

to the 2-bit N D sub-converter. 

In the 2-bit N D sub-converter, there are three clock phases - <I> 1, <1>2 and <1>3 . In the 

first clock phase <I> 1 of the first clock cycle, the amplified input current Ii,/ is sampled in a 

P-type dynamic current mirror (P _DCM). In the second clock phase <1>2 , the current held 

in P _DCM is sampled in one of the N-type dynamic current mirrors (N_DCM 1 ). The 

value of the current is equal to Jin' . In the third clock phase <1> 3 , the same amount current 

held in P _DCM is sampled again in another N-type dynamic current mirror (N_DCM2). 

At the same time, the current held in N_DCMl goes through a current mirror and three 

current comparators and is compared with three reference currents - 0.51,.ef, Ire/ and 

1.51,.ef- The outputs of these three comparators determine MSB and LSB by a 3-bit to 2-bit 

decoding circuitry. In the first clock phase of the second clock cycle, the sum of the output 
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currents from N_DCM 1 and N_DCM2 will be substracted by two reference currents(lref 

and 21ref) controlled by MSB and LSB. The residue will go to the second stage and go 

through the same circuits as those in the first stage. The second signal will be sampled in 

the P _DCM in the first stage and be processed again. 

In each pipeline stage, dynamic current mirrors have been analyzed and designed in 

detail in chapter 4. The designs of current amplifier and current comparators are based on 

another kind of conventional current mirror - adaptive bias cascode current mirror. All the 

analog switches are CMOS switches. There is a little difference between the clock phase 

<D/ and <Dj , where j = 1, 2 and 3. It is shown in Figure 5 .3. This is to avoid discharging 

capacitors. The clock phase <t> 1 , <D2 and <I:>3 are non-overlapping. Figure 5.4 illustrates the 

clock cycle and the three clock phases. 

The followings are the designs of the circuits inside the pipeline stage. 

~ 
Figure 5.3 Clock Waveforms of <D/ and <Dj 

Figure 5.4 Clock Waveforms of <I:> 1, <t>2 and <I:>3 
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5.1.1 Adaptive Bias Cascode Current Mirror[44] 

Since we are dealing with current mode technique, a lot of current sources are used 

in the circuits. Adaptive bias cascode current mirror is used in many blocks to achieve 

large output voltage swing and large output impedance. It was proposed by E. Bruun and 

P. Shah in 1995 [44]. So before we design the other circuits, it is necessary and important 

to analyze its performance first. Since the input current range is quite large (0 ~ 200 µA) , 

we found that it is more accurate using this new type of current mirror. 

This current mirror can be classified into two types - n-type and p-type - current 

mirrors depending on the transistors used. The structures of p-type and n-type adaptive 

bias cascode current mirrors are the same. Hence in this section only the n-type current 

mirror is analyzed. Figure 5.5 shows the schematic diagram. 

M6 

l 1out 

MS 

VBC 

M 3 M4 

Figure 5.5 Adaptive Bias Cascode Current Mirror 
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1. Design 

[. 
In 

Figure 5.6 Fixed Bias Cascade Current Mirror 

In one type of the low voltage cascade current mirrors (Figure 5.6), the gates of the 

cascade transistors (M3 and M4) are biased at a fixed voltage (V 8 c). The disadvantage is 

that when the input reference current increases, the gate to source voltage of the cascade 

transistors (V 083) will also increase. Since the gate voltage is fixed, the source voltage has 

to decrease. So it will decrease the voltage between the drain and the source of the mirror 

transistor M 1. This will cause M 1 to work in the linear region which makes the current 

going through it more sensitive to the change of the drain-to-source voltage. It will reduce 

the output resistance and reduce matching of the mirror transistors. When the input current 

is small , if the bias voltage is larger than 2 times of the threshold voltage, the input cas­

cade transistor will be driven to work in the linear region while the output cascade transis­

tor is in the saturation region. Hence it will increase the gain error and distortion. But if the 

gates of cascade transistors are connected to a voltage divider, the gate voltage will 

increase while the input reference current increases. So the drain voltage of mirror transis­

tors will increase and guarantee that the memory transistors work in the saturation region. 

This can be done by using an adaptive bias cascade current mirror shown in Figure 5.5. 
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M 1 and M2 are the mirror transistors. M3 and M4 are the cascade transistors. Ms and M6 

form a voltage divider to provide a bias voltage to the gates of the cascade transistors. 

Since both M 1 and M3 work in the saturation region, each gate-to-source voltage can 

be represented as follows: 

V =V +{½: 
gsl Tl ✓~ (5 .1) 

(5.2) 

where K 1 and K3 are the transconductance parameters, V Tl and V T2 are the threshold 

voltages and S1 and S3 are the channel width to length ratios. In the circuit, threshold volt­

age and transconductance parameter are defined by the process. For the same type of tran­

sistors, their K and V r values are the same. Only the channel width to length ratio is 

different, so the fonnulas can be written as : 

V = V +~ gsl T 
I 

(5.3) 

V = V +~ gs3 T 
3 

(5.4) 

Considering Ms , M6 as a single transistor with the effective aspect ratio of S8 which 

(5.5) 

its drain-to-source voltage is : 

(5.6) 

Since 

(5 .7) 
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one can get the drain-to-source voltage of M5 which is: 

V = V - V dsS ds ds6 

(5.8) 

In order to ensure M 1 working in the saturation region, the minimum value of Vds l 

should be : 

(5 .9) 

where V8c is the gate voltage of M3 and M4 . Substituting equation (5.4) to (5.9), 

one can get 

V = V + {½:,( 1 + JsiJ 
BC T ✓ fG5i Js; (5. 10) 

rs; . 
Let N = ✓~ , V8 c will be 

V = V + N + 1~
1

in 
BC T N KS 

I 

(5.11) 

Since VB C = VdsS + Vgs l , substituting equation (5.3), (5.8) and (5.11) to the equa­

tion above, one can get 

(5. 12) 

The input voltage to this current mirror is : 

V. = V +V 
111 gs I gs S 

(5. 13) 
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For the fixed bias cascade current mirror, the input voltage is V r + . It is 
I 

noted that the input voltage of adaptive bias cascade current mirror is almost twice the 

value for ~ 11 in the original low voltage cascade current mirror. But it is comparable to the 

input voltage of a conventional cascade current mirror. 

The minimum output voltage is found to be: 

(5.14) 

For the fixed bias cascade current mirror, Vout,min = V8c - Vr. It is independent of 

the input current. But for the adaptive bias cascade cmTent mirror, Vo ut,min is dependent on 

the input cmTent. It decreases with the decrease of the input current. 

The output resistance of this current mirror is 

(5.15) 

The output resistance is the same as the conventional low voltage cascade current 

mirror and is not affected by the biasing circuit. 

2. Simulation Results 

The adaptive bias and fixed bias current mirrors are simulated. In order to increase 

the dynamic range, S 1 and S3 are chosen to be large. N is chosen to be 1. The sizes of the 

transistors are shown in Table 5.1. V8 c is chosen to be 2 Vr . 

Figure 5.7 shows the output error versus the input current of the adaptive bias cas­

cade current mirror and the fixed bias cascode current mirror. It is noted that the error in 

the fixed bias cascade current mirror is much larger than the one in the adaptive bias cas­

cade current mirror especially when the input current is greater than 80 µA. This is 

because when the input current increases, the mirror transistor M 1 goes into the linear 

region thus increases the output error. Analysis shows that when the input current is 100 

µA , the saturation voltage of V ds l is 0.4624 V but actually the simulated voltage ofV ds l is 
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0.3491 V. So M I does work in the linear region. Hence the performance of the adaptive 

bias cascode current mirror is much better. 

Figure 5.8 is the result of the output error versus input current for adaptive bias cas­

cade current mirror. It shows that with the increase of the input current, the output error is 

getting larger and larger. The error is less than 3.5 nA when the input current range is 

between 0 and 200 µA. It can be found that the accuracy of this circuit is quite high. The 

only limitation is that the parasitic capacitance is very large because of using large size of 

transistors. Hence it will reduce the speed of the circuit. In the circuit, the length of mem­

ory transistors and cascode transistors are chosen 10 µm. This can improve the circuit 

accuracy because for the short length transistor, the effect of channel length modulation is 

more prominent. Even for a little difference between the drain-to-source voltage for the 

mirror transistor M I and M2, the difference between the output current and the input cur-

rent will be very large and this is not acceptable in some high precision circuits. 

