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Ultra High-Speed Flash Analog-to-Digital Converter

Student: Ying-Yu Hsu  Advisor: Chau-Chin Su

Institute of Electrical and Control Engineering

National Chiao Tung University

Abstract

Due to the advance process technalogies, the-operating frequency and circuit complexity of
integrated circuit increase. The interfaces betweenthe analog and the digital parts are required to
operate at ultra high speed (over giga samples per second). The high-bit-rate applications include
DVD read channel, multi level receiver, channel equalizer, jitter measurement system, and
Ethernet need Analog-to-Digital Converters.

There are two major topics in this thesis. First, we focus on the high speed ADC circuit
design. Thus, we propose a 4-bit flash ADC typically operates at 3.125GSps and maximally at
4GSps. This 4-bit ADC achieves better than 3.1 effective bits for input frequencies up to
1.55GHz at 3.125GSps, and 2.3 effective bits for 2GHz input at 4GSps. The peak DNL and INL
are less than 0.45 LSB and 0.6 LSB, respectively. This ADC consumes 180mW from 1.8V power

2

supply at 4GSps. The chip occupies 0.36-mm~ active area, implemented in TSMC 0.18-um

1P6M CMOS.



Second, based on the circuits presented in the 4-bit flash ADC, and we propose two
methods to improve the 4-bit accuracy to 5-bit accuracy. The methods are active averaging and
active interpolation techniques. Using averaging technique can improve accuracy white using
interpolation technique can reduce power consumption. The 5-bit flash ADC with averaging
technique achieves better than 3.8 effective bits for input frequencies up to 1.55GHz at
3.125GSps, and 3 effective bits for 2GHz input at 4GSps. The peak DNL and INL are less than
0.35 LSB and 0.8 LSB, respectively. This ADC consumes 270mW from 1.8V power supply at
4GSps. The 5-bit flash ADC with interpolation technique achieves better than 3.6 effective bits
for input frequencies up to 1.55GHz at 3.125GSps, and 2.9 effective bits for 2GHz input at
4GSps. The peak DNL and INL are less than 0.5 LSB and 0.9 LSB, respectively. This ADC
consumes 243mW from 1.8V power supply at 4GSps.

Index Terms: Analog-to-Digital  Converter;. Flash Converter, Track-and-Hold,

Preamplifier, Comparator, Gray Code, Averaging, Interpolation.
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Chapter 1

Chapter 1

Introduction

1.1 Motivation

In recent years, the increasing-yversatility of digital signal processing in
communication applications, -digital receivers  are required for high-bit-rate
communication systems. It requires high-speed-interface between the analog and the
digital domains. Such interface converts analog signals into digital form at the speed
over giga samples per second.

The wide proliferation of the digital signal processing across large and diverse
sets of applications has made analog-to-digital converter a key functional interface
integrated in most analog/digital VLSl systems. The requirements of
analog-to-digital converter, which are applied to various applications, are different.

These high-bit-rate communication systems such as PRML read channel,
Gigabit Ethernet, multi level receiver and jitter measurement system do not require
high resolution but high speed. For determining the topology of a high speed ADC,
several existing architectures are studied and reviewed.

According to the different requirements in high-bit-rate  communication
systems, the requirements of the flash ADC are also different. For example, the hard
disc or DVD read channel need 6-bit resolution but only several hundred MSps to
1~2 GSps. The multi level receiver, channel equalizer or jitter measurement system
need ultra high speed for many GSps with only 3~4 bit resolution. Systems such as
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optical receivers need 5-bit resolution and at more then 10 GSps. These ultra high
speed ADC are often developed in SiGe BICMOS or GaAs HBT technology
[1]1[2][3]. Or, they are integrated with several parallel CMOS ADC channels and
implemented in a time-interleaved sampling technique [4][5][6][7]. Relatively, the
circuit requires larger chip size and power dissipation

In resent years, the trends of flash ADC design are on the speed improvement,
the stead on the power and resolution improvement. So that, many methods are
proposed to optimize the speed-power-accuracy trade-off. Therefore, the objective
of this thesis is to design CMOS flash ADCs operate at 4GSps 4~5-bit.

