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Abstract

Analog-to-digital converters (ADCs) are required to convert the real world analog signals
into digital signals. As digital signals are more robust and easier to handle, signal processing is
increasingly being done in the digital domain. This along with the increasing levels of integration
has forced the ADCs to reside on the same chip as digital circuits.

Designing ADCs in technologies best suited for digital circuits and operating from low
voltage supplies is a challenging task. More so as the threshold voltage of the devices do not scale
at the same rate as the power supply voltages. This implies very tight headroom constraints for
analog designs.

Design of a 6-bit ADC capable of operating at more than 300MS/s while operating from
supplies as low as 1.5V has been described in this work. The design was done for TSMC 0.35um
process - a technology best suited for 3.3V digital circuits. Such high speed low resolution con-
verters are typically required in magnetic disk read channels where extremely high data rates are

required to transfer large volumes of data in a short period of time.
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Chapter 1: INTRODUCTION

1.1 Background

Recent years have seen explosive growth in wireless communications and computing
devices. This growth is likely to continue into the future as well. In today’s world, the internet
serves as the information super highway and is increasingly becoming a part of every day life.
This requires large amount of data to be stored and accessed frequently. In order to transmit large
amount of data in a short period of time, high transfer rates are required in storage devices. This
translates directly into a higher data rate requirement in the read channels of magnetic storage
devices, such as SCSI hard drives. The signal read from these disks is analog in nature.

These and many other systems utilize digital signal processing (DSP) to process the
received signals and extract the transmitted information. Therefore, between the received analog
signal and the DSP system, an analog-to-digital (A/D) interface is necessary. This interface
achieves digitalization of the received waveform subject to a sampling rate requirement of the sys-
tem. Along with this, the trend of increasing integration levels has forced the A/D converter inter-
face to reside on the same chip as the large DSP or digital circuits. Moreover, by sharing the same
supply voltage between A/D and digital circuits, the overhead cost of extra DC-DC converters
required to generate multiple supply voltages is eliminated. Hence, A/D converters operating at
the same voltage as the digital circuit are desirable.

In the commercial market today, transfer rate of 100MS/s can be commonly found in disk
drives. However, in order to achieve even higher transfer rates that are required for some multime-

dia applications, the speed of analog-to-digital converters needs to improve.

1.2 Problem Statement

This research is aimed at designing high speed, low resolution A/D converters for mag-
netic read channels in conventional digital CMOS technology, operating at low voltages. The sig-
nal read from a magnetic disk has a signal to noise ratio (SNR) of 25 to 30dB. Hence 5 to 6 bits of
conversion accuracy is adequate for such systems. Currently available disk drives have data read
rates of 100 to 200 MS/s. Read channels with 300 to 500 MS/s are still in the design stage. Such
high data rate requirements make the design of even low resolution converters a challenging task.

Presently systems are being designed for 3.3V power supply. Attempts are being made to



move to even lower voltages such as 1.8V to 1.5V, as dictated by digital technology roadmap [13].
It 1s well known that threshold voltages of devices are not getting scaled by the same factor as
power supply voltages. This means that designing systems operating at such low voltages is going
to be more difficult because of the reduced headroom.

The research work detailed in this report is aimed at designing a 6 bit A/D converter hav-
ing a conversion speeds greater than 300MS/s while operating from industrial 1.8V supply. The
design has been done in 0.35um TSMC process, which is optimized for 3.3V digital CMOS.
Thus it has larger threshold voltages than a process optimized for 1.8V. Since the A/D makes use
of 3.3V CMOS technology and an operating voltage of 1.8V, this research presents a viable sce-
nario for future analog designs where the threshold voltages are a large fraction of the supply volt-
age. This represents the worst case scenario as future 1.8V processes will have lesser threshold

voltages and the design will be easier.

1.3 Report overview

The organization of this report is as follows. Chapter 2 presents a brief overview of the dif-
ferent topologies used for ADCs and concludes that a flash converter is necessary in the present
case. Chapter 3 details some of the important issues in designing high speed, low voltage compar-
ators. Chapter 4 gives a detailed outline of the 6-bit A/D architecture designed for this application.
Details of the reference ladder and the on-chip clock generation circuitry have also been pre-
sented. Performance results of the constituent blocks and the whole A/D system have been dis-

cussed in Chapter 5. Finally, Chapter 6 gives the conclusions and the scope for future work.



Chapter 2: A/D ARCHITECTURE

2.1 Overview

The basic function of an A/D converter is to provide a digital output given any particular
input. Hence a A/D converter can be looked upon as a block capable of giving a number of dis-
crete (digital) levels as output. The digital value that is given as output for any particular input, is
the level closest to the analog input. This “rounding off” in A/D converters is called “quantization
error’.

For a converter with a least significant bit (LSB) of A, the quantization error will vary
between +A/ 2, if the A/D characteristic is such that both positive and negative errors can result.
Assuming that the input is uniformly distributed, the quantization noise is also uniformly distrib-

uted between +A/2, and the quantization noise power can be expressed as {14]
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Hence, for a n-bit converter with full scale swing of V_=2"A, the SNR at the output is
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This equation can be used to compare the performance of a given n-bit A/D with that of an
ideal one. The equation also clearly brings out the fact that, to improve the SNR, more number of
bits are required, and provides a direct motivation for higher resolution converters.

Depending on the way the converter arrives at the digital output for any particular input,
ADC:s can be divided into 4 distinct classes.

1. Based on sequential search

The approach followed in such converters is typically to step through all possible digital
outputs in either ascending or descending order. Each digital output is compared to the analog
input using a comparator. A change in the output state of the comparator signals to the control cir-
cuitry, that the output is close to the analog input - based on which the appropriate digital level is
sent as output.

Examples of such converters are dual-slope converter [14] and their variants. Such con-
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Figure 1: General pipelined ADC architecture

verters can be made highly accurate and insensitive to component inaccuracies. Accuracy of upto

12-16 bits can be easily achieved. The down side of such converters is the conversion time which

equals 2" 1 clock cycles in the worst case for a m-bit converter. For example, a 8-bit converter
operating at 200MHz can be used for signals only upto ~390kHz. Clearly this is undesirable for
high speed applications.

2. Based on binary search

It consists of a number of stages which are typically pipelined to have the maximum
throughput. Examples include successive approximation (SAR), algorithmic and pipelined con-
verters [14].

Figure I illustrates an example of a pipelined A/D converter. Each stage j reduces the

search space by a factor of 2 Clearly, the signal needs to go through all the stages before the
conversion is complete. Hence such converters have a throughput equal to the clock frequency
and the latency equals the number of pipelined stages.

The main drawback which limits their applicability for high speed applications, is the
requirement of a fast settling operational amplifier in each stage. For very high frequencies, the
design of S/H circuits also become extremely difficult. Apart from the above limitations, pipe-
lined converters are quite amenable to digital calibration and error correction techniques. More-
over as their complexity increases only linearly with the accuracy, they are well suited for high
resolution converters. Additionally, they can be implemented in low power. Hence pipelined con-

verters are increasingly becoming popular for applications requiring medium speed and accuracy.



Other converters like SAR and algorithmic converters require N-clock cycles for each N-
bit conversion and hence, they are not suited for high speed applications.
3. Parallel search

Conceptually, the simplest and potentially the fastest, flash architectures [14], employ par-

allelism and distributed sampling to achieve high conversion speeds. Figure 2 shows a block dia-
gram of a m-bit flash ADC. The circuit consists of 2" -1 comparators, a resistor ladder comprising

an equal number of segments and a decoder. The ladder subdivides the main reference into (Zm—l)
equally spaced voltages. For example, if the analog input is between V; and V|, comparators C,
through C; produce ONEs at their outputs, while the rest generate ZEROs. Consequently, the
comparator outputs constitute a thermometer code which is converted to binary by the decoder.

Clearly as there is only one comparator between the analog input and the digital output, a
flash converter gives the maximum possible throughput for any technology. Low latency is
another advantage of flash comparators. It must be noted that low latency might be essential for
circuits with feedback (e.g. clock recovery loops or in instrumentation).

A flash converter has several disadvantages as well. A m-bit flash converter requires
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Figure 2: Block diagram of a m-bit flash A/D converter




Q2"-1) comparators and hence is suitable for only upto 8-bits, because of the horrendous area
requirements. Moreover, for CMOS technology with inherently larger offset voltages, achieving
the offset requirement becomes exponentially more difficult to achieve. For example, the offset of

a 10-bit comparator must be less than 1/4 of the offset of an 8-bit comparator.

4. Oversampled X — A converters

In oversampled A/D converter architectures, the frequency response of the quantization
noise is reshaped in order to transfer most of its energy to higher frequencies by proper oversam-
pling and negative feedback. Then, the noise is filtered out by a digital low pass filter leaving only
a small portion of the quantization noise in the signal band. The ratio of the sampling rate (fs) to
the signal bandwidth (fg) is called the oversampling ratio, and for a first order £ — A, the SNR
improvement with the increase in its oversampling ratio is 9dB per octave for quantization noise
or equivalently an extra 1.5 bits.

Such ADCs are very attractive for high resolution (above 12 bits) for fairly low speed
applications (like audio), but for high speed applications there isn’t enough room to operate cir-
cuits at much higher frequencies. This makes X — A unsuitable for high speed applications.

Clearly after going through all the different possible architectures, we conclude that the

flash converters are the most suited for the application at hand.



Chapter 3: HIGH SPEED COMPARATORS

3.1 Review

The basic function of a comparator is that of providing amplification sufficient enough to
ensure that digital output levels can be generated in response to small differences between two
input signal levels. This amplification need not be linear, nor continuous in time; consequently it
can be realized using nonlinear gain stages and, in applications where latency can be tolerated this
amplification can be distributed along a cascade of pipelined stages.

Three generic approaches for obtaining the desired amplification are a single-pole ampli-
fier (SPA), a multi-stage amplifier (MA) comprising of a cascade of N SPA’s, and a regenerative
amplifier (RA) that is typically implemented using a pair of cross-coupled stages. For an equiva-

lent amplification of U, the time taken t, by each of these is given by the following equations [1].
For SPA -t;= 1, x U
For MA - t, = T, x (Ux NN
ForRA -t,= 1, xIn(U)
where T, 1s the inverse of the unity gain frequency of each stage.

These equations neglect the output impedances and are somewhat oversimplified for sub-
micron designs but they do capture the fact that regenerative amplifiers can achieve the same gain
in the minimum amount of time {Figure 3]. Analysis [1] also shows that RAs have the best power-
delay product for the same amplification. Though analytically RAs are the preferred choice for
obtaining the required amplification, they are difficult to implement because of large offset volt-
ages inherent in the regenerative latches. The situation is further complicated by the fact that the
comparator must accommodate large variations in the common-mode input level for use in appli-
cations like A/D converters. Moreover, a large amount of kickback noise will be injected into the
input stage, which can degrade the performance. Kickback noise is generated because of the large
switching currents in the latch. These issues force the regenerative latch to be preceded by a
preamplifier in most practical implementations.

In design of the present comparator, a high performance sample and hold is followed by a
preamplifier and two stages of regenerative amplifiers to obtain the desired gain in the stipulated

time, while keeping the offset voltages and noise injection issues in mind.



3.2 Sample and Hold

Many analog and sampled data systems require sampling circuits capable of capturing the
instantaneous value of the input signal at a particular time. These sampling circuits often appear at
the interface between the analog world and the signal processing system and hence their perfor-
mance must be commensurate with the overall performance. Spectfically, sampling circuits are
often used at the front end of A/D converters to relax their timing requirements [5]. Distributed
sample and hold has been used in the present design, as opposed to a single front end sample and
hold.

This chapter considers the issues involved in MOS versions of such circuits which typi-

cally use a MOS switch to charge a sampling capacitor to the input signal voltage.

3.2.1 MOS Switches
A MOS transistor can be used as an analog switch, with its gate voltage controlling the
resistance between its source and drain (Figure 4). For an NMOS device operating in the linear

region, assuming the square law model, this resistance can be expressed as
1

R =
%%
p“ncox——(VGS - Vth)

on

where p, is the electron mobility in the channel, C, is the gate oxide capacitance per

unit area, W and L are the effective width and length of the device, respectively, Vg is the gate-
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Figure 3: Amplification Time vs. Equivalent Amplification for different topologies [11]




source voltage and V;, is the threshold voltage. It should be noted that this equation is at best
approximate for modern sub-micron devices where the device behavior is complicated by short
channel effects like drain-induced barrier lowering (DIBL) and vertical field mobility degrada-
tion. This on-resistance along with the sampling capacitor forms a RC time constant which
defines the -3dB bandwidth of the circuit, which is given by
f 3ap = st
2nR, Cy

For a fixed sampling capacitor, the bandwidth can be increased only by lowering R . In

any given CMOS process, . C . is normally constant and Vg is limited by the supply voltage

and the process technology, leaving W/L as the only variable. Hence, high-speed applications
often require MOS switches with large dimensions, which can lead to excessive charge injection
as explained next. Also, note that the advantage of large W/L is offset by the added parasitic

capacitance due to the increased size.
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Figure 5: Charge injection cancellation

using half size dummy

Figure 4: MOS sampling circuit

Charge injection and clock feedthrough
A major source of error in MOS switches is the clock feedthrough, caused by finite over-
lap capacitance between the gate and the source or drain terminals. As depicted in Figure 4, when

the gate control voltage CLK changes state to turn off the switch, C, conducts the transition and

changes the voltage stored on Cy by an amount equal to

C

AV = — 2y
CLK
COV+CH

where V(| k 18 the amplitude of CLK. This equation indicates that the feedthrough is inde-

10