Table 5.1: Size of the Transistors in Adaptive Bias Cascode Current Mirror 

Transistors Size 

M1 100µ/10µ 

M2 100µ/10µ 

M3 100µ/10µ 

M4 100µ/10µ 

M5 45µ/10µ 

M6 400µ/10µ 



CHAPTER 5 SUBSYSTEM ANALYSIS AND DESIGN 

_ s 
I 

0.6,----~---~--~-----, 

0.4 

0.2 

_8- 0.2 

-0.4 

-0.6 - Fixed bias cascade 
- - Adaptive bias cascode 

- 0.8'----~---~--~-----' 
0 50 100 150 200 

I~ (µA) 

Figure 5.7 Output Error versus Input Current 

3 

2.5 

<i" 2 
.s 
-
I 

_81.5 

0.5 

50 150 200 

Figure 5.8 Output Error versus Input Current for 

Adaptive Bias Cascode Current Mirror 

78 

The current miITor with three outputs in the 2-bit AID sub-converter has the same 

structure as the adaptive bias cascode current miITor discussed above except that the tran­

sistors used are p-type MOSFETs. This cuITent mirror is simulated with the cuITent com­

parators as its load. This is under the actual circuit architecture condition. 
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In the actual circuit, short channel transistors with 2 µm channel length is chosen. 

This is to reduce the transistor sizes and the parasitic capacitances and increase the circuit 

speed. Table 5.2 lists the delay times for different channel lengths when the input current 

is 20 µA. It is noted that when channel length is 2 µm, the operation is much faster. 

Figure 5.9 illustrates the output error versus the input current. The maximum output 

error is about 0.13 µA. This is much larger than the output error shown in Figure 5.8. But 

such an error is allowable in the circuits. In the Figure 5.2, the value of the current held by 

N_DCM 1 is actually smaller than its original input current. When this current goes 

through this current mirror, the output current will be larger. So the error can be compen­

sated. The most important issue within this part of the circuit is the sensitiveness of the 

comparators. When the value of the original input current is around the threshold current 

in the current comparator, the comparator offsets the difference and give the correct com­

parison result. More simulation results of the 2-bit AID sub-converter will be shown in 

section 5.1.5 . 
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Figure 5.9 Output Error versus Input Current 

Table 5.2: Delay Time (Iin = 20 µA) 

L=2 µm L=5 µm 

60.03 ns 300.8 ns 
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5.1.2 Current Amplifier 

Figure 5.10 Simple Current Amplifier 

In each pipeline stage, input current is first amplified by a current amplifier whose 

gain is required to be 2. Figure 5.10 shows its schematic diagram. There are two pairs of 

current mirrors in the circuit. M 1 and M2 form one pair and M3 and M4 form the another 

one. In practice, they are implemented by two adaptive bias cascade current mirrors, one 

is p-type and the other is n-type. 

The analysis of the circuit is the same as the one in section 5.1.1. Since two current 

mirrors are connected in parallel, in order to increase the dynamic range of the input cur­

rent, the W/L ratio of the transistors should be chosen large. This increases the parasitic 

capacitances. When the input current is very small, it will take a long time to charge those 

capacitances and hence reduce the circuit speed. One way to solve this problem is to add 

two bias current sources (I 1 and I2) in the circuit. Those two current sources need not to be 

large but have to be very accurate. Accurate external current sources can be used. 

Using Spectre to simulate the circuit, one can get the output characteristic of current 

amplifier loaded by a voltage source (Figure 5.11). The input current range is from Oto 
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100 µA. Simulation result shows that the ratio of the output current to input current is 

2.0008. If the current amplifier is loaded by a 2-bit AID sub-converter, the amplification 

gain is approximately 2.0003. Figure 5.12 shows its output characteristic. Figure 5.13 is 

its absolute error. The maximum error is about 220 nA (0.56 LSB) . The error can be can­

celled in the 2-bit AID sub-converter. Simulation results shown in chapter 6 prove that the 

current amplifier designed meet the accuracy requirement in the whole system. 

Since the parasitic capacitances related to this circuit are large, they affect the opera­

tion speed of the pipeline stage. Figure 5 .14 is a curve of settling time versus input current. 

It is noted that with the increase of the input current, the settling time decreases. When the 

input current is 0.39 µA (1 LSB), the settling time is about 609 ns. This requires the time 

period of one clock phase to be greater than 609 ns. This limits the conversion rate of the 

AID converter to be slow. To increase the operation speed, one can choose smaller channel 

length for transistors. But the trade-off is the accuracy will decrease. This is mainly due to 

the channel length modulation effect. For short channel transistors, channel length modu­

lation effect is not negligible. It will affect the accuracy of the current mirrors . That is why 

in any AID converter circuits, if the speed increases, the system will not be more accurate 

than before. The other way to increase speed is using bipolar transistors which can operate 

much faster than MOSFETs. 
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Figure 5.11 Output Characteristic of Current Amplifier Loaded by Voltage Source 
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Figure 5.12 Output Characteristic of Current Amplifier Loaded by 2-bit ADC 
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Figure 5 .13 Absolute Error of Current Amplifier Loaded by 2-bit ADC 
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Figure 5.14 Settling Time versus Input Current 

5.1.3 Current Comparator[15] 

I­m 

---,---------,--- V dd 

A 

Figure 5.15 Current Comparator 
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In each pipeline stage, in order to accomplish 2-bit conversion, three current com­

parators are needed. The values of threshold current for them are 0.5Iref, J,4 and l.5Iref, 

respectively. The basic requirement for the current comparators in this work is its sensi­

tiveness. They should be very sensitive when the value of input current is around the value 

of threshold current. 

Figure 5.15 demonstrates the schematic diagram of a current comparator. In the cir­

cuit, M4 and M 5 set up the DC threshold current I TH . M 3 and M4 form a current mirror to 

produce I TH to the output side. M I and M2 form another current mirror to reproduce the 

input current to the output side and compare it with the threshold current. An inverter is 

used to determine the comparison result. If Jin< JTH, the voltage of node A will reach V H 

and the output of inverter will change to low, giving b = 0. If Jin> I TH , the voltage of node 

A will reach value V L and the output of inverter will be high, giving b = 1. It can be found 

that when Jin> I TH , VA falls to a low value. So the transistors M I is working in the satura­

tion region and M2 is working in the linear region. 

This current comparator can be considered as a common source amplifier (M2) with 

a current source load (M3). The input current is converted into Vgs to drive the amplifier. 

In order to obtain high sensibility, the amplifier gain has to be made very high. In this cir­

cuit, the gain is equal to : 

G = gm 2 (rds2 II rds3 ) (5.16) 

In practice, any voltage noise at the gate of M I wi ll be amplified by this comparator. 

So the simple current mirror is not suitable for the design. To achieve high gain, a transis­

tor with high output resistance should be adopted. In this work, the adaptive bias cascade 

current mirror is used for the pair formed by M 1 and M2. Figure 5.16 shows the simulation 

result of the current comparator with the three threshold currents. Vout is the voltage at the 

output node b. It can be seen that the comparator design meets the requirement. 

Simulation results also show that the settling time for the current comparator is at 

least 660 ns . This is due to the large parasitic capacitances inside the circuit. Thus the 

speed of the circuit can not be very fast. 
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Figure 5.16 Simulation Result of Three Current Comparators 

5.1.4 3-bit to 2-bit Decoding Circuitry 

In each pipeline stage, the input current has to be compared with three values of ref­

erence current. Thus three comparators are used and three output values are obtained. In 

order to transfer those values to MSB and LSB, a 3-bit to 2-bit decoding circuitry has to be 

designed. Figure 5.17 shows the symbol of the circuitry. 

The three inputs - a, b and c - are the output results of the current comparators with 

the threshold currents of 1.51,4 , I,4 and 0.51,4 , respectively. Here Ire/ equals to 100 µA. 

Table 5.3 demonstrates its truth table. After being simplified, one can get the circuit dia­

gram which is illustrated in Figure 5.18. The circuit consists of two inverters, three 3-input 

nand gates and two 2-input nand gates. Their schematic diagrams in transistor level are 

shown in Figure 5.19 - 5.21 . 

Figure 5.22 is the simulation result of this circuit. The input abc changes between 

four states - 000, 001 , 011 and 111. The output is 00 / 01 / 10 / 11 which is correct accord­

ing to the analysis. 
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Figure 5.17 Symbol of 3-bit to 2-bit Decoding Circuitry 

Figure 5 .18 3-bit to 2-bit Decoding Circuitry 

a ---{:>o- b 

o b 

b= a 

(a) (b) 

Figure 5.19 Inverter (a) Schematic Diagram (b) Symbol 



CHAPTER 5 SUBSYSTEM ANALYSIS AND DESIGN 87 

c=ab 

(a) (b) 

Figure 5.20 2-input Nand Gate (a) Schematic Diagram (b) Symbol 

- -+---->----+--- -----o d 

a o--------¼------, 

b u------------< 

d = ab c 

C u-----------; 

(a) (b) 

Figure 5.21 3-input Nand Gate (a) Schematic Diagram (b) Symbol 
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Table 5.3: Truth Table 

Outputs of Comparators 

Input Current Range a b C 
MSB LSB 

(150µA) ( l00µ A) (50µA) 

150µA <21in < 200µA 1 1 1 1 1 

l00µA <21in < 150µA 0 1 1 1 0 

50µA <21in < 1 00µA 0 0 1 0 1 

0 < 21in < 50µA 0 0 0 0 0 

00 01 IO 11 00 

MSB 

:r : : : ( : : \ : j 
0 0 .5 1 1.5 2 2 .5 3 3 .5 4 4 .5 5 

Time (~1s) 

LSB 

Figure 5.22 Simulation Result 

5.1.5 Performance of Each Pipeline Stage 

Sections 5.1.1 - 5.1.2 described the analysis and design of the circuit blocks inside a 

pipeline stage. After two pipeline stages were combined and simulated, we found that the 

output of the P _ DCM was a little bit larger than the input current. But the output of the 

N_DCM is smaller than the input current. Since these two kinds of dynamic current mirror 

are connected in parallel and the polarities of the errors are opposite, they can cancel some 

of the errors. 
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One of the important parts in each pipeline stage is the substraction circuit. The 

accuracy of the reference current sources affects the accuracy of the whole AID conver­

sion system. One can use external current sources controlled by the digital circuits. This 

method is widely adopted by other researchers [ 43). 

Figure 5.23 demonstrates both the ideal and the practical transfer characteristic of 

each pipeline stage. One can see that there exists offset error which is about 12.5 µA. This 

offset error can be compensated by the voltage-to-current converter and the other circuits. 
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Figure 5 .23 Transfer Characteristic of the Pipeline Stage 

5.2 Voltage-to-Current Converter 

5.2.1 Design 

In this AID conversion system, the input signal is still voltage. So a voltage-to-cur­

rent converter (VIC) is needed to convert the voltage to current first. Figure 5.24 demon­

strates its simple schematic diagram. This is the single-ended differential input amplifier. 

The analysis below shows that if the input differential voltage satisfies certain conditions, 

the output current will change linearly with the input voltage. 
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Figure 5.24 Voltage-to-Current Converter 

M 1 and M2 are the differential input transistors. M3 and M4 form a current mirror. 

V11 and VP are the input voltage signals. iDI and im are the current going through the two 

input transistor M I and M2 . The differential input voltage is: 

V. = V - V 1d n p 

= V + ~ - V - ~ 
Tl ✓~ T2 ✓ 73; 

(5.17) 

Usually VTl = V72 and ~I= ~2 , so 

(5.18) 

Since 

(5.19) 
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Solving equation (5.18) and (5.19), one can get the expressions for iDJ and iD2 

1ss 1ss 
2 

~ 2 Vid 4 

iDl 
~Vid 

= -+- ---
2 2 1ss 41ss 

(5.20) 

1ss 
2 

~ 2 Vid 4 1ss ~Vid 
lDI = - - - -- -

2 2 1ss 41ss 
(5.21) 

Since M3 and M4 form a current mirror, the current going through M4 is the same as 

the one going through M3 which is iDJ . So the output cmTent is: 

age. 

RV 2 R2V.4 
I-' 1·d I-' 

I id = ss -- -
1ss 4 2 

1ss 

2 2 4 R ~ vid ~ vid s 
If -- » -- , which is Vid « ~ , then 

I ss 41ss 

i out = J~1ssvid 

For each transistor, for example M 1, 

the transconductance is g ml 

gm l = JJ;J 
Substituting (5.25) to (5 .23), one get the output current 

iout =gml Vid 

(5.22) 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

It is noted that the output current changes linearly with the change of the input volt-
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5.2.2 Performance 

In the practical circuit, Iss is chosen to be 375 µA and ~d should be much less than 

2.53 V. (W/L)1 and (W/Lh are both chosen to be 10µ/10µ. Cascode current mirror is used 

as the load in order to get more accurate output current. The circuit is simulated with a 

load of current amplifier. This is the real condition in the AID conversion system. Figure 

5 .25 is the transfer characteristic of the voltage-to-current converter. The range of ~dis 0 

~ 675 mV. The slope is about 148.33625e-6. Figure 5.26 shows the difference between 

Iout(ideal) and Iout(practical) versus input voltage ~d . One can find the error is between 

- 0.08 µA and+ 0.22 µA which is - 0.2 LSB I + 0.6 LSB. This error is acceptable in the 

circuit. When the input voltage is O V, the output current is about 0.09 µA and this can 

compensate the offset error in the following pipeline stage. 

Simulation result also shows that the settling time of this converter is 121 ns. Com­

pared to the other circuit blocks, it works faster. So this part will not affect the operation 

speed of the whole system. 
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Figure 5.25 Transfer Characteristic of Voltage-to-Current Converter 
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Figure 5.26 Iout(prac1ical) - Iout(ideal) versus ~d 

5.3 Sample-and-Hold Circuit 

93 

Before the analog-to-digital conversion, a sample-and-hold circuit has to be used. 

The main building block of this circuit is the sample-and-hold amplifier. According to 

Nyquist Theory, the sampling frequency has to be at least 2 times larger than the input sig­

nal frequency. 

Since the conversion time for each pipeline stage is comparatively large (2.82 µs) , 

the sampling frequency is 355 kHz which is low. So a sample-and-hold circuit with high 

speed performance is not strictly required . Figure 5.27 demonstrates a simple S/H circuit. 

It consists of a S/H amplifier, a capacitor and two switches. When the sample switch is 

closed, the input signal is sampled on the capacitor. When the hold switch is closed, the 

voltage across the capacitor will not change, thus the signal is held by the capacitor and 

processed in the following circuit. 

Figure 5.28 shows the clock waveform for the switches. The sampling time should 

be greater than the acquisition time t8 which is the time that S/H circuit must remain in the 

sample mode to ensure that the subsequent hold mode output will be within a specified 
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en-or band of the input level that existed at the instant of the sample-and-hold conversion. 

The holding time should be greater than the settling time t5 which is the time interval 

between the sample-and-hold transition command and the time when the output transient 

and subsequent ringing have settled to within a specified error band. 

The op-amp is a two stages op-amp which comprises an input stage and an output 

stage (Figure 5.29) . The simulation results are shown in Table 5.4. The settling time, the 

slew rate and the overshoot are measured under a 1 V step input. 

By simulating the sampled-and-hold circuit in Figure 5.27 loaded by a VIC, the sam­

pling time is found to be at least 374 ns. Choosing the value to be 400 ns is therefore rea­

sonable. Figure 5.30 shows the sampled error versus the input voltage. It is noted that the 

error is between - 0.128LSB and - 0.038LSB, which meets the requirement. 

Hold 
v . Sample ~ ---------- >-_ ,__.,.. ---■ --o 

Figure 5.27 Sample-and-Hold Circuit 

sample hold sample 

_I ~I _ I 
I • > ta + > ts " I 

Figure 5.28 Clock Waveform of Sampling Switches 
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Figure 5.29 Schematic Diagram of Sample-and-hold Amplifier 

Table 5.4: Parameters of Op-amp 

Parameters Values 

Offset voltage (Vos) - 3.0905 µV 

Settling time 307 ns 

Slew rate 6.598 V/µs 

Overshoot 4.292% 
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Figure 5.30 Sampled Error versus Input Voltage 
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Chapter 6 

System Level Analysis and Design 

In this chapter, system level architecture of the AID converter is presented. Parallel 

channels are adopted. Only one channel is simulated. It consists of a S/H circuit, Voltage­

to-current converter and the four pipeline stages. Simulation results are given. 

6.1 System Level Architecture 

The simulation results in the previous chapters show that the conversion time for one 

pipeline stage is 2.82 µsand the sampling time for S/H circuit is 400 ns. So it is noted that 

there is a long time for S/H circuit to hold the signal. The conversion rate is 355 kHz. If 

parallel channels are used, after the S/H circuit in the first channel has :finished sampling, 

the S/H circuit in the second channel can begin sampling. Figure 6.1 and 6.2 shows the 

structure and the timing diagram of the parallel channels, respectively. In the system struc­

ture, the input voltage goes through a multiplexer first. In this block, the input signal is 

controlled to go to the next N channels. Each channel is a 8-bit current mode AID con­

verter which is designed in chapter 5 and is constrained to the operation speed of 355 kHz. 

Output control circuitry is to scan the digital output words from each channel and transfer 

to the output. Seven channels can be put together in this system. And the system can work 

at 2.5 MHz. 
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Figure 6.1 System Structure 
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Figure 6.2 Timing Diagram of Parallel Channels 

6.2 One Channel Analysis 

6.2.1 Simulation Results 

The structure of each channel is shown in Figure 2.2. It consists of one S/H circuit, 

one VIC and four pipeline stages. The operation of each circuit block with actual load is 

simulated and the results are shown in chapter 5. In this section, these blocks are con­

nected and simulated. 
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The first result is obtained by simulating of a sine wave input signal. Figure 6.3 illus­

trates the wavefonns of the input signal and the sampled signal. The sampling rate for 

each channel is 2.82 µsand the sampling time is 400 ns. This time is chosen according to 

the maximum settling time of the S/H circuit. 
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Figure 6.3 Input Signal and Sampled Signal 

After the signal is sampled and held, VIC will convert the signal from voltage to cur­

rent and then the fo llowing AID converter will convert the analog current signal to digital 

word. Figure 6.4 shows the transient response when the input is a sine wave signal with a 

frequency of 40 kHz and a amplitude of 675 mV. Figure 6.4 is divided into 5 sections. 

These five sections are five clock cycles. Clock cycle 1 gives the result of the first two 

most significant bit - b1 and b2 ("00") for the first sampled signal. The other bits (b3 - b8) 

are not determined. Clock cycle 2 gives the results of b1 b2 (" 10") for the second sampled 

signal and b3b4 ("0 l ") for the first sampled signal. b5 - b8 are undetermined. Clock cycle 3 

gives the results of b 1 b2 (" 11 ") for the third sampled signal, b3b4 (" 11 ") for the second 

sampled signal and b5b6 (" 1 0") for the first sampled signal. b7 - b8 are undetermined. 

Clock cycle 4 gives the results of b 1 b2 (" 11 ") for the forth signal, b3b4 (" 11 ") for the third 

signal , b5b6 (" 1 0") for the second signal and b7b8 ("0 l ") for the first signal. 
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2 3 4 5 

Figure 6.4 Digital Output (Vin 0.675 sin(2.513 x 105t)) 

Table 6.1: Simulation Results 1 

Clock Cycle 
Bits 

1 2 3 4 5 

b1b2 00 10 11 11 00 

b3b4 --- 01 11 11 00 

bsb6 --- --- 10 10 11 

b7b8 --- --- --- 01 10 
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Clock cycle 5 gives the results of b 1 b2 ("00") for the fifth signal , b3b4 ("00") for the fo11h 

signal , b5b6 ("0 l ") for the third signal and b7b8 (" 1 0") for the second signal. The conclu­

sion of this simulation results is shown in Table 6.1. It is noted that only after four clock 

cycles is the first sampled signal finished conversion. From the results one can get that for 

the first sampled signal (67.6051 mV), the digital output is "00011001 ". For the second 

sampled signal (488 .3328 mV), the digital output is " 10111010". These two outputs are 

correct. 

The second result is obtained by simulating of input signal ~ V FS, where N = 0, 1, 

... 16. The result is shown in Table 6.2. It is noted that there are only three outputs which 

have some deviations according to the ideal outputs. The corresponding input voltages are 

1
8
6 

V FS, !
6 

V FS and ! ~ V FS . All of the errors for these three input signals are the same 

which is 1 LSB. 

Table 6.2: Simulation Results 2 

Input Voltage Digital Word Input Voltage Digital Word 

0 00000000 9 
l(;VFs 10010001 

_!__ V 00010000 10 10100001 16 FS Ji/ Fs 

2 00100000 .!J_ V 10110000 ]6 VFS 16 FS 

3 
J6 VFS 00110000 12 

J6VFS 11000000 

4 
]6 VFS 01000000 13 

]6VFS 11010000 

5 
J6VFS 01010000 14 

]6VFS 11100000 

6 
]6 VFS 01100000 15 

J6VFS 11110000 

7 
]6 VFS 01110000 16 

J6VFS 11111111 
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Table 6.2: Simulation Results 2 (Continued) 

Input Voltage Digital Word Input Voltage Digital Word 

8 
u/Fs 10000001 

Table 6.3 lists the other results when the input voltage is V FS I 2N, where N = 1, 2, ... 

8. It shows that there is also 1-bit error when the input voltage is 0.5 V FS . Even though we 

can not simulate the system for every input signal corresponding to 256 outputs, the 

results which have already been obtained show that the system works properly. The non­

linearity should be less than 1 LSB. 

Table 6.3: Simulation Results 3 

Input Voltage Digital Word Input Voltage Digital Word 

I I 
1 VFS 10000001 5VFS 00001000 
2 2 

1 
01000000 

1 
00000100 2. VFS 6VFS 

2 2 

I I 
00000010 3VFS 00100000 7 V FS 

2 2 

I I 
00000001 4 VFS 00010000 g VFS 

2 2 

6.2.2 Accuracy and Speed 

From the analysis in the previous chapters, one can see that even though some meth­

ods are used to increase the accuracy of the circuits, errors still exist. 

The main error is from the dynamic current mirror. Error analysis in chapter 4 pre­

sents the four main error sources. Simulation results show that the maximum relative error 

is 9% when the input current is 1 µA. That means the absolute error is about 90 nA. If the 

circuit works in a very low current level, e.g. 100 nA, the reproduced current will be 10 

nA. This part of error is mainly from charge injection and clock feedthrough effect 
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because the channel length modulation effect is eliminated by using regulated-cascode 

structure. Also the en-or from junction leakage cun-ent is very small (2 nA). 

Errors also come from the other current mode circuits, such as the current mirror 

with three outputs and cun-ent comparator, etc. These circuits require the use of adaptive 

bias cascode cun-ent min-or. The channel length of 2 µm is chosen in the circuits in order 

to reduce parasitic capacitances. Since the min-or transistors are short channel transistors, 

channel length modulation effect can not be negligible. Hence there is a bigger en-or in the 

reproduced cunent. Simulation result shows the maximum absolute enor for the current 

mirror with a load of current comparator is 0.13 µA. 

If the circuit accuracy can be improved, the circuit will work in a lower current level. 

So the dynamic range of the ND converter can be increased. The resolution can be 

increased to 10-bit or more. But as we mentioned before, the accuracy is increased at the 

expense of reducing the speed. 

The speed of this ND converter is mainly affected by two factors. 

One is due to the large parasitic capacitances. In the circuits, especially current 

amplifier and current comparator, the sizes of the transistors are very large. The maximum 

width is 600 µm. This results in a very large parasitic capacitance. Hence it will take a 

longer time for the current to charge them and therefore reduce the speed. 

The other reason is, in order to reduce the errors induced by the analog switches, one 

has to choose a longer falling time for the clock. In this work, the falling time is 60 ns. So 

the circuit can not work at a very fast speed. 

Also, since the capacitor which is connected to the gate of the memory transistor in 

the dynamic current mirror is chosen to be larger in order to reduce the errors caused by 

charge injection, clock feedthrough effect and junction leakage current, this results in a 

reduced operation speed. 

From the analysis above, we can see that in order to increase the accuracy, speed will 

be decreased. On the other hand, if we want to increase speed, the accuracy will be 

decreased. There is a trade-off between them. So before an ND converter is designed, we 

have to decide what kind of accuracy or speed the system should have. 
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Chapter 7 

Conclusions 

7.1 Results 

In this work, one of the basic bui lding blocks in the current mode circuits, namely, 

the dynamic current mirror is analyzed and designed. By using the dynamic current mir­

rors, a module of 2-bit pipeline stage for the current mode AID converter is designed. A 

system architecture for AID conversion is proposed. One of the channels is simulated by 

Spectre under the Cadence environment. 

The design and analysis of one channel in the AID conversion system includes sev­

eral analog circuit blocks - dynamic current mirror, S/H amplifier, voltage-to-current con­

verter (VIC), current amplifier, current comparator and a 3-bit to 2-bit decoding circuitry. 

The resolution of the system design is verified to be 8-bit. The conversion rate for 

each pipeline stage is 355 kHz. By using parallel channels, the speed of the system can be 

increased to 2.5 MHz. Table 7.1 compares thi s work with simi lar current mode AID con­

verters listed in the reference. The speed achieved exceeds some of the previous works of 

comparable or higher resolution. 

Although results presented in this thesis were obtained through simulation, the ana l­

ysis ensures that they will meet the specified requirements. 
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Table 7.1: Comparison Results 

Reference Resolution (bit) Conversion Rate Technology 

This work 8 2.5 MHz 0.8 µm BiCMOS 

(31] 6 200 kHz 3 µmCMOS 

(32] 8 500 kHz 3 µmCMOS 

(30] 10 25 kHz 3 µmCMOS 

(29] 10 550 kHz 2.4 µm CMOS 

(28] 14 5.7 kHz 3 µmCMOS 

7.2 Future Work 

This work focused on the design of a single pipeline stage to verify the operation of 

the 4-stage pipeline cunent mode AID converter. Future work may involve the following: 

1. Implementation of this AID converter to verify the operation of the circuit. 

2. In this work, the dynamic range of the circuits is not large. This results in the cir­

cuit operation in a unidirection current way. If the circuit is required to process current in 

the opposite direction, an additional bit decision circuit has to be designed. If the circuit 

dynamic range increases, the current can go in both directions . This will reduce the circuit 

complexity and the chip area. 

One of the reasons for the limited dynamic range in this work is because 0.8 µm 

BICMOS technology was used. The threshold voltages for NMOS and PMOS are 0.8115 

V and - 0.902 V, respectively. Those values are much higher compared to the values in 

some CMOS technology (43]. This restricts the dynamic range of the circuits. If this work 

is done by using other available technology with lower threshold voltages, the dynamic 

range can be increased and more bits resolution can be obtained. Besides, the power sup­

ply voltage of the circuits can also be reduced. 

3. The accuracy of the system is mainly affected by analog switches. A lot of meth­

ods can be adopted to reduce the enors. In this work, CMOS switches are used. In the 
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future work, more efforts should be made to improve the accuracy of ana log switches. 

4. The conversion rate for each pipeline stage is sti ll low. It can be increased by 

improving the performances of the other circuits inside the pipeline stage. 

5. In this work, the speed of the S/H amplifier is not very fast. If a higher speed S/H 

amplifier is designed, the sampling time period can be reduced. So more channels can be 

put in parallel. This will increase the operation speed of the conversion system. 



107 

Bibliography 

[1] T. Fiez, "Analog VLSI Signal and Information Processing", McGraw-Hill, Inc. 1994, 

pp. 135 . 

[2] D. G. Nairn and C. A. T. Salama, "Current mode analog-to-digital converters," 

Proceedings of IEEE International Symposium on Circuits and Systems, 1989, pp. 

1588 - 1591. 

[3] K. C. Smith and A. S. Sedra, "The current conveyor - a new circuit building block," 

Proceedings of IEEE, vol. 56, pp. 1368 - 1369, Aug. 1968. 

[ 4] A. S. Sedra and K. C. Smith, "A second-generation current conveyor and its applica­

tions," IEEE Trans. Circuit Theory, vol. CT-17, pp. 132 - 134, Feb. 1970. 

[5] B. Gilbert, "Translinear circuits: a proposed classification," Electronics Letters, vol. 

11 , pp. 14 - 16, 1975 . 

[6] S. J. Daubert, D. Vallancourt and Y. P. Tsividis, "Current copier cells," Electronics 

Letters , vol. 24, no . 25, pp. 1560 - 1562, 8 Dec. 1988. 

[7] D. M. W. Leenaerts, A. J. Leeuwenburgh and G. G. Persoon, "A high-performance 



BIBLIOGRAPHY 108 

SI memory cell," IEEE J. Solid-State Circuits , vol. 29, no. 11, Nov. 1994, pp. 1404 -

1407. 

[8] T. S. Fiez, G. Liang and D. J. Allstot, "Switched-current circuit des ign issues," IEEE 

J. Solid-State Circuits , vol. 26, no. 3, March 1991 , pp. 192 - 201. 

[9] G. Wegmann and E. A. Vittoz, "Very accurate dynamic current mirrors," Electronics 

Letters, vol. 25, no. 10, pp. 644 - 646, 14 Mar. 1989. 

[10] B. Pain and E. R. Fossum, "A current memory cell with switch feedthrough reduc­

tion by error feedback," IEEE J. Solid-State Circuits , vol. 29, no. 10, Oct. 1994, pp. 

1288 - 1290. 

[11] C. Toumazou, N. C. Battersby and C. Maglaras, "High-performance algorithmic 

switched-current memory cell ," Electronics Letters , 13th Sep. 1990, vol. 26, no. 19, 

pp. 1593 - 1595. 

[12] C. Aoumazou, J.B . Hughes and D. M. Pattullo, "Regulated cascode switched ­

current memory cell ," Electronics Letters, 1st March 1990, vol. 26, no. 5, pp. 303 -

305 . 

[ 13] J.B. Hughes and K. W. Moulding, "S2I: a switched-current technique for high 

performance," Electronics Letters, 5th Aug. 1993, vol. 29, no. 16, pp. 1400 - 1401. 

[14] D. A. Freitas and K. W. Current, "A quaternary logic encoder-decoder circuit design 

using CMOS," Proc. In t. Symp. Multiple-Valued Logic, May 1983 , pp. 190 - 195. 

[15] D. A. Freitas and K. W. Current, "CMOS current comparator circuit," Electronic 

Letters, vol. 19, no. 17, 18th August 1983, pp. 695 - 697. 



BIBLIOGRAPHY 109 

[16] S. L. Smith and E. S-Sinencio, "Low voltage integrators for high-frequency CMOS 

filters using current mode techniques," IEEE Tran. on Circuits and Systems-II, vol. 

43, no . 1, Jan. 1996, pp. 39-48. 

[17] J.B. Hughes, N. C. Bird and I. C. Macbeth, "Switched currents- a new technique 

for analog sampled-data processing," Proceedings of IEEE International Sympo­

sium on Circuits and Systems, May 1989, pp. 1584 - 1587. 

[18] T. S. Fiez and D. J. Allstot, "CMOS switched-current ladder filters ," IEEE J. Solid 

State Circuits, vol. 25, no. 6, Dec. 1990, pp. 1360 - 1367. 

[ 19] R. H. Zele, D. J. Allstot and T. S. Fiez, "Fully balanced CMOS current-mode 

circuits," IEEE J. Solid-State Circuits , vol. 28, no. 5, May 1993, pp. 569 - 575. 

[20] J. B. Hughes, N. C. Bird and I. C. Macbeth, "Second generation switched-current 

signal processing," Proceedings of IEEE International Symposium on Circuits and 

Systems, 1990, pp. 2805 - 2808. 

[21] R. H. Zele and D. J. Allstot, "Low-voltage fully differential switched-current filters," 

IEEE J. Solid-State Circuits, vol. 29, no. 3, Mar. 1994, pp. 203 - 209. 

[22] R. H. Zele and D. J. Allstot, "Low-power CMOS continuous-time filters ," IEEE J. 

Solid-State Circuits, vol. 31, no. 2, Feb. 1996, pp. 157 - 168. 

[23] M. Song Y. Lee and W. Kim, "A new design methodology of second order switched­

current filter," Proceedings of IEEE International Symposium on Circuits and 

Systems , 1991 , vol. 3, pp. 1797 - 1800. 

[24] E. I. El-Masry and J. W. Gates, "A novel continuous-time current-mode differentia­

tor and its applications," IEEE Tran. on Circuits and Systems-II, vol. 43 , no. 1, Jan. 



BIBLIOGRAPHY 

1996, pp. 56 - 59. 

[25] T. Matsuura, T. Tsukada and S. Ohba, "An 8b 20MHz CMOS half-flash AID 

converter," ISSCC Digest of Technical Papers, pp. 220 - 221 , 1988. 

110 

[26] J. Robert, P. Deval and G. Wegmann, "Very accurate current divider," Electronics 

Letters , 3rd May, 1989. 

[27] Ternes, G. C, "High-accuracy pipeline AID converter configuration," Electronics 

Letters, 1985, 21 , pp. 762 - 763 . 

[28] P. Deval, J. Robert and M. J. Declercq, "A 14 bit CMOS AID converter based on 

dynamic current memories," IEEE 1991 Custom Integrated Circuits Conference, 

1991 , pp. 24.2.1 - 24.2.4. 

[29] D. Macq and P. G. A. Jespers, "A 10-bit pipelined switched-current AID converter," 

IEEE J Solid-State Circuits, vol. 29, no. 8, Aug. 1994, pp. 967 - 971. 

[30] D. G. Nairn and C. A. T. Salama, "Ratio-independent current mode algorithmic 

analog-to-digital converters," Proceedings of IEEE International Symposium on 

Circuits and Systems, 1989, pp. 250 - 253. 

[31] D. G. Nairn and C. A. T. Salama, "An algorithmic analog-to-digital converter based 

on current mirrors", Electronics Letters, vol. 8, pp. 471 - 472, 1988. 

[32] D. G. Nairn and C. A. T. Salama, "A current mode algorithmic analog-to-digital 

converter," Proceedings of the 1988 International Symposium on Circuits and 

Systems, pp. 2573 - 2576, 1988. 

[33] D.G. Nairn, "Current mode algorithmic analog-to-digital converters," Ph.D Thesis, 



BIBLIOGRAPHY 111 

University of Toronto. 

(34] S. J. Daubert and D. Vallancourt, "A transistor-only current-mode delta-sigma 

modulator," IEEE 1991 Custom Integrated Circuits Conference, 1991 , pp. 24.3.1 -

24.3.4. 

(35] N. Tan and S. Eriksson, "A low-voltage switched-current delta-sigma modulator," 

IEEE J. Solid-State Circuits , vol. 30, no. 5, May 1995, pp. 599 - 603. 

(36] P. Deval , G. Wegmann and J. Robert, "CMOS pipelined AID converter using current 

divider," Electronics Letters , vol. 25 , no. 20, 28 Sept. 1989, pp. 1341 - 1343. 

(37] D. W. J. Groeneveld, J. J. Schouwenaars, H. A.H. Termeer and C. A. A. Bas­

tiaansen, "A self-calibration technique for monolithic high-resolution D/ A convert­

ers," IEEE J. Solid-State Circuits, vol. 24, no. 6, Dec. 1989, pp. 1517 - 1522. 

(38] R. J. Romanczyk and B. H. Leung, "BICMOS circuits for high speed current mode 

DIA converters," IEEE J. Solid-State Circuits , vol. 30, no. 8, Aug. 1995, pp. 923 -

934. 

(39] D. F. Hoeschele, "Analog-to-Digital and Digital-to-Analog Conversion Tech­

niques,", John Wiley & Sons Inc. 1994. 

( 40] J. Shieh, M. Patil and B. J. Sheu, "Measurement and analysis of charge injection in 

MOS analog switches," IEEE J. Solid-State Circuits , vol. SC-22, no. 2, April 1987, 

pp. 277 - 281. 

[ 41] B. J. Sheu and C. Hu, "Switch-induced error voltage on a switched capacitor," IEEE 

J. Solid-State Circuits , vol. SC-19, no. 4, Aug. 1984, pp. 519 - 525. 



BIBLIOGRAPHY 

[42] G. Wegmann, "Design and Analysis Techniques for Dynamic Current Mirrors", 

Ph.D Thesis No. 890, Swiss Federal Institute of Technology, Lausanne (EPFL), 

1990. 

112 

[43] M. Yotsuyanagi, H. Hasegawa, M. Yamaguchi , M. Ishida and K. Sone, "A 2 V, 10 b, 

20 Msarnple/s, mixed-mode subranging CMOS N D converter," IEEE J Solid-State 

Circuits , vol. 30, no. 12, Dec. 1995, pp. 1533 - 1537. 

[ 44] E. Bruun and P. Shah, " Dynamic range of low-voltage cascode current mirrors", 

IEEE International Symposium on Circuits and Systems, vol. 2, 1995, pp. 1328 -

1331. 



Appendix 

0.8 µm BiCMOS Models 

* Canadian Microelectronics Corporation 

* BiCMOS Design Kit Vl.0 for Cadence Analog Artist 

* August 23 , 1995 

* 

* 0.8-micron BiCMOS SPECTRE library for MOSFET models 

* 

* Dec 6/94 Hsu Ho, CMC 

* 

* 

* 

* 

-ETA and KAPPA were tuned for devices of 4.0um or greater 

channel lengths to effect better modelling for MOS output 

conductance. 

* You should have the following options set in order to supress the 

* printing of the model parameters, to make the nominal temperature 

* compatible with SPICE, and to make SPECTRE use the same device models 

* as SPICE 20.6: 

* 

* .OPTIONS NOMOD TNOM=27 DCAP=l 

* 
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*********************************************************************** 
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* THE FOLLOWING BiCMOS MODELS ARE AVAILABLE: 

* 

* N-CHANNEL MOSFET: 

* SEMI-SCALABLE DEVICE NAME: MNCH 

* CALLING CARD: M_ D GS B MN_ L=X W=X NRD=X NRS=X AD=X AS=X 

PD=X PS=X 

* 

* 

#ifdef TYPICAL 

* 

* SEMI-SCALABLE NMOS PARAMETER LIBRARY 

* 

* N-CHANNEL MOSFET GATE LENGTH= 0.8 um GATE WIDTH= any 

.MODEL MNCH_0P8 NMOS 

+ XL=0.00 XW=0.00 

+ //LMAX=l.0E-6 //LMIN=0.6E-6 

+ //WMAX=500E-6 //WMIN=l.4E-6 

+ LEVEL=3 //ACM=2 

* Long channel model parameters 

+ VTO=0.8115 UO=475 TOX=l 7.52E-9 

+ NSUB=3.618El6 NFS=734.5E9 DELTA=l.0529 

+ THETA=52.45E-3 WD=45.0E-9 

* Short channel model parameters 

+ LD=72.67E-9 LDIF=924.3E-9 XJ=160.4E-9 

+ 

+ 

VMAX=l46.5E3 

RS=l.076E3 

ETA=36.06E-3 KAPPA=le-12 

RSH=0.0 HDIF=l.2E-6 

+ RD= 1. 07 6E3 

* Temperature model parameters 

+ TLEV=l TCV=980.8E-6 BEX=-1.650 

+ TRS=-1.000E-9 TRD=-1.000E-9 
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* Diode model parameters 

+ JS=5.0E-4 //JSW=5.5E-10 

+ CJ=260.0E-6 MJ=0.46 

+ CJSW=280.0E-12 MJSW=0.20 

+ //CJGATE=930.0E- 12 

+ PB=0.925 PBSW=0.925 

+ CGSO=288.4E-12 CGBO=568.3E-12 

+ CGDO=288.4E-12 

* Junction Temperature model parameters 

+ TLEVC=l 

+ PTA=2.90E-3 

+ CTA=353E-9 

PTP=8.24E-3 

CTP=3.18E- l 5 

* Noise model parameters 

+ AF=0.85 KF=l.5E-24 //NLEV=2 

* 

* 

* N-CHANNEL MOSFET GATE LENGTH= 1.2 um GATE WIDTH= any 

.MODEL MNCH_1P2 NMOS 

+ XL=0.00 XW=0.00 

+ //LMAX=l.6E-6 //LMIN=l.0E-6 

+ //WMAX=500E-6 //WMIN=l.4E-6 

+ LEVEL=3 //ACM=2 

* Long channel model parameters 

+ VTO=0.8115 UO=475 TOX=l7.52E-9 

+ NSUB=3.618El6 NFS=734.5E9 DELTA= l.0529 

+ THETA=52.45E-3 WD=45.0E-9 

* Short channel model parameters 

+ LD=73.94E-9 

+ 

+ 

VMAX=154.0E3 

RS=l.072E3 

LDIF=923.1E-9 XJ=162.6E-9 

ETA=110.3E-3 KAPPA=l.0E-12 

RSH=0.0 HDIF=l.2E-6 
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+ RD=l.072E3 

* Temperature model parameters 

+ TLEV=l TCV=980.8E-6 BEX=-1.650 

+ TRS=-1 .000E-9 TRD=-1.000E-9 

* Diode model parameters 

+ JS=5.0E-4 //JSW=5.5E-10 

+ CJ=260.0E-6 MJ=0.46 

+ CJSW=280.0E-12 MJSW=0.20 

+ //CJGATE=930.0E-12 

+ PB=0.925 PBSW=0.925 

+ CGSO=288.4E-12 CGBO=568.3E-12 

+ CGDO=288.4E-12 

* Junction Temperature model parameters 

+ TLEVC=l 

+ PTA=2.90E-3 

+ CTA=353E-9 

PTP=8.24E-3 

CTP=3.18E-1 5 

* Noise model parameters 

+ AF=0.85 KF=l.5E-24 //NLEV=2 

* 

* 

* N-CHANNEL MOSFET GATE LENGTH= 2.0 um GATE WIDTH = any 

.MODEL MNCH_2P0 NMOS 

+ XL=0.00 XW=0.00 

+ //LMAX=4.0E-6 //LMIN=l.6E-6 

+ //WMAX=500E-6 //WMIN=l.4E-6 

+ LEVEL=3 //ACM=2 

* Long channel model parameters 

+ VTO=0.8115 UO=475 TOX=l 7.52E-9 

+ NSUB=3 .618El6 NFS=734.5E9 DELTA=l.0529 

+ THETA=52.45E-3 WD=45.0E-9 
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* Short channel model parameters 

+ LD=73.29E-9 LDIF=923.7E-9 XJ=95.76E-9 

+ VMAX=187.1E3 ETA=365.2E-3 KAPPA=l.0E-12 

+ RS=l.064E3 RSH=0.0 HDIF=l.2E-6 

+ RD= 1. 064 E3 

* Temperature model parameters 

+ TLEV=l TCV=980.8E-6 BEX=-1.650 

+ TRS=-1.000E-9 TRD=-1.000E-9 

* Diode model parameters 

+ JS=S.0E-4 //JSW=S.SE-10 

+ CJ=260.0E-6 MJ=0.46 

+ CJSW=280.0E-12 MJSW=0.20 

+ //CJGATE=930.0E-12 

+ PB=0.925 PBSW=0.925 

+ CGSO=288.4E-12 CGBO=568.3E-1 2 

+ CGDO=288.4E-12 

* Junction Temperature model parameters 

+ TLEVC=l 

+ PTA=2.90E-3 

+ CTA=353E-9 

PTP=8.24E-3 

CTP=3.18E- 15 

* Noise model parameters 

+ AF=0.85 KF=l.SE-24 //NLEV=2 

* 

* 

* N-CHANNEL MOSFET GATE LENGTH= 5.0 um GATE WIDTH= any 

.MODEL MNCH_SP0 NMOS 

+ XL=0.00 XW=0.00 

+ //LMAX=7E-6 //LMIN=4.0E-6 

+ //WMAX=S00E-6 //WMIN=l.4E-6 

+ LEVEL=3 //ACM=2 
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* Long channel model parameters 

+ VTO=0.8115 UO=475 TOX=l 7.52E-9 

+ NSUB=3.618El6 NFS=734.5E9 DELTA=l.0529 

+ THETA=52.45E-3 WD=45.0E-9 

* Short channel model parameters 

+ LD=73.29E-9 LDIF=923.7E-9 XJ=95.76E-9 

+ VMAX=426.3E3 

* ETA=l.0E-12 KAPPA=59.57E-3 

+ ETA=2 KAPPA=79.57E-l 

+ RS=l.064E3 RSH=0.0 HDIF=l.2E-6 

+ RD=l.064E3 

* Temperature model parameters 

+ TLEV=l TCV=980.8E-6 BEX=-1.650 

+ TRS=-1.000E-9 TRD=-1.000E-9 

* Diode model parameters 

+ JS=5.0E-4 //JSW=5.5E-l 0 

+ CJ=260.0E-6 MJ=0.46 

+ CJSW=280.0E-12 MJSW=0.20 

+ //CJGATE=930.0E-12 

+ PB=0.925 PBSW=0.925 

+ CGSO=288.4E-12 CGBO=568.3E-12 

+ CGDO=288.4E- 12 

* Junction Temperature model parameters 

+ TLEVC=l 

+ PTA=2.90E-3 

+ CTA=353E-9 

PTP=8.24E-3 

CTP=3. l 8E- l 5 

* Noise model parameters 

+ AF=0.85 KF=l.5E-24 //NLEV=2 

* 

* 
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* N-CHANNEL MOSFET GATE LENGTH= 10.0 um GATE WIDTH= any 

.MODEL MNCH_l 0P0 NMOS 

+ XL=0.00 XW=0.00 

+ //LMAX=500E-6 //LMIN=7.0E-6 

+ //WMAX=500E-6 //WMIN=l.4E-6 

+ LEVEL=3 //ACM=2 

* Long channel model parameters 

+ VTO=0.8115 UO=475 TOX=l 7.52E-9 

+ NSUB=3 .6 18El6 NFS=734.5E9 DELTA=l.0529 

+ THETA=52.45E-3 WD=45.0E-9 

* Short channel model parameters 

+ LD=73.29E-9 LD IF=923. 7E-9 XJ=95 .76E-9 

+ VMAX=426.3E3 

* ETA=l.0E-12 KAPPA=59.57E-3 

+ ETA=4 KAPPA=29.57 

+ RS=l.064E3 RSH=0.0 HDIF=l.2E-6 

+ RD=l .064E3 

* Temperature model parameters 

+ TLEV=l TCV=980.8E-6 BEX=-1.650 

+ TRS=-1.000E-9 TRD=-1.000E-9 

* Diode model parameters 

+ JS=5.0E-4 //JSW=5.5E-10 

+ CJ=260.0E-6 MJ=0.46 

+ CJSW=280.0E-12 MJSW=0.20 

+ //CJGATE=930.0E-12 

+ PB=0.925 PBSW=0.925 

+ CGSO=288.4E-12 CGBO=568.3E-12 

+ CGDO=288.4E-12 

* Junction Temperature model parameters 

+ TLEVC=l 
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+ PTA=2.90E-3 

+ CTA=353E-9 

PTP=8.24E-3 

CTP=3.18E-15 

* Noise model parameters 

+ AF=0.85 KF=l.SE-24 //NLEV=2 

* 

#endif// TYPICAL 

* P-CHANNEL MOSFET: 

* SEMI-SCALABLE DEVICE NAME: MPCH 
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* CALLING CARD: M_ D G S B MP_ L=X W=X NRD=X NRS=X AD=X AS=X 

PD=XPS=X 

* 

* 

#ifdef TYPICAL 

* 

* 

* SEMI-SCALABLE PMOS PARAMETER LIBRARY 

* 

* P-CHANNEL MOSFET GATE LENGTH= 0.8 um GATE WIDTH= any 

.MODEL MPCH_0P8 PMOS 

+ XL=0.00 XW=0.00 

+ //LMAX=l.05E-6 //LMIN=0.6E-6 

+ //WMAX=S00E-6 //WMIN=l.4E-6 

+ LEVEL=3 //ACM=2 

* Long channel model parameters 

+ VTO=-0.902 UO=l54 TOX=l 7.52E-9 

+ NSUB=3.149El6 NFS=760E9 DELTA=0.295 

+ THETA=l28E-3 WD=l00E-9 

* Short channel model parameters 
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+ LD=l.000E-9 LDIF=999.0E-9 XJ=308E-9 

+ VMAX=277.3E3 ETA=79.53E-3 KAPPA=9.56 

+ RS=l.200E3 RSH=0.0 HDIF=l.2E-6 

+ RD= l .200E3 

* Temperature model parameters 

+ TLEV=l TCV=973.4E-6 BEX=-1.100 

+ TRS=l.000E-9 TRD=l.000E-9 

* Diode model parameters 

+ JS=5.0E-4 //JSW=5.5E- 10 

+ CJ=450.0E-6 MJ=0.61 

+ CJSW=220.0E-12 MJSW=0.26 

+ //CJGATE=820.0E-12 

+ PB=0.921 PBSW=0.921 

+ CGSO=214.8E-12 CGBO=568 .3E-12 

+ CGDO=214.8E-12 

* Junction Temperature model parameters 

+ TLEVC=l 

+ PTA=l.39E-3 

+ CTA=607E-9 

PTP=4.55E-3 

CTP= l 60E- l 5 

* Noise model parameters 

+ AF=0.95 KF=250.0E-27 //NLEV=2 

* 

* 
* P-CHANNEL MOSFET GATE LENGTH= 1.2 um GATE WIDTH= any 

.MODEL MPCH_ 1P2 PMOS 

+ XL=0.00 XW=0.00 

+ //LMAX=l.65E-6 //LMIN=l.05E-6 

+ //WMAX=500E-6 //WMIN=l.4E-6 

+ LEVEL=3 //ACM=2 

* Long channel model parameters 
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+ 

+ 

VTO=-0.902 

NSUB=3 .149El6 

+ THETA=l28E-3 

UO=l54 

NFS=760E9 

WD=l00E-9 

* Short channel model parameters 

TOX=l 7.52E-9 

DELTA=0.295 

+ LD=l.000E-9 LDIF=999.0E-9 XJ=l32E-9 

+ VMAX=297.2E3 ETA=l65.6E-3 KAPPA=l9.5 

+ RS= l .200E3 RSH=0.0 

+ RD=l.200E3 

* Temperature model parameters 

+ TLEV=l 

+ TRS=l.000E-9 

TCV=973.4E-6 

TRD=l.000E-9 

* Diode model parameters 

+ JS=5 .0E-4 //JSW=5.5E-10 

+ CJ=450.0E-6 MJ=0.61 

+ CJSW=220.0E-12 MJSW=0.26 

+ //CJGATE=820.0E-12 

+ PB=0.921 PBSW=0.92 1 

HDIF=l.2E-6 

BEX=-1.100 

+ CGSO=214.8E-12 CGBO=568.3E-12 

+ CGDO=214.8E-12 

* Junction Temperature model parameters 

+ TLEVC=l 

+ PTA=l.39E-3 

+ CTA=607E-9 

PTP=4.55E-3 

CTP= l 60E- l 5 

* Noise model parameters 

+ AF=0.95 KF=250.0E-27 //NLEV=2 

* 

* 

* P-CHA EL MOSFET GATE LE GTH = 2.0 um GATE WIDTH= any 

.MODEL MPCH_2P0 PMOS 

+ XL=0.00 XW=0.00 
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+ //LMAX=4.10E-6 //LMIN=l.65E-6 

+ //WMAX=500E-6 //WMIN=l .4E-6 

+ LEVEL=3 //ACM=2 

* Long channel model parameters 

+ VTO=-0.902 UO=l54 TOX=l 7.52E-9 

+ NSUB=3.149El6 NFS=760E9 DELTA=0.295 

+ THETA=l28E-3 WD=l00E-9 

* Short channel model parameters 

+ LD=l.000E-9 LDIF=999.0E-9 XJ=30.4E-9 

+ VMAX=3 81.9E3 ETA=256.3E-3 KAPPA=78.5 

+ RS= l .200E3 RSH=0.0 HDIF=l.2E-6 

+ RD= l .200E3 

* Temperature model parameters 

+ TLEV=l TCV=973.4E-6 BEX=-1.100 

+ TRS=l.000E-9 TRD=l.000E-9 

* Diode model parameters 

+ JS=5.0E-4 //JSW=5.5E-10 

+ CJ=450.0E-6 MJ=0.61 

+ CJSW=220.0E-1 2 MJSW=0.26 

+ //CJGATE=820.0E- 12 

+ PB=0.921 PBSW=0.921 

+ CGSO=214.8E-1 2 CGBO=568.3E-1 2 

+ CGDO=214.8E- 12 

* Junction Temperature model parameters 

+ TLEVC=l 

+ PTA=l.39E-3 

+ CTA=607E-9 

PTP=4.55E-3 

CTP= l 60E- l 5 

* Noise model parameters 

+ AF=0.95 KF=250.0E-27 //NLEV=2 

* 
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* P-CHANNEL MOSFET GATE LENGTH= 5.0 um GATE WIDTH= any 

.MODEL MPCH_5P0 PMOS 

+ XL=0.00 XW=0.00 

+ //LMAX=7E-6 //LMIN=4.10E-6 

+ //WMAX=500E-6 //WMIN=l.4E-6 

+ LEVEL=3 //ACM=2 

* Long channel model parameters 

+ VTO=-0.902 UO=l54 TOX=l 7.52E-9 

+ NSUB=3 .149El6 NFS=760E9 DELTA=0.295 

+ THETA=l28E-3 WD=l00E-9 

* Short channel model parameters 

+ LD=l.000E-9 LDIF=999.0E-9 

+ VMAX=367.7E3 

* ETA=5.467 KAPPA=l80 

+ ETA=4.467 KAPPA=120 

+ RS=l.200E3 RSH=0.0 

+ RD=l.200E3 

* Temperature model parameters 

+ TLEV=l 

+ TRS=l.000E-9 

TCV=973.4E-6 

TRD=l.000E-9 

* Diode model parameters 

+ JS=5.0E-4 //JSW=5.5E-10 

+ CJ=450.0E-6 MJ=0.61 

+ CJSW=220.0E-12 MJSW=0.26 

+ //CJGATE=820.0E-12 

+ PB=0.921 PBSW=0.921 

XJ=30.4E-9 

HDIF=l .2E-6 

BEX=-1.100 

+ CGSO=214.8E-12 CGBO=568.3E-12 

+ CGDO=214.8E-12 

* Junction Temperature model parameters 

+ TLEVC=l 
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+ PTA=l.39E-3 

+ CTA=607E-9 

PTP=4.55E-3 

CTP= 160E-15 

* Noise model parameters 

+ AF=0.95 K.F=250.0E-27 //NLEV=2 

* 

* 

* P-CHANNEL MOSFET GATE LENGTH= 10.0 um GATE WIDTH= any 

.MODEL MPCH_ l 0P0 PMOS 

+ XL=0.00 XW=0.00 

+ //LMAX=500E-6 //LMIN=7E-6 

+ /IWMAX=S00E-6 //WMIN=l.4E-6 

+ LEVEL=3 //ACM=2 

* Long channel model parameters 

+ VTO=-0.902 UO=154 TOX=l 7.52E-9 

+ NSUB=3 .149E16 NFS=760E9 DELTA=0.295 

+ THETA=128E-3 WD=l00E-9 

* Short channel model parameters 

+ LD=l.000E-9 LDIF=999.0E-9 XJ=30.4E-9 

+ VMAX=367.7E3 ETA=S.467 KAPPA=l80 

+ RS=l.200E3 RSH=0.0 HDIF=l.2E-6 

+ RD=l.200E3 

* Temperature model parameters 

+ TLEV=l TCV=973.4E-6 BEX=-1.100 

+ TRS=l.000E-9 TRD=l.000E-9 

* Diode model parameters 

+ JS=5.0E-4 //JSW=5.5E-10 

+ CJ=450.0E-6 MJ=0.61 

+ CJSW=220.0E-12 MJSW=0.26 

+ //CJGATE=820.0E-12 

+ PB=0.921 PBSW=0.921 
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+ CGSO=214.8E-12 CGBO=568.3E-12 

+ CGDO=214.8E-12 

* Junction Temperature model parameters 

+ TLEVC=l 

+ PTA=l.39E-3 

+ CTA=607E-9 

PTP=4.55E-3 

CTP= 160£-15 

* Noise model parameters 

+ AF=0.95 KF=250.0E-27 //NLEV=2 

* 

#endif// TYPICAL 
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