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ABSTRACT 

Cable modems have been recently developed for high speed, bidirectional 

communication over the broadband hybrid fiber-coaxial network. Such modems use 

mixed-mode circuits to achieve high performance interactive multimedia communications. 

The digital back-end circuits in the cable modem are implemented in a submicron CMOS 

process for low power dissipation and high speed of operation. TO realize low cost and 

single chip modems, the analog front-end circuits must be implernented together with the 

digital circuits on the same chip. A crucial block in the cable modem is the high 

performance A/D converter which operates in the in-band downstream receiver and links 

the analog front-end to the digital back-end circuitry. 

This thesis deals with the design of a pipelined A D  converter realized using a one bit 

per stage pipelined architecture for use in cable modems. The A/D converter includes the 

input track-and-hold circuit, clock timing generator, digital synchronization block and the 

pipelined stages. 

The pipelined A D  converter is implemented in a 0.25-pm, 2.5-3.3V CMOS process, 

with single layer of polysilicon and 5 levels of metallization and uses an area of 3.2rnrn2. 

The prototype exhibits a IO bits resolution at SOMSarnple/s and 57dB SNDR while 

dissipating 65mW from a 2.5V supply voltage. The DNL and the INL are -0.SLSB and 

0.95LSB respectively and the area of the core excluding pads is 1.2rnrn2. Compared to the 

best previous design with the same resolution and sampling speed, this design achieves the 

sarne dynarnic range at lower supply voltage, lower power dissipation and with a srnaller 

core area. 
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Chapter 1 

Introduction 

Traditionally, two-way communication and internet access were provided by dial-up 

modems and wire telephone networks. Recently, the increasing number of intemet users as 

weII as the growing demand for multimedia communications require the use of cable based 

high-speed broadband communication systems between the users and the service provider. 

For this purpose, new interfaces are needed between the users and the cable plant which are 

briefly pointed out here, followed by discussions on main research concerns through the rest 

of this chapter. 

A typical bidirectiond cable network is shown in Fig. 1.1. Tt consists of a Cable Modem 

Termination System (CMTS), Hybrid FiberKoaxial (HFC) cable transmission system and 

cable modems. The CMTS is located at the service provider's headend and controls the 

custorners' access to the internet and local TV prograrns. The HFC network consists of fiber 

nodes which are optical-to-electricai interfaces and offer high speed tree-and-branch 

connections between the CMTS and cable modems. In such a point to multi-point 

communication system, each user is assigned a unique address and the downstream and the 

upstream data are shared by time division multiplexing among users. The cable modem is 

located at the subscriber location and connects the customer premises equipments such as PC 

and TV sets to the HFC network. In the downstream commuiiication direction, towards the 

subscnber, the cable modem receives video signals and data including authorkation and 
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control signals at frequencies between SOMHz and 860MHz. In the upstrearn communication 

direction, the cable modem transmits data such as media access and internet protocols at 

frequencies between 5MHz and 42 MHz to the service provider [ 11, 

Fig. 1.1 : Bidirectionai cable communication system 

1.1 Cable Modem 

Cable modems are emerging as modem multimedia communication systems within 

homes. The bIock diagrarn of a cable modem is shown in Fig. 1.2. The modem consists of an 

analog front-end transceiver, data converters, digital modulator and demodulator, media 

access controller (MAC) and finally the interna1 processor and ethernet controller. Each 

downstrearn channel is digitally modulated at the headend and the video and data signals are 

detected in the downstream path by the in-band and out-of-band receivers respectively. 

Fig. 1.2: Cable modem block diagram 
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Starting from the front-end, the RF tuner downconverts one of the downstream channels 

to an interrnediate frequency (IF). The A / '  converter sarnpIes and digitizes the IF signal and 

provides data to the digital demodulator* In the meantime, the MAC corresponds with the 

headend controller through one of the upstream channels and requests communication access 

between the user and the service provider. The headend controller allocates a communication 

channel to the user and MAC enables the customer's access to the CMTS. Additionally the 

ethernet controller interfaces with the PC set and the internai processor in the cable modem 

functions as a signai processor to resolve the transmitted information and also interacts with 

various blocks to control their communications with each other. Cable modems also have a 

peripheral cable-ready television tuner for connection to a TV set 121- 

A single chip cable modem which includes both the digital back-end and analog 

front-end circuits offers a highly reliable and econornicd system. One of the advantages of 

such a single chip design is that the interconnection capacitors among different chips which 

limit the high frequency operation of the system are elirninated. Low voltage CMOS is a 

suitable technology for implementing the digital circuitry in the cable modem in order to 

reduce the power dissipation [3]. However unlike digital circuits, a low supply voltage does 

not necessariry result in a low power dissipation in analog circuits because of signal-to-noise 

constraints [4,5]. Another difficulty in the design of a single chip cable modem is  the 

crosstalk between digital and analog circuits, which degrades the SNR (signal to noise ratio) 

performance of the mixed-mode circuits such as A/D converters [6]. As a result, the design of 

the A/D converter is one of the challenges in the implementation of high speed, compact and 

low power cable modems. 

The specifications for a high performance A D  converter in a cable modem demand 10 

bits resoIution at a sampling rate of SOMsampIe/s using a power of less than lOOmW out of a 

2SV digital compatible supply voItage. Listed in Table 1.1, are several converters which 

corne close to the required specifications with power dissipations ranging from 240 to 

I lOOmW and sampling speeds of the order of SOMsampLe/s. None of these designs meets the 

mentioned specifications in terms of supply voltage, sampling rate, and power dissipation 

simultaneously. Therefore the focus of this dissertation is to design an appropriate A/D 

converter to achieve the single-chip cable modem application requirements. 
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Table 1.1: Low-Power Broadband A/D Converter Characteristics 

Mehr 171 pipelined 10 
Bult [8] foIding 20 

I 1 averaging 1 

1 Abo [IO] 1 pipelined 1 10 

Kim [12] parallel 10 

pipeiined 

Supply 
Voltage 

[VI 

1. Minimum Iinewidth 

Sarnpling 
Rate 

~sampIe /s ]  

Power 
Dissipation 

bwl  

1.2 Choice of CMOS Process 

CMOS 
Technology 

[ m l  ' 

CMOS is the preferred technology for the implementation of digital circuits because of 

its high level integration and low power dissipation [L3]. Another advantage of CMOS is that 

by shrinking the size of the transistors and decreasing the supply voltage, digital circuits 

operate faster [14,15]. Scaled CMOS technology enables the entire implementation of the 

complex digital systems required in cable modems on a small and joint substrate. To reduce 

the manufacturing cost and to eliminate the multi chip conjunction capacitors, the analog 

front-end transceiver is integrated on the same chip of the digital circuitry in a data 

communication system. The advantage of employing deep submicron CMOS in design of 

analog circuits is the high transconductance due to the large oxide capacitance per unit area 

which results in high drain current and large unity gain bandwidth of transistors. 

A cross-section of the 0.25-pm min-well CMOS technology provided by TSMC' which 

is used for the design of the A D  converter is illustrateci in Fig. 1.3. At the time of the 

implementation, this technology represented the best avaiiable submicron CMOS processes 

with a single Iayer of polysilicon and 5 levels of metallization. The process operates at supply 

voltages of 2.5-3.3v In such a single poly process, capacitors are realized by vertically 

1- Taiwan Semiconductor Manufacturer Corporation 

4 
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stacked layers of di-sion, polysilicon and metals. The NMOS and PMOS transistors have 

threshold voltages of about 0SV and - 0.6V respectively. 

, Drain Gate Source vdd Source Gate Drain 

n-well p-well 

polY/ \Gate JI Field 
Silicon Oxide &ide 

P- substrate (LOCOS) 

Fig. 1.3: Cross-section of twin-well submicron CMOS technology 

1.3 Choice of Data Converter Architectures 

An analog-to-digital converter digitizes the incorning analog signa1 and converts it into a 

finite set of digital words called codewords. Since A / '  converter is the main interface 

between the continuous and the discrete world, an accurate, fast and low power A/D 

converter has an important role in the overall performance of almost any integrated 

communication system. A variety of different A/D converter architectures have been 

developed for different types of applications based on power, speed and resolution 

requirements [16]. Sorne architectures of the AD converters suitable for the cable modem 

applications are bnefly described here. 

The fastest A D  converter architecture is the flash type [17,18,19], shown in Fig. 1.4, in 

which the conversion is done by a direct rnethod of amplitude comparison in only one clock 

cycle. The number of comparators increases exponentially with increasing resolution and 

hence this architecture has a high power dissipation to extract large codewords. Resolution of 

the flash type A D  converter is limited because of offsets and mismatches among 

comparators. Although the conversion rate of the flash An> converter is high and the analog 

input signal bandwidth can be as high as the Nyquist rate, the resolution and power 



Pipelined A/D Chapter 1: Introduction 

dissipation of this architecture does not rneet the specifications needed in a single chip cable 

modem. 

Vref A Comparator 

Digital 
Output 

Fig 1.4: Flash A/D converter 

To reduce the number of cornparators in a Rash A/D converter and decrease the power 

dissipation, interpolation techniques cm be used involving either resistive strings or current 

sources [20,2 11. This improves the Iinearity of the A D  converter by averaging the offset error 

arnong preamplifiers. To reduce the number of latch cornparators, Folding blocks are 

combined with interpolation by ernploying cross coupled differential pairs which act as zero 

crossing circuits [22,23]. The thermometer output codes of the comparators are mapped to 

the binary data by a decoder. The resolution of the folding-interpolating A/D converter, 

iIlustrated in Fig, 1.5, is still limited by mismatches between folding blocks as weIl as the 

interpolating branches. 

Fig. 1.5: Folding-Interpolating AD converter 
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The M AD converter, illustrated in Fig. 1.6, uses oversampling technique [24]. 

Therefore the analog input bandwidth is much smaller than that of Nyquist rate data 

converters. The high resolution of the XA A D  converter is achieved by noise shaping and the 

gain of the feedback loop which attenuates the quantization noise in the frequency range of 

interest. The ZA ND converter dissipates low power because of the small number of active 

components and the use of switched capacitor circuit techniques. Although XA A/D converter 

uses Iow power and exhibits high resolution, it is too slow to be utilized in a cable modem. 

Andog 
Input 

, . , filter k . 
t + 
, I ~ ( z ~ p  / : i *  , Decimation Filter I 

I 
I / 
I 

I 
I N-bit Quantizer I 

l I 
I I 
I 

1 
I I 
L , . 

Digital 
Output 

Fig. 1.6: CA A/D converter 

The pipelined A/D converter architecture [25,26,27], shown in Fig. 1.7, has a high 

throughput data rate due to its interstage sample-and-hold processing. The number of active 

Last stage - - - - - - - - - - _  

m-bit m-bit qiq,-j,,>l 
. - - - - - _ - - - - - -  

rn-bit - - 

output output 
I 

Digital Encoder 

Digital 
Output 

Fig. 1.7: Pipelined A D  converter 
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components increases linearly with the increasing number of bits in the pipelined A D  

converter. Therefore the power consumption of the pipelined architecture is much less than 

the flash type architecture. In the pipelined A/D converter, stages are cascaded and there is 

only a single path for the residue signal. This eliminates the path matching issue and 

increases the resolution in the pipelined architecture compared to the flash type. The 

bandwidth of the analog input signal of the pipelined AD converter can be as high as the 

Nyquist rate. Therefore the pipelined architecture achieves low power and high speed of 

operation with a resolution which meets the cable modem application requirements and is the 

one selected for the design of the A/D converter in the downstream receiver of a cable 

modem. 

1.4 Objective and Thesis Outline 

The objective of this thesis is to design an ND converter for a cable modem application 

which would allow a singIe chip implementation of the modem. The A/D converter with 10 

bits resolution, SOMsarnplek sampling rate and power dissipation of less than lOOmW is 

implemented in a commercid 0.25-pm CMOS process. 

Chapter 2 introduces the theory and the system architecture of the pipelined A/D 

converter. It investigates the design of low voltage switched capacitor circuits used in the A/D 

converter. The low power system design methodology as well as noise and error sources are 

discussed in this chapter. The performance of the subcircuits and the overall systern are aiso 

characterized based on postlayout simulations. 

Chapter 3 inchdes the experimental verification of the implemented pipelined A/D 

converter. Characteristics of the N D  converter based on transient and dynamic measurements 

are also presented in this chapter. 

Chapter 4 discusses the conclusions of this work as weIl as suggestions for future work. 
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Chapter 2 

Theory and Design 

The theory and design of the pipelined A/D converter are presented in this chapter. The 

discussion starts with a description of the architecture and how digital codewords 

corresponding to an analog waveform are extracted and deals with definitions which 

charactenze the performance of the A D  converter. The design of the subcircuits are then 

presented and the noise and error sources which are inherent parts of the circuit realization 

are introduced. A method of reducing the power dissipation of the system without degrading 

the performance of the A D  converter is d so  discussed. Finally, the complete pipelined A/D 

converter is characterized based on a set of postlayout simulations. 

2.1 N D  Converter Architecture 

The block diagram of the pipelined A D  converter, used in this work, is presented in Fig. 

2.1. Choosing the stage resohtion of the A/D converter, involves a trade-off between the 

overall resolution and the sampling speed [l]. By extracting a large nurnber of bits in each 

stage, the number of stages to be cascaded decreases and the amount of the noise 

accumulation on the residue at the Iast stage decreases resulting in higher resolution and 

accuracy. On the other hand, extracting a higher number of bits per stage requires higher 

stage gain for the mapping procedure. This increases the settling tirne and reduces the 

sampling speed of the A D  converter. For medium resolution and medium speed applications 
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such as the A/D converter in the cable modern considered in this thesis, the design of 1-bit per 

stage pipelined architecture is satisfactory. 

The A/D converter architecture in Fig. 2.1 inchdes the input track-and-hold (T&H) 

circuit, the clock timing generator, the pipelined stages and the digital synchronization block. 

The pipelined stages are cascaded and each stage includes a subconverter AD and the 

MultipI y ing Digital to Anaiog Converter (MDAC) block. The MDAC includes a subconverter 

D/A and a switched capacitor amplifier which operates as the interstage sampling, 

subtracting and ampliwing-by-2 circuit. The output from the T&H is fed to the first stage and 

in operation, during the sarnpling or the track phase, the interstage amplifier in the MDAC 

sarnples the input residue and in paraIlel the subconverter A/D tracks and digitizes the input 

residue. In the amplification or the mapping phase, the extracted digital code is converted to a 
1 voltage level (Le. O or ZVr,f) by the subconverter D/A which is then subtracted from the 

sampled residue in the MDAC and the difference is amptified by two and is fed to the next 

stage. 

Pipelined Stages 

r - - - - - - - - - - - -  
- First ,, input kh Output Las t 

1 
Stage 

- 
" ~es idue )  Stage .~esidue " 

* Stage 

I 

Digital Synchronization 

Fig. 2.1: 1-bit per stage pipelined A D  converter system architecture 
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The clock timing generator generates cornplementary multi phase docks  which have 

certain duration and delay with respect to each other which is required by the different parts 

of the circuit for the maximum accuracy of the operation. To maximize the signal swing 

through the circuit, the clock pulses are fed to bootstrap circuits when they are to drive analog 

switches. The digital synchronization aligns the produced digital data in a manner that the 

codeword corresponding to each magnitude of the input waveform appear together at the 

outputs of the A / '  converter- The interstage sarnpling in the MDAC block enables the 

cascading of the stages together such that the odd-nurnbered and the even-numbered stages 

are driven by complementary clock phases. As a result, the stages generate one complete 

codeword per d o c k  cycle and the pipelined A D  converter operates very fast [2]. 

2.2 Codewords Extraction 

The pipelined A/D converter uses a tractable algorithm to extract codewords. As 

illustrated in Fig. 2.2, a set of binary weighted, 4-bit digital codewords are assigned to a sine 

waveform to describe how the pipelined A/D converter works. The unipolar signal swing in 

the A/D converter is defined from O to the peak voltage of +VRF and is called the Full Scale 

peak-to-peak Range (FSR). As illustrated in Fig. 2.2(a), the Most Significant Bit (MSB) is 1 
I 1 for voltage levels higher than and is zero for voltage levels less than ZV,ef. Therefore 

the MSB can be extracted easily by a comparator with threshold voltage of $vref - To 

continue extracting the codewords, the signal is mapped on its FSR, with respect to its 

remainder codewords as shown in Fig. 2.2(b). For example, the voltage IeveIs con-esponding 

to the codewords of 1 I I  1  and 01 1 1 are mapped on the same level because after the first MSB 

is extracted, both voltage levels have the same remaining codewords of X l l l  O( denotes 
1 don't care bit). By extracting the remainder MSB using a comparator with threshold at 

and continuing to map the signal based on its remainder bits on the FSR, an algorithm is 

developed to extract the equivalent binary codewords of a signal one by one from MSB to 

LSB (Least Significant Bit). The mapping procedure is possible by subtracting a utility 
D voltage (i.e. x Vref, where D is either O or 1  when appropriate) from the signal and then 

ampliQing the resultant residue by two with respect to the FSR. Ideally an infinite number of 
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bits can be extracted from any voltage Ievel by repeating the mapping procedure for an 

infinite nurnber of iterations. 

r . . .  

XXX1 

XXXO 

XX11 

10 

O 1 

XXOO 

Fig. 2.2: Mapping procedure and codewords assignment in the pipelined A/D converter, 
(a) The input signal, (b) The first residue, (c) The second residue, (d) The third residue 

In practice, subcircuits in each stage of the pipelined A/D converter introduce various 

nonidealities which are considered as error sources such as noise or distortion. In the 

pipelined AD converter, the errors from the preceding stages are added and accumulate on 

the residue signal which is fed to the next stage. Therefore after several mapping iterations, 

the accumulated error voltage may exceed the size of the LSB and the residue may not have 

enough accuracy to prodiice precise codewords. This fact limits the resolution of the 

pipelined A/D converter. 

VRf 8 #\\'i\lt ' 1 
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2.3 A/D Converter Specifications 

2.3.1 Quantization 

Quantization is the mapping the amplitude of a contenuous signal to a set of finite values. 

Every A/D converter is modeled by a quantizer and a coder  which assigns a set of codewords 

to each level of the input signal [3]. The mapping procaess is usually uniform which means 

that the quantization levels are equally spaced. The conversion process in a pipelined A/D 

converter assigns two's-complement binary codewords ta the quantization Ievels as shown in 

Fig. 2.3. For a linear quantization, the quantization step : size (A) is the smallest voltage level 

which is correctly sensed by the A/D converter and is equiivalent to the size of the LSB. 

10 bits output Output Quantized 
codewards IeveIs 

l t l l I l l l 1 l  
l l l l l l l l l 0  
l l l l l l I l 0 l  
1 l l l l l l lOO t OSOA 
1 l l l l l l O l l  1019A , 

- - 
Full Scale peak-to-geak Range 

Fig. 2.3: A/D converter quantizoation curve 

The quantization error depends on various error soiurces existing in the A/D converter 

circuit such as noise or distortion. The signal to noise ratibo (SNR) for the converter is defined 

[41 

Input signal power LSB] SNR = 10lq& 
uantization noise power KSB] 

SNR = 20Nlog2 + lOlog = 6.02M -î- 1.76 

15 
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where N is the number of bits. The SNR is an indication of the accuracy of  the converter, 

however, the accuracy of the converter, in practice, is obtained by anaiyzing the spectrurn of 

the reconstmcted waveform applied to the converter for digitization. To prevent frequency 

component interference, h m o n i c  analysis is usually performed on a pure sine waveform. In 

this case, the signai to noise and distortion ratio (SNDR) is defined as the ratio of the signal 

power in the fundamenta1 frequency to the sum of the powers of the noise and the harmonic 

components, as given by 

SNDR = 1Olog Signal power [rms] 
((Noise power + Distortion power) [ms] 

and the Effective Number of Bits (ENOB) for the converter is obtained by 

ENOB = SNDR - I -76 (biu) 
6 .O2 (2.4) 

Every A/D converter has a maximum range of quantization which is the same as the FSR 

and is determined by the overall signal swing through the subcircuits of the converter. The 

input anaiog signal must be within the FSR to be processed through the quantizer. If not, the 

input signal will be clipped and severe signal distortion will occur due to overloading. 

Quantization error c m  occur in a practical A/D converter and include offset, gain, and 

linearity errors as illustrated in Fig. 2.4. 

Output Output Output 

, ,s'.*'" 
offset 
error ,? , . 

Fig. 2.4: Errors of  quantization: (a) offset error, @) gain error, (c) linearity error 
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One of the static characteristics of a converter is the differential nonlinearity (DNL). The 

DNL of a N-bit A D  converter is obtained by measuring the widths of the quantization steps 

compared to the ideal curve using the following equation 

where P(i) and W(i) are the width of the ideal and the actual quantization steps or bins in terms 

of LSB. As shown in Fig. 2.5, whenever the measured width is wider than the ideai width, a 

* P(i) 
- - & "  (a> Input * 

DNL 
Histogram 

+LS B 

indication of 
wide bin widths 

2N-~ Number - -  
- A  

of codes 

indication of 
narrow bin widths 

Fig. 2.5: (a) Quantization curve, @) the DNL histogram 

positive DNL occurs, othenvise the DNL is negative. A perfect code gives a DNL value of O 

LSB for which the measured and the ideal widths are equal. 

The integral nonlinearity (INL) is the maximum deviation of the quantization curve from 

the straight line with unity slope connecting the end points of the quantization curve together. 
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INL is a rneasure of the linearity of the quantization curve and for a N-bit A / '  converter is 

calculated by 

The most common method to measure the DNL and INL is to apply a low frequency 

ramp input and digitize it by the A/D converter and count the number of iterations for each 

codeword. Deviation from the average number of iterations represents the linearity error. 

2.3.4 Latency 

When the pipelined AD converter starts operating, there is a delay before the correct 

residue appears at the output of the final stage. This deIay, shown in Fig. 2.6, is called latency 

and is the time required for the digital data in the first stage to appear at the output of the iast 

shift register in the first stage. After this delay, al1 digital codes corresponding to the input 

signal appear at the output sirnultaneously. The latency of a pipelined A/D converter is given 

by 

where N is the number of stages and T is the period of the input clock. 

If the pipelined A / '  converter is part of a feedback system and the la~ency is comparable 

to the settling time of the feedback Ioop, then a severe failure results in ~ h e  operation of the 

system. Since the pipelined ND converter operates in the feed forward path in a cable 

modem, therefore using the pipelined architecture is a suitable choice of design for the A/D 

converter in the cable modems considering its low power dissipation cornpared to the other 

high speed architectures. 
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Voltage + 

Fig. 2.6: Latency of a pipelined AD converter 

2.4 N D  Converter Building Blocks 

2.4.1 Fixed Level Bootstrap Circuit 

The bootstrap circuit, shown in Fig. 2.7, is similar to one described in [5] and operates as 

a dynarnic charge pump circuit, When the input clock is applied, the capacitors are charged to 

Vdd through the cross coupled NMOS transistors. When clock voltage is Iow, the voltage of 

CLO2 increases. At the same tirne Mlo4 is off and Mlo3 is on and the boosted clock voltage is 

generated as shown in Fig. 2.9. When the input clock is high, MIO4 is on and will discharge 

the boosted clock voltage. The size of the transistors and the capacitors used in the bootstrap 

Fig. 2.7: Fixed level bootstrap clock generator 
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circuit are listed in Table 2.1. A11 transistors have a minimum channel length equal of 0.25 

pm- The layout of the bootstrap circuit is presented in Fig. 2.8. 

Table 2.1: The size of the components in the bootstrap circuit' 

- - 

1. Al1 transistors have minimum channel length (0.25pm) 

Fig. 2.8: Layout of the bootstrap circuit 

The postlayout simulation of the bootstrap circuit is shown in Fig. 2-9. The boosted clock 

has an amplitude of 3.5V at  clock frequency of 5OMHz and is used to achieve high signal 

swing throughout the AD converter circuit. 

Fig. 2.9: The bootstrap transient response 
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2.4.2 Track-and-Hold Circuit (T&R) 

The T&H circuit shown in Fig. 2.10 is used at the input of the A/D converter to provide a 
1 distortionless input signal which does not vary by more than -LSB. The input pairs of 
2 

M201-M202 and C20i-C202 form a charge pump clock multiplier. When CLK is low, the M2O7 

Fig. 2.10: Input track-and-hold circuit 

and Mzo8 transistors are on and discharge the gate of the switch to ground. In the meantirne, 

capacitor C2O3 charges to Vdd through MZo3 and M2O4. Transistors MZo5, M206, M209 are al1 

off and isolate the switch from the boosting capacitor C2O3. m e n  CLK is high, the 

transistors M2O3, M2O4, and M2O8 are off and M2O5 and Mzo9 are on and the gate voltage of 

the switch is almost one Vdd higher than its source. Transistors M2O6 and MZO7 limit the 

voltage drop across the terminais of the Mzo8 and M205 

The gate boosted voltage of the transistor M210 (Vg210) 

Cm,, 

transistors [6]. 

is given by 

where Cp is the total parasitic capacitance at the node connecting the sources of M203 and 

M205. In the designed prototype CZo3 " C and therefore VgsZLO = Vdd . 
P 
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The signal varying bootstrap circuit keeps the overdrive voltage of the T&H switch 

constant and therefore Iimits the charge injection and the clock feed through of the switch to 

only the offset error which sigificantly improves the switching nonidealities- The acquisition 

time (tXq) of the T&H circuit is the time during the tracking phase that the output of the T&H 

settles to less than ~ L S B  [7]. Because the switch operates in the linear region and its 
2 

on-resistance (RZio) is constant, the acquisition time ( T ~ ~ ~ = R ~ ~ ~ C ~ ~ ~ )  remains constant and 

drastically reduces any phase shift or harmonic distortion. The aperture jitter or aperture 

uncertainty which is caused by the transition jitter of the switching is also eliminated in the 

T&H circuit because of the constant Vos. The elimination of the core amplifier results in the 
O 

fast settIing time as well as the reduction in the power dissipation and the input referred noise 

and also elimination of the gain error [8]. As a result, the performance of the designed T&H 

overcomes the conventional designs with the core oparnp circuitry. The size of the devices of 

the T&H circuit is listed in Table 2.2 and its layout is presented in Fig. 2.1 1. 

Table 2.2: The size of the cornponents of the T&H circuit1 

1. Al1 transistors have minimum channel  iength (0.25pm) 

Fig. 2.1 1 : Layout of the track-and-hold circuit 
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The transient simulation of the T&H, illustrated in Fig. 2.12, shows that the gate voltage 

of the switch is dways one Vdd higher than the input signal and therefore the Vg, of the 

switch is aiways constant and equai to Vdd resulting in a signai swing as high as Vdd. 

(a) (b) 
Fig. 2.12: (a) Signal varying bootstrap transient response, (b) T&H transient response 

The lineatity of the T&H circuit is obtained by calculating the Fourier transform of the 

output response as shown in Fig. 2-13. It was found that the input T&H circuit has better than 

1 1 -bit linearity at a SNDR of 70dB. The characteristics of the T&H circuit is listed in Table 

U 6 . m  1.WU 68LU 883U I88U 

Fig. 2.13: Harrnonic analysis of the T&H 
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Table 2.3: The characteristics of the T&H circuit 

2.4.3 Multiplying Digital to Analog Converter (MDAC) 

Charge 
injection 

c76OpV 

The MDAC block in the pipelined A/D converter, shown in Fig. 2-14, includes a 

subconverter DIA and the interstage sampling, subtracting and amplifying-by-two circuit. 

CIock 
feedthrough 

<650pV 

Fig. 2-14: The MDAC block in each stage of the A/D converter 

Subconverter D/A Circuit 

Thermal 
noise 

c37pV 

The subconverter D/A circuit, shown in Fig. 2.15, produces the reference voltage for the 

MDAC block and consists of NMOS switches with gates dnven by the comparator outputs. 
L Whenever the input residue is less than the comparison voltage the negative output 

of the comparator is high. This causes the M3* to be on and the feeding voltage to the 

Settling 
tirne 

6.6ns 

interstage gain block to be D.VXf =VI,, On the other hand, whenever the input residue is 

Iarger than the comparison voltage, the positive output of the comparator is high. This high 

voltage hirns the switch Mslo on to feed the DYef =Vhigh to the interstage gain block. The 

control voltages of Vhigh and Vlow are provided off-chip to increase the dynamic Rexibility of 

the amplitude and offset voltage of the input signai which is supposed to be digitized. 

f-3d15 

180MHz 

Signal 
swing 

2 . S  

Switch 
on-resistance 

290R 
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D-VRf 

Fig. 2.15: Subconverter D/A circuit 

Inter stage Sampling, Subtracting and Amplifying-by-two Circuit 

The interstage sarnpling, subtracting and ampliQing-by-two circuit in the MDAC is 

shown in Fig. 2.16. During the sampling phase, CLK2,, is high and CLKlsc is low. The 

Interstage switcked capacitor circuit 
r - - - -  - - - - -  1 

CLK 1 ,JCLK2,, 
(addfeven) 

Fig. 2.16: Interstage sampling, subtracting and arnplifying-by-two circuit 

bottom plates of C3O1 and C3O2 are connected to the input and the input voltage is sampled on 

capacitors C301 and C302. During the ampliQing phase CLKl,, is high and the CLK2,, is 

low. The bottom plate of C301 is connected to the output of the opamp while the bottom plate 

of C302 is connected to the reference voltage @.V,r) The charge stored in C301 and C302 
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during the sampling phase is transferred between the same capacitors during the arnpiifying 

phase. This lossless charge sharing implies that 

where D is the digital output of the subconverter A/D and is either O or 1 depending on the 

magnitude of the residue signal. If C301=C302, therefore 

Vresidue - out = '(~residue -in - 2 

which is the same mapping procedure required by the pipelined A/D converter architecture. 

The signal swing in the MDAC circuit is increased by providing the gate voltage of the 

switching transistors from a bootstrap circuit so that it is only Iimited by the signal swing of 

the opamp. 

A careful analysis of equation 2.9 with respect t~ the switching errors in the interstage 

switched capacitor circuit reveals that rnatching the switching transistors and capacitors in a 

fully differentid design cancels the switching nonidealities when the charge is transferred 

during the sarnpling and amplifying phases. The existence of other nonidealities such as the 

finite gain of the oparnp, the comparator offset as well as nonequal capacitors modifies the 

stage transfer fimction [9] which changes the decision level and the full scale range of the 

transfer function of each stage in a manner that missing codes will be presented at the final 

quantization curve [IO]. However, cancelling the comparator offset is possible by the 

auto-zero technique and the high DC gain of the opamp is achieved by the two-stage 

architecture to assure the coefficient accuracy of the stage transfer function. 

Al1 switches of the interstage switched capacitor circuit are realized by the NNOS 

transistors. The size of al1 switches are selected to be minimum to reduce the switching 

nonidealities such as the charge injection and the clock feedthrough. The size of the 

components of the interstage switched capacitor circuit are listed in Table 2-4. 
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Table 2.4: The size of the components of the interstage switched capacitor circuit1 

1. Ali transistors have minimum channel Iength (0.25 pm) 

The Iayout of the interstage switched capacitor circuit is presented in Fig. 2.17 and the 

transfer function of the MDAC in one stage of the pipelined A/D converter is shown in Fig. 

Fig. 2.17: Layout of the switched capaci tor circuit 

Fig. 2.18: One bit per stage transfer function 
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2.4.4 Opamp Circuit 

The two-stage opamp, used in this work, is shown in Fig. 2.19. It consists of a 

differentiai input stage followed by a common source stage. One of the advantages of the 

two-stage opamps over the transconductance amplifiers is their high stability in switched 

capacitor circuits because of employing the Miller compensation capacitor. On the other hand 

they offer higher DC gain required by the pipelined A/D converters compared to the single 

stage opamps. Therefore a two-stage opamp is a suitable choice of the architecture and is 

used in this design to realize the oparnp circuit [I 11. 

M412 operates in triode region and acts as an on-chip biasing resistor and controls the 

power consumption and unity-gain frequency of the opamp. Increasing the width of this 

transistor increases the biasing current and hence increases the unity gain frequency and the 

power consumption of the opamp. The size of the Miller capacitors (C40L and C402) are 1 -4pF 

each and the size of the transistors are listed in Table 2.5. 

Biasing 
stage 

Comrnon-source Differential-input Common-source 
stage stage stage 

Fig. 2- 19: Two-stage opamp 
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Table 2.5: The size of the opamp components 

Transistor 

w (pl) 

Common Mode Feedback Circuit 

The dynamic Cornmon Mode FeedBack (CMFB) circuit, presented in Fig. 2.20, keeps 

the cornmon mode output voltage of the oparnp fixed [l2]. The CMFB consists of a switched 

Fig. 2.20: Comrnon mode feedback circuit 

capacitor network foIIowed by an inverting differential amplifier [13]. Employing the 

switched capacitor approach does not degrade the opamp signal swing, but increases the Ioad 

capacitor of the opamp and its settling time. The CCmf capacitors generate the average of the 

differential output voltages. The CCmi capacitors are the refreshing capacitors which sarnple 

the DC voltage during the CLK2,, phase. The DC voltage across Ccd is changed by the 

charge stored in the refreshing capacitors during the CLKl,, phase. The inverting amplifier 

senses the desired cornmon mode voltage and applies the control voltage to the oparnp. The 
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ratio of the CCmr to Coi is three in this design and the extra loading effect of the CMFB 

circuit is considered as part of the oparnp load in order to prevent degrading the phase margin 

and unity gain bandwidth of the oparnp. The inverting amplifier of the CMFB circuit is the 

half-size repIica of the differential input stage of the opamp for maximum accuracy of the 

operation. the size of the components of the CMFB circuit is listed in Table 2.6. 

Table 2.6: The size of the CMFB components 

Layout and Simulation 

The Iayout of the opamp circuit is presented in Fig. 2.2 1. 

Fig. 2.2 1: Lavout of the opamp circuit 



Pipelined AD Chapter2: Theory and Design 

I0K lu 10Y IC 
hwm 

Fig. 2.22: Opamp frequency response 

The characteristics of the opamp obtained from post!üy~uf simulation show that the DC 

gain of the oparnp is more than 60dB and satisfies the requirement for accuracy of the MDAC 

transfer function for IO-bit resolution. The 0.1% full scale settling time of the opamp in a 

closed loop gain of two is Iess than 9ns. Therefore a 50% duty cycle clock signal with 2011s 

period which corresponds to SOMSample/s sampIing rate allocates enough time for the 

amplification phase of the interstage sampling, subtracting and amplifying-by-two circuit to 

operate with 10-bit accuracy. The characteristics of the opamp circuit are listed in Table 2.7. 

Fig. 2.23: Oparnp transient response 
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Table 2.7: Characteristics of the oparnp circuit 

I DC gain 

1 0.1% settling t ime 1 <9 ns I 

62.5 dB5 I 
Slew rate 

-- - - -  

500 V/ps I 

1 Maximum signal swing I 33.5 V 

1 Phase margin 
~ - 

68" 

The size of the feedback capacitors in the interstage switched capacitor circuit is 

detennined by the resolution, the power budget and the spaeed factors. The resolution 

constraint indicates a minimum size limit for the feedback cap.acitors by the therrnaI noise 

(KTK) constraint. On the other hand, increasing the size of thme load capacitor reduces the 

oparnp speed. This implies that the size of the load capacitors bas a maximum value for a 

specific sampling rate. Therefore the size of the feedback capatcitors can Vary in a limited 

range (Le. from 200fF to 1pF) for an acceptable trade-off between the speed and the 

resolution of the pipelined A/D converter. 

Feedback factor (P) 

Total load capacitor 

Scaiing is a method of reducing the power consumption of the pipelined A/D converter 

without reducing the sarnpling speed [14]. The largest amount o n  power in the AID converter 

is dissipated by the opamps in the interstage gain blocks. To reauce the power consumption 

of each oparnp, the tail currents in the amplifier circuit can be meduced. This reduction wili 

decrease the transconductance of the transistors and the unity ga in  frequency of the opamp. 

Since al1 cascaded stages in the pipelined ND converter opeirate at the sarne speed, the 

settling time of oparnps in al1 stages should be equal. To keep the settling time of opamps 

0.4 

1.2 pF 
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constant, the feedback factor and the unity gain frequency must be kept constant and other 

parameters such as the gain, the slew rate and the phase margin of the opamps in the later 

stages must not be degraded. These conditions c m  be achieved if the following equation is 

satisfied 

where i indicates the 

- 'fici+ 1) - - cc(i + 1) - ' ~ ( i  + 1) - = a  .a<1 
'fi(i) ID (i) 

ith stage of the pipelined AID converter, W(i) is the width of the 

differential input transistors in the oparnp and represents the tail currents in the opamp. 

Cfb(i) and Cc(i) are the feedback and the Miller compensation capacitors respectively. If the 

power dissipation of the opamp in the first stage is assumed to be p [mW], the total opamp 

power consumption of a11 stages without scaling is 

where N is the nurnber of stages. Because the last stage of the pipelined A/D converter does 

not generate residue signaI, it does not include an opamp. For the scaling factor a, the total 

opamp power consumption is 

and the reduction in the total power dissipation of a11 opamps in the cascade stages is 

For exarnple in the designed A/D converter, the total opamp power consumption with the 

scding factor a=O.88 is reduced by 37%. Higher scaling ratios result in significant power 

saving LIS], but the srnalIer the feedback capacitors and the opamp transconductance are, the 

larger the thermal noise is which may affect the overail resolution of the pipelined A/D 

converter. 
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2.4.6 Subconverter A/D Circuit 

The subconverter A D  includes an auto-zero circuit which cancels the input offset 

voltage of the comparator caused by transistor rnisrnatches and a cornparator circuit as shown 

in Fig. 2.24. The auto-zero circuit uses coupling capacitors to store and cancel the input offset 

voItage of the comparator during the two phases of the nonoverlapping dock signals. 

Fig. 2.24: Subconverter A/D 

The comparator circuit includes a PMOS-input prearnplifier, followed by a NMOS-input 

track and latch circuit and finally a buffer stage 1161. This architecture is very fast and has low 

power dissipation. The aspect ratio of the latch inverters to the buffer Inverters determines the 

output response delay of the comparator which is as low as several hundred pico seconds 

~171- 

Preamplifier stage Buffer stage 
- 

Track and latch stage Buffer stage 

Fig. 2.25: Comparator circuit 
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The size of the transistors in the comparator circuit are listed in Table 2.8 and the layout 

of the comparator is shown in Fig. 2.26. 

Table 2.8: The size of the comparator components 

Fig. 2.26: Layout of the cornparator 

Fig. 2.27 presents the transient simulation of the cornparator. The output of the 

comparator reaches to the logic level in less than 2ns during the latch time for the input 
1 voltage differences as low as -LSB . The characteristics of the comparator circuit are listed in 
2 

Table 2.7. 
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0.00 200n J0an 400" 500n 
time 

Fig. 2.27: Comparator transient response 

- - 1 Latch settling time / <2 ns 

Table 2.9: Characteristics of the Comparator Circuit 

I 
I Sensi tivity 

-- 1 Analog input signal swing ( 1.5 V 

<1 mV 

1 Power dissipation 4300 pW 

2.4.7 Clock Timing Generator 

1 Digital output signal level 

Al1 clock signais in a pipelined A/D converter are controlled by a 

2.5 V 

multiphase d o c k  generator shown 

include the gate capacitors of the 

converter. The  rise time and the fa1 

nonoverlapping 

in Fig. 2.28. The Ioad capacitors of the clock generator 

switches from the various stages of the pipelined AD 

1 time of each clock under full capacifive Ioad is less than 
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lns and the delay between nonoverlapping docks satisfies the operation requirements of the 

pipelined stages. 

CLKdn (odd stages) 

CLKdff (even stages) 

Fig. 2.28: Clock timing generator 

The layout of the dock  timing generator is presented in Fig. 2.29 and the simulated clock 

outputs are illustrateci in Fig. 2.30. 

Fig. 2.29: Layout of the clock timing generator 
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CLK 1 ,, CLK2, 
(odd stages) (even stages) 

CLKLuto-zen, CLRumJern 
(even stages) (odd stages) 

CLKlatch CLK~aich 
(even stages) (odd stages) 

CLKdff CLK~FF 
(odd stages) (even stages) 

Fig, 2.30: Clock timing wavefonns 

2.4.8 Digital Synchronization Block 

The digital outputs from the pipelined stages are aligned and ordered by using a rnatrix 

of D type flip flops @FR) as shown in Fig. 2.3 1. 

Fig. 2.3 1: Digital synchronizing block 
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The flip flops are enabled by the two complementary dock pulses. As the signal passes 

through the pipelined stages, the corresponding codewords move through the shift registers 

and aii bits of the binary weighted symbol appear simultaneously at the output with a specific 

amount of latency compared to the input waveform. 

The DFF circuit used in this design [18] is shown in Fig. 2.32. It employs a dynamic 

positive edge triggered architecture which is very fast and low power and is optirnized to 

operate glitchless [19,20], 

digital,,, m = - 

(oddleven) 

I 

Fig. 2.32: Dynamic DFF circuit 

The Iayout of the DFF is presented in Fig. 2.33 and its transient response is shown in Fig. 

Fig. 2.33: Layout of the DFF 
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Fig. 2-34: Transient simulation of the dynamic DFF 

2.5 Noise Characteristics 

The noise contributions of the opamp transistors and the on-resistance of the switches in 

the interstage switched capacitor circuits determine the SNR of the system [21]. The noise 

mode1 of the pipelined A D  converter is shown in Fig. 2.35. 

Input - 9th stage -c-A 
Fig. 2.35: Noise mode1 of the pipelined A D  converter 

Considering that the closed loop gain of each pipelined stage in this design is 2, the total 

input referred noise power of the A/D converter is obtained by [22] 
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where VnO is the output thermal noise of the T&H circuit and the remaining terms represent 

the output thermal noise of the pipelined stages. The thermal noise power of the T&H circuit 

is 

where K is Boltzmann's constant and T is the absolute temperature and Cs is the output 

sarnpling capacitor of the T&H circuit. The thermal noise of each pipelined stage is obtained 

by the mode1 shown in Fig. 2.36 where CI and C2 are capacitors of the interstage switched 

capacitor circuit and C3 represents the equivalent total gate capacitor of the oparnp input 

transistor. 

Fig. 2.36: Closed loop configuration of the interstage amplieing-by-two circuit 

Because the noise contribution of the second stage of the opamp is negligible in a 

two-stage configuration, the total noise contribution of the oparnp is mainly determined by 

the differential input stage of the opamp as shown in Fig. 2.37. 

Fig. 2.37: Differential input stage of the opamp 
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Therefore the output referred thermal noise power of each pipelined stage is obtained by 

adding the thermal noise power of the capacitors of the interstage switched capacitor circuit 

and the thermal noise power of the opamp as 

where gml and gm3 are the input and current load transconductances of the transistors in the 

differential input stage of the opamp and f, is the unity gain frequency of the opamp. 

In the designed prototype, the totd input referred noise of the A/D converter is less than 

0.2LSB which is smaII enough not to degrade the resolution of the A/D converter. 

2.6 Layout Issues 

The accuracy of the stages in the pipelined A D  converter depends on the matching 

between capacitors of the interstage switched capacitor circuit and the input transistors of the 

preamplifier in the subconverter A/D circuit. The mismatch between two transistors is usually 

dominated by the mismatch between the threshold voltages of the two transistors and the 

rnismatch between B (P=pCOXW/L) of the two transistors can be neglected [23]. To minirnize 

the mismatch between two devices, they are rnostly redized by the cornmon centroid layout 

technique such as symrnetrically interdigitate transistors. 

The input transistors of the differentid pairs in the amplifiers are realized by an even 

number of the unit-sized transistors as illustrated in Fig. 2.38. The source terminais of the two 

transistors are realized by the outer fingers in the layout and the drain teminals are realized 

by the inner fingers which has a smaller perimeter compared to the outer fingers. The drain 

terminal of such a differential pair is a critical node in the amplifier circuit and the speed of 

the amplifier is deterrnined by the time constant at this node. The size of the parasitic 

capacitors at the drain terminal of either Ml or M2 are reduced alrnost by a factor of two by 

using the mentioned layout technique, resulting to maxirnizing the speed of the amplifier and 

improving the matching of the two input transistors. 
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Fig. 2.38: Cornrnon centroid layout for the input transistors of a differential pair 

Analog circuits are susceptible to the glitches and the substrate noise coupling of digital 

circuits in the mixed signai single chip designs. The rnixed signal noise c m  be minimized by 

employing fully differential structures, keeping the digital and analog portions apart (Le. 

more than 1Opm) [24], and placing guard rings as illustrated in Fig. 2.39. Using separate 

power supplies for digital and analog circuits effectively reduces the crosstalk. Overlapping 

the digital and anaiog signais is avoided unless they are isolated by a shielding inter layer 

metal path which is connected to Vss. 

Digital Analog 
portion U n weH portion 

Fig. 2.39: Guard ring in mixed signal circuits 
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2.7 Layout of the Pipelined A/D Converter 

The layout of the pipelined A/D converter is presented in Fig. 2.40. The A D  converter 

was designed to be packaged in a 44-pin CQFP (Ceramic Quad Hat Pack). The input T&H 

circuit, the clock timing generator and the pipelined stages are shown on the layout. The 

residue signals and the clock pulses are distributed through the stages from the center of the 

layout. The digital supply rails are separated from the analog supply rails and the positive and 

the ground voltages of the supplies are overlapped throughout the layout to create large 

on-chip bypass capacitors between the digital as well as the analog supply rails. The digital 

input/output pads are supplied separately from the core circuitry and the total size of the 

iayout is 3.2mm2. 

6th stage 

5th stage 

4th stage 

3rd stage 

2nd stage 

First stage 

- 8th stage 

- 9th stage 
A 
N 
O\ 
O 

Last stage - Clock timing 
generator and 

bootstrap circuit 

+ Input T&H 

Fig. 2.40: The layout of the pipelined A/D converter 
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2.8 A/D Converter Simulation 

To charactenze the pipelined A/D converter, extensive sets of simulations were carrieci 

out for different input frequencies and signals. The quantization curve of the A/D converter, 

shown in Fig. 2.41, was obtained by digitizing the input rarnp waveforms. The digital output 

codes corresponding to the input waveforms were converted to analog signals using an 

external DIA converter. 

m- IrnVolage 

(a) (b) 
Fig. 2.41: Quantization curve of the A/D converter (a) lMHz input ramp, (b) SMHz 

input rarnp 

The dynamic Iinearity of the A/D converter was measured by analyzing the Fast Fourier 

Transformation (FFT) on the reconstructed waveform obtained from the output codes of a 

sinewave input, as illustrated in Fig. 2.42. A rectangular window with 1024 points was used 

to calculate the FFI' and precisely obtain the harrnonic components. According to postlayout 

simulations, the peak SNDR of the AID converter is 60dB corresponding to 10 bits of 

resolution. The total static power consumption of the pipelined A/D converter was 55mW and 

its dynamic power dissipation was Iess than 2mW. The pads dissipate about lOmW while 

driving lOpF loads. 
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z a-0 -4u tims < s > I .  I .: , 
.O0 5 0 . W M  

froqusncy (Hz) 
tQlEM 

Fig. 2-42: Linearity of the IO-stage pipeIined A D  converter (a) Output codewords of a 
lOOkHz sinewave input, (b) the reconstructed waveform of the codewords in part(a), (c) The 
hannonic analysis of the waveform in part(b), (d) Output codewords of a IMHz sinewave 
input, (e) the reconstmcted waveform of the codewords in part(d), (f) The harrnonic andysis 
of the waveform in ~a r t ( e1  

The theory, design and simuIation of the  pipelined A D  converter were presented and 

discussed in this chapter. The summary of the results obtained from the postlayout 
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simulations are listed in Table 2.10. The results meet the expected specifications of the A/D 

converter, 

Table 2.10: Pipelined A/D Converter Simulation Results and Characteristics 

Parameters 

Technology 

Resolution 
- - -  - 

Sampling rate 

Supply voltage 

Area (core + pads) 

Characteristics 

0.25pm bulk CMOS, single poly 5 metal 

Core area 

FuIl scale input range 

Total power dissipation including pads 

Total static power dissipation excluding pads 

Total dynamic power dissipation excluding pads 

SNDR 

Minimum latency 

1 .2mm2 (0.84mmx I -44rnrn) 

1 SV 

65rnW 

55mW 

2mW 

60dB (fin= 100 KHz) 

I Ions 

Input capacitance 

AD converter input reFerred noise 

- - -- - -  

~ P F  

< 2OOpV- 
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Chapter 3 

Experimental Results 

The characteristics and performance of the experimental A/D converter prototype are 

discussed in this chapter. 

3.1 Experimental Implementation 

The pipelined A/D converter was implemented in a 0.25prn CMOS process with a single 

layer of polysilicon and five levels of metallization. A chip micrograph is shown in Fig. 3.1. 

The total area of the core circuitry is 1.2mm2 and the total area of the chip including pads is 

3 .2mm2. 

The chip was packaged in a Kyocera 44-pin CQFP package as shown in Fig. 3.2. The 

PCB (Pnnted Circuit Board) fixture used in testing the A/D converter is illustrated in Fig. 3.3 

and was provided by CMC'. This test fixture was designed for connection to the 44-lead 

package. To increase the signal isolation around the package, 16 Ieads on this test fixture 

were connected to ground. Of the remaining 28 lines, 4 were cross connected to each other to 

route the power supply and 24 were available to carry signals to the SMA (Sub Miniature 

type A) connectors used for external interconnections [Il. 

- - - -- 

1- Canadian Microelectronics Corporation 
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7th stage 

a 8th stage 

-- 9th stage - + s 
> 
-L ~ a s t  stage 

Clock timing - generator and 
bootstrap circuit 

Fig. 3.1 : Chip micrograph of the Pipelined A/D converter 

Fig. 3.2: Chip bonding diagram in the 44-pin C Q m  package 
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Fig- 3.3: PCB Test Fixture 

3.2 Test Setup 

The test setup used in the measurements is shown in Fig. 3.4. The HP363 1A DC power 

supply was used to generate the required DC voltages. The HP8 180A puIse generator was 

used to produce the systern dock and the HP33 120A function generator was used to provide 

the input analog waveform. A TLA704A logic analyzer (LA) and digital storage oscilloscope 

@SO) were used for time correlated and real time signal acquisition [2] .  The data gathered 

by the LA module were transferred to a cornputer for post processing in Matlab. The chip was 

tested using a 2.5V supply and dissipated 65nzW at that voltage, 

HP33 120A 

I Function 
Generator 

TLA7G4A 
HP8 180A 

Pulse Digitai Storage 
Generator OsciIloscope 

converter 
@SO) 

HP363 1A - - - - - - -  
IC Chip 

DC Power Logic Analyzer 
supplies PCB Test Board &A) 

Cornputer 
Workstation 

1 
; 

Fig. 3.4: Test setup for the A/D converter 
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3.2.1 Transient Measurement s 

To ver@ the fimctionality of the A D  converter prototype and characterize it, transient 

measurements were carried by applying different input waveforms to ND converter. For 

example, a 5MHz input sinewave to the A/D converter is shown in Fig. 3.5(a). Shown in Fig. 

3.5(b), is the reconstmcted waveform obtained by binary weighted adding the output 

codewords and is labeled as VOUT. The output codewords are shown in Fig. 3 3 c )  where the 

data0 label in the third row indicates the MSB output of the A/D converter and data9 in the 

last row indicates the LSB. The LA module is capable of saving VOUT as data to be 

characterized using MAmAB. The transient measurements are used to characterize the 

DNL, INL, SNDR snd ENOB of the MD converter as descnbed in the following sections. 

Fig. 3.5: Transient Measurement of the A/D converter (a) Input waveform 
(fi,=SMHz), (b) Reconstructed wavefom, (c) Output codewords 
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3.2.2 Code Density Measurements 

Code density measurement is used to characterize the nonlinearity of the A/D converter 

by counting the relative nurnber of each codeword repetition in response to an input 

waveform [3] This involves gathering a large number of codewords and then norrnalizing the 

number of repetitions of each codeword with respect to the input power density function 

(pdf). 

In this work, a low frequency ramp waveform (i.e. fin=31cHz) was applied to the A/D 

converter and the output codewords of the A/D converter were gathered by the LA module 

and the DNL was obtained from 

where Cavg is the average number of counts for each codeword and Ci is the number of counts 

for the ih codeword. C,, was obtained from 
b 

where N is the total number of sarnples gathered by the LA module. The DNL histogram of 

the A/D converter is shown in Fig. 3.6. 

5% 2 766 
N umbcr of codas 

Fig. 3.6: DNL of the A/D converter 
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The INL histograrn was directly calculated from the DNL histogram by 

The INL histogram is shown in Fig. 3.7. From these histograms, the maximum DNL and 

- 

- 

- 
1 

- 

- 

- 

- 

-2 1 1 1 1 

O 256 51 2 768 1024 
number of codes 

Fig. 3.7: INL of the A/D converter 

INL are estimated to be -0SLSB and 0.95LSB respectively and occur when the MSB 

changes its state from O to 1 or vice versa. I N L  is a measure of the nonlinearity and the results 

obtained here indicate that the A/D converter experiences an al1 stage transition (Le. 

codewords O 1 11 1 1 1 11 1 and 1000000000) when the input signal changes slightly around 

0.5VreP 

3.2.3 SNDR 

To measure the SNDR of the A/D converter, a sinewave was applied at the input and 

digitized by the A/D converter. The reconstructed output of the A/D converter (VOUT) was 

coliected by the LA module and the data was analyzed by MATLAB to calculate the FFï. 
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The SNDR of the A/D converter was obtained using the FFT analysis from the following 

equation 

SNDR = 1OIog Signai power [ m s ]  
((Noise power + Distohm power) [rms] 

Shown in Fig. 3.8, the most significant distortion component is the 3rd harrnonic frequency 

which is 50dB lower than the input level having a 5iWIz frequency. The SNDR of the A/D 

converter, obtained from Equation 4.4, for a 5MHz input sinewave is approximately 45dB. 

Fig. 3.8: FFT of output codes for SMHz input sinewave 

Fig. 3.9 shows the measured SNDR as a hinction of the input sinewave magnitude. The 

graph was obtained from the FFI' analysis, using Equation 4.4, for different input magnitudes 

and frequencies. These measurements indicate a 57dB peak SNDR for lOOkHz input 

frequency at the full scale range of the amplitude. 
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Input magnilude (dB) 

Fig 3.9: Measured output SNDR versus the input magnitude 

3.2.4 ENOB 

The ENOB which is an accuracy m e s u r e  of the A/D converter with respect to the input 

frequency was obtained from the SNDR characteristics of the A D  converter using the 

equation 

ENOB = 
SND R - 1-76 (biu) 

6 .O2 

Fig. 3.10 shows the ENOB of the A/D converter as a function of the input frequency where 

the maximum ENOB is 9.2 bits- 

Fig. 3.10: Measured ENOB versus the input frequency 
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3.3 S u m m a r y  of Converter Characteristics 

TabIe 3.1 summarizes the performance of the pipelined A D  converter. Compared to the 

best previous design with the sarne resolution and sampIing speed, this design achieves the 

same dynarnic range at Iower supply voltage, lower input capacitance, Iower power 

dissipation and with a smailer core area. 

The pipelined A/D converter exhibits 10 bits resolution at 50MSample/s sampling speed 

while dissipating 65mW and is suitabIe to be used in cable modems. The DNL and INL of the 

A/D converter are -0.5LSB and 0.95LSB respectively and the peak 

converter is 57dB. The analog input signal swing of the A/D converter is 

its input capacitance is almost 3pF. 

SNDR 

as high 

of the A/D 

as 1 SV and 

Table 3.1: Measured Performance and Cornparison with Previously Published Design 
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Chapter 4 

Conclusions 

4.1 Summary 

This thesis investigated the design and implementation of a Iow power, high speed 

CMOS AfD converter for use in a single chip cable modem. To achieve the specifications 

required by cable modems, the A/D converter was redized using 1-bit per stage pipelined 

architecture in a 0.25pm, 2.5V digital CMOS process with a single layer of polysilicon and 5 

levels of metallization. 

The performance of the A D  converter prototype indicates 10 bits resolution at 

SOMsample/s and 65mW power dissipation with a 2.5V suppIy voltage. The peak SNDR is 

57dB and the DNL and the INL are -0.SLSB and 0.95LSB respectively. The total area of the 

design including the core and the pad circuits is 3.2mm2. The irnplemented A/D offers the 

best performance todate for converters specifically designed for cable modem applications. 

Future work should involve increasing the accuracy and decreasing the power dissipation 

of the N D  converter. One method to increase the accuracy is by adding redundancy to the 

stages of the pipelined A/D converter to further relax the comparators input offset constraints. 

The most common method to realize this is to use 1.5-bit per stage architecture as well as 

digital correction circuitry. Another method to increase the accuracy is to reduce the capacitor 

mismatch of the interstage switch capacitor circuit by swapping the feedforward and the 
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feedback capacitors between the sampling and the ampliQing phases to average any 

deviation between the ratios of the two capacitors. 

A method to reduce the power dissipation is to replace the Iast three stages of the 

pipelined AD converter by a three-bit flash AID converter. In this case, 7 cornparators are 

employed instead of 2 opamps and 3 comparators, thus reducing the total power dissipation 

of the A / '  converter based on the fact that the power dissipation of the comparators is 

considerably smaller than that of the opamps. Another method to reduce power consumption 

is to turn off the opamps in the open loop configuration during the sarnpIing phase. In 

addition, sharing opamps between two adjacent stages would significantly reduce the power 

dissipation and the area of the A/D converter by reducing the total number of oparnps 

required almost by a factor of 2. 