1.2  Thesis Organization

The thesis is divided into seven chapters detailed as follow:
Chapter 2

This chapter reviews the state-of-the-art ADCs suitable for high-speed
operation. The basic principles of design methodologies and requirements of these
architectures as introduced. And, the advantages and disadvantages of various
architectures are also studied in:this chapter.
Chapter 3

This chapter analyzes various types.of high speed flash architectures. The
suitable flash ADC architecture for ultra high speed operation is reported. The
advantages of this architecture and the disadvantages of other architectures are
described in this chapter.
Chapter 4

Firstly, we design a 4-bit flash ADC which typically operates at 3.125 GSps
and maximally at 4 GSps. The basic block and circuit diagrams are detailed. The key
ideas in improving the sampling rate and resolution bandwidth are also presented in
this chapter.
Chapter 5

Secondly, we design 5-bit flash ADCs based on the 4-bit architecture
presented in chapter 4. The 5-bit flash ADCs have the same specification in speed.
The key ideas in improving the accuracy are also presented in this chapter.
Chapter 6

The simulated results of these flash ADCs are discussed in this chapter, which
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include the static performance in time domain analysis and the dynamic
performance in frequency domain analysis.

Chapter 7
This chapter compares our works with the researches of others in resent years

and gives the conclusions.
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Chapter 2

Review of High Speed CMOS ADC

Architectures

In resent year, there are several -architectures to implement high-speed
analog-to-digital converters. Edach has advantages and disadvantages with a particular
combination of speed, accuracy, and-power-consumption. They all fit into a particular
application. These various architectures-are-based on the search technique used to find
appropriate digital representation of the analog input level. The design methodologies
for full flash, interpolating, time interleaved, pipelined, and folding architectures will

be described in this chapter.

2.1 Full Flash ADC

The full flash architecture is the simplest and fastest analog-to-digital converter.
In a full flash analog-to-digital converter, the analog input signal is simultaneously
compared to reference values by a bank of comparator circuits. The differences
between the input and reference values are amplified to digital levels and generate
thermometer code, as shown in Figure 2.1. The thermometer code is easily encoded
into binary or gray code. The reference voltages are usually provided by tapping from
a resistor reference ladder to generate the monotonic increase of reference voltages

from zero to the input full scale. Preamplifiers are often added in front of comparators
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to reduce the overall input-referred offset by lowering the impact of comparator
dynamic offset with preamplifier gain.

Vref ,high

O:D_D_ Binary
Output

Vref ,low

Figure 2.1 Full flash ADC architecture.

For a N-bit flash ADC, 2N -1 comparators and 2N resistors are needed.
Although flash ADC can achieve high speed, but the amount of comparators and
resistors depend on the resolution of ADC and this quantity grows exponentially with
resolution. Relatively, the resulting circuit is typically very large and consumes a
great deal of power. So that, most flash ADC studies have been focused on resolution
lower than 8-bit. However, the objective of this work is to design 4GSps 4-bit and
5-bit Nyquist Rate ADC in a 0.18-um CMOS process. Since speed is the top priority,
a full flash architecture is a promising candidate to meet the speed target.
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2.2 Interpolating ADC

The full flash ADC is considered to realize the highest conversion rate but it
suffers from not only larger chip size and larger power dissipation, but also lower
dynamic performance due to large input capacitance. Consequently, interpolating
conception alleviates the effect drastically. The diagram of interpolating architecture
is shown in Figure 2.2. Amplitude quantization can be viewed as a collection of zero
crossings. The front-end preamplifiers can be followed by differential pairs to perform

2-times interpolation, thereby creating additional zero crossings and increasing the

resolution.
V:in
. Preamplifiers : Interp.o!atlng
® N Amplglers
® > VV >V02
| e

Binary
Output

x
\WAVAT A VAV
\/\/\/\\/\/

Encoder

Figure 2.2 Interpolating ADC architecture.
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Interpolation reduces the number of the pre-stages. In other words, interpolation
relaxes a number of tradeoffs in the design of the front-end. The preamplifiers
typically suffer from the most stringent requirements in terms of input common-mode
range, input capacitance, power dissipation, overdrive recovery speed, voltage gain,
and capacitive feed-through to the reference ladder. Hence, it is desirable to reduce
the number of preamplifiers through the use of interpolation. Another aspect of
interpolation is that it does not require precise gain in any of the stages because only

the zero crossings carry the information.
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2.3 Time Interleaved ADC [8]

The time-interleaved technique can be used in nearly any type of ADCs. It
consists of M ADCs operating at different clock phases. The corresponding digital
multiplexer selects the digital output of each ADC periodically and forms a high

speed ADC output as shown in Figure 2.3.

T/H K-bit
ADC

) ]

K-bit

—0— T/H
ADC / >
Binary
Output

Multiplex

: . —
T/H K-bit /

ADC

Figure 2.3 Time interleaved ADC architecture and timing.

Although the clock speed of such a architecture can be very high by just

extending the parallel paths, the mismatch issue will then cause the fundamental
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limitations. Among those are the gain mismatch, the offset mismatch, and the timing
mismatch. As shown in Figure 2.4, these problems introduce some distortions,
centered around multiples of channel sampling rate as sideband components for
channel gain mismatch and timing skew, and at multiples of channel sampling rate as
tones for channel offset mismatch. Embedding a track-and-hold circuit in front of
each channel can effectively reduce the effects. The clock for the track-and-hold
circuit must be operating at the overall ADC speed. When the parallel pipelined
architecture has a single track-and-hold circuit, the timing mismatch among the
channels is not an issue. Because track-and-hold circuit is distributing sampled signals

instead of dynamic signals.

A
dB
Perfect Match
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I | » f I | p f
fin fs/4 fq /2 fin fs/4 fg/2

Figure 2.4 Spectrum of a reconstructed sinusoid for a four-way converter array.
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2.4  Pipelined ADC

The large input capacitive loading of the full ash ADC can be avoided by using
one resolution per stage configuration, leading to the pipelined approach. Basically,
the pipelined ADC can inherently have better dynamic performance due to the
reduced loading per stage and inter-stage track-and-hold operation. The general block

diagram of a pipelined ADC is shown in Figure 2.5.

T

Error Correction

TTK bits TTK bits TTK bits

—5| Stage1

Stage2 }—» - - —-- —] Stage M

. 4

_|_

D — S/H >

K-bit K-bit
ADC DAC

\ 4

Figure 2.5 Pipelined ADC architecture.

As shown in the figure, the pipelined ADC is basically a residue processing
system. The residue contains the required information as well as the imperfections,
including offset errors, inter-stage gain errors, inter-stage DAC nonlinearity, and
operational amplifier settling-time errors. With digital correction, the effects of offset
error, gain error are reduced, while the inter-stage DAC nonlinearity and operational
amplifier settling-time errors limit the performance of pipelined ADC. Another
drawback is the long latency of pipelined ADC which avoids its application in a
closed-loop linear feedback system, however, this is not a problem in wireless

communication systems.
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2.5 Folding ADC [9]

The folding ADC, unlike the pipelined ADC which serially output the digital
codes, output them in two parallel paths called coarse and fine quantization,
respectively. Therefore, the speed approaching the full flash ADCs is possible with
careful design. Typically, it is beyond the pipelined ADC. Figure 2.6 shows the block

diagram of a folding ADC of 8-bit resolution associated with its transfer curve.

\ 4

Coarse ADC :> 3 MSBs
Fine ADC % 51 5Bs

—_ Folding Circuit

JAYAVAYA

\ 4

\ 4

Vout

Full Flash
256 Levels

Full Elash

Folding

I Folding
v 32 Levels

Figure 2.6 Folding ADC architecture and the transfer curve of a folding circuit in

comparison with the full flash ADC.

As shown in the figure, if it is folded 8 times, the MSBs is 3-bit and LSBs
5-bit. If folded 4 times, the MSBs and LSBs are 6-bit and 2-bit respectively, the only

11
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difference is the encoding method. As a result, the comparator count for the folding
converter is 32 for fine and 8 for coarse with a total of 40. It is much less than 255
required by a full flash ADC.

Folding architectures exhibit low power and low latency as well as the ability to
run at a higher sampling rate. The drawback is the limited dynamic performance due
to input frequency multiplication and bandwidth limitation of the folding circuitry.

12
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Chapter 3

Design Technigues of Flash ADC

There are several techniques to design a flash ADC. After reviewing many
methods which were provided to design a‘flash. ADC in resent years, we propose the
most suitable architecture to meet:our speedtarget.‘ln Section 3.1, a detail description
about averaging concepts is given.-Section 3.2 describes the interpolation concepts.
Section 3.3 analyzes several architectures which were provided in resent years.
Section 3.4 shows the architectures which are used in our 4-bit ADC and 5-bit ADC

circuit design.

3.1 Averaging Technique

In continuous time systems, offsets of amplifiers are the main limitation to
increase the converter resolution above 6 bits. However, it has been shown already
that sizing the input devices results in a reduction in the offset voltage. This transistor
sizing, however, is limited and introduces disadvantages like large input capacitance,
large die size and high power dissipation. To partially overcome this problem, an
averaging scheme will be introduced. This averaging scheme uses the outputs of more
active input pairs to increase the effective gate area and in this way reduce the offset

voltages [10].
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3.1.1 Resistive Averaging

In Figure 3.1 a system using resistive averaging is shown. The figure shows
three differential amplifiers with load resistors R1 as part of the input amplifier chain
used in a flash analog-to-digital converter. Averaging is obtained by coupling the
outputs of the differential amplifiers via averaging resistors R0O. This average resistor
chain continues to couple more input stages. As long as the input amplifiers are active
and operate in the linear signal range, the output signals of these active amplifiers
contribute via the averaging resistors to a differential amplifier operating around the
“zero crossing” level. The differential pair M3, M4 is the zero crossing one. It is

affected by both left and right neighbors.

R1 R1 R1 R1 R1 R1
RO RO
AAVAY, 4VAVAV.
Vout
VV\/ AVAVAV.
RO RO
v M2 |- HEwms mMal— - H[Cms mg |-
Vin Viefn-1 Vin Vietn  Vin Vietn+1

Figure 3.1Resistive averaging scheme [11]

As long as the neighboring amplifiers are in the linear region, it looks like that
the zero crossing amplifier consists of a much bigger device with a size equal to the
sum of the areas of the active linear amplifiers. As a result, a very rough estimation of
the reduction in offset voltage compared to a non-coupled single differential amplifier

equals to /Ngctive 1S Obtained. Here Ngive IS the number of linear active

amplifier stages contributing to the output signal of the zero crossing stage.

Furthermore the signal amplitude increases with a value equal t0 Nuive While the

14
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noise increases with /N active - AS a result, the signal-to-noise ratio improves with

\ Nactive » and the offset voltage reduces with the same ratio.

3.1.2 Active Averaging

Figure 3.2 shows the circuit diagram of such a system. Again, an averaging
construction is shown using three differential pairs. The input pairs in this system are
split up into three parts. An equal split is one of the possibilities that can easily be
implemented. Starting with the middle pairs consisting of M1 to M6, the output
current of M1 and M4 go directly to the load resistors R1 and R2, M2 and M5 to the
right, and M3 and M6 to the left. As fro the center stage, the output signal is obtained
as the sum of the three neighboring pairs. Therefore, the linearity is improved. Only
two extra pairs are required at both ends of the reference ladder. A drawback of this
system is that more accurate elements are required to minimize the influence on the

offset and linearity.

Rg R1 Rg gm R1 R1

L d : +

[, o e e

NVmB VmA NVlnA VmC NVinC

Figure 3.2 Active averaging scheme
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3.2 Interpolation

The output signals from the input amplifiers have a finite slope. Furthermore
the difference between the signals is limited. As a result it is possible to accurately
interpolate between two reference levels and obtain an accurate zero crossing of the
differential output signal. The number of input amplifiers can be reduced depending

on the number of times an interpolation takes place [10].

3.2.1 Resistive Interpolation

In Figure 3.3 shows a resistor interpolation circuit. As shown in this figure, the

signal Vg,inint 1S interpolated between Vg and Vguino1- An extra zero crossing

is obtained in this way without an input amplifier.

Vrefn +2 Voutn €

Voutnlnt +1
—
Vre . Voutn +1 Vo tnint
n——@
Vin Voutn

Voutn Int

vV Voutn Vin

refn Voutn+1

Voutn Int—1

Viefn-1 Voutn-1

Figure 3.3 Resistive interpolation scheme
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3.2.2 Active Interpolation

An alternative to resistive interpolation is the active interpolation. In this system
amplifier transistors are split up into two equal devices as shown in Figure 3.4. As
shown in the figure, all transistors have equal size. A size of 0.5 is given relative to
the input differential pairs. At the gates of transistors M1 and M2 the output signal
from pairs A is applied, while at the gates of transistors M3 and M4 the output signal
of pairs B is introduced. These signals show a delay in time as can be seen from
Figure 3.4. The drain currents of M1 and M3 are added as has been done for M2 and
M4 too. And these combined drain currents flow through the load resistors R1 and R2.
The output signal of this stage interpolates now between the output signal of pairs A
and the output signal of pairs B. With witch, the pairs A and B are averaged. As long
as offset voltages and mismatches are small as compared to the required interpolation
accuracy, this interpolation method will not show any interaction between the stages.

It performs well even at high signal-frequencies.

R1 R2

VOUt

VinA /

V, Vi Vind— NV
| S VI Y i\l—"iv4 " vy K/ T
inB

v

Figure 3.4 Active interpolation scheme
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3.3 Comparison of Different Design

Techniques

3.3.1 6-bit Flash ADC with Auto-zero Technique [12]

Figure 3.5 shows an example of a high-speed flash architecture utilizing
auto-zero technique. A specific feature of disk-drive read-channel systems is that the
conversion cycles are interrupted regularity and an auto-zero function can be
performed. During this time, reference levels and comparator offsets are stored on the
sampling capacitors C+ and C-. During normal operation the comparators determine
the position of the input signal relative to the reference levels. Each comparator is
composed of two wide-bandwidth preamplifiers P1 and P2, followed by three latch
stages L1, L2, and S-R latch.

CLK
CLK CLK

in+ — ¥ \,.__..L__\ il *
Irﬁfl :ﬁ?:}) L e SR

refl- —

\

o-----
=
A

J9podUT [eIdIq

- e, |

1

e I |_52> o [ e
| QUSRI R -

ref63— ~— C- ~

Figure 3.5 6-bit flash ADC with auto-zero technique

Auto-zero has two drawbacks. It needs series-input capacitors that limit

resolution bandwidth, and also requires “idle time” for offset cancellation. The
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alternative application of this work is intended for DVD playback that requires no

“idle time”.
3.3.2 6-bit Flash ADC with Sample-and-Hold and

Auto-zero Technique [13]

The resolution bandwidth and conversation rate degradation due to the
series-input capacitors in flash auto-zero architecture can be improved by adding a
sample-and-hold circuit. The top level block schematic of this ADC is shown in
Figure 3.6. The input is sampled and held by the S/H. An important feature of this
architecture is that it uses two interleaved S/H circuits operating at half the sampling
frequency. The interleaving has two advantages. First, the acquisition time available
for each S/H is twice that which would be available if a single S/H circuit were used.
Second, the final output of the S/H is held for an entire clock interval. This
dramatically eases the design of the output buffer that drives the comparator array.
The output from the S/H is fed into the comparator array which converts the input
signal into a digital thermometer code, whigh is.then converted to a 1-of-64 code by
the bubble correction logic. This in‘turn is fed into a ROM type encoder that generates
the final 6-bit digital output.

The sample-and-hold preceding.the series-input capacitors improves the ADC’s
resolution bandwidth and sampling rate. However, the improvement will not be as

effective as eliminating the input capacitors entirely.
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Figure 3.6 6-bit flash ADC with,S/H and auto-zero technique

3.3.3 6-bit Flash ADC with Background Digital
Calibration [14]

To improve the ADC linearity, series-input capacitors are essential for
auto-zero architecture to store and therefore to cancel random offsets of the
comparators, which cost speed degradation. Accuracy improvement can also be
achieved, without input capacitors, by digital calibration. A block diagram of this
ADC is shown in Figure 3.7. The ADC consists of a T/H circuit, 63 preamplifiers, 63
comparators, each having offset calibration circuit, and an interleaved encoder

capable of error correction.
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Figure 3.7 6-bit flash ADC with:background digital calibration

T/H circuits overcome “the sampling time “skews and the aperture time
differences in the comparators to improve-the-ADC’s conversion rate and resolution
bandwidth. The comparator uses three stages to.achieve high-speed and low power
consumption at the same time. Each offset in the preamplifier and comparator is
calibrated by the OFC. The OFC, consisting of an up/down-counter and current
sources controlled by the counter outputs, detects the preamplifier and the comparator
offsets using the 3" stage comparator output. These current sources are fed back to
the first stage comparator without affecting the comparator speed.

Improvement in resolution bandwidth due to T/H circuit is clearly shown on
measurements. The background digital calibration allows smaller transistors in analog
signal path to achieve high conversion rate without accuracy degradation but costs
half of the active die area. Bandwidth limitations on preamplifier and comparator

stages seem to limit the maximum achievable speed of this architecture.
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3.3.4 6-bit Flash ADC with Distributed T/Hs and
Resistive Interpolation [15][16]

The analog preprocessing circuitry is shown in Figure 3.8. The analog
preprocessing circuit converts the differential input signal into 65 parallel signals
which are connected to the comparator inputs. The gain in this analog preprocessing
block is realized by a cascade of amplifier stages. A sampling operation is inserted
after the first stage. The analog bandwidth of the first amplifiers up to the sampling
switches determines the analog signal bandwidth of the converter, while the
bandwidth of the amplifiers after the sampling switch relates to the sampling rate and
the required settling time. Only the first stage operates in continuous-time mode,
demanding linear behavior over the complete input signal bandwidth in the cascade of

subsequent amplifier stages.
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Figure 3.8 6-bit flash ADC with distributed T/H and resistive interpolation

The first set of amplifiers Al through A1l are connected to a reference resistor
ladder and to the differential signal input. The first and last amplifiers in combination
with the reduced resistors R1-R2 implement the termination circuit. The averaging

resistors also implement a first interpolation: the averaging resistors are divided in
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two parts, each with a value of R2/2. After sampling, the signals are amplified
(B1...B19) and interpolated again, generating 34 parallel differential outputs. These
outputs act as inputs for the third amplification (C1...C34) and interpolating stage.
The combination of the fourth amplifier stage and the comparator stage generates 65
parallel digital output signals which are clocked through 65 flip-flops.

Even though the distributed T/H circuits improve the conversion rate by
pipelining the analog path, they suffer dynamic inaccuracies due to skews in the clock
signals distributed across the array like any parallel scheme. A single front-end T/H
with sufficient linearity outperforms the distributed T/H at high input frequencies. The
cascaded amplifier stage with averaging, which is necessary to alleviate the
comparator offset, degrades the conversion rate and resolution bandwidth due to its

limited overall signal bandwidth.

3.3.5 6-bit Flash ADC with Resistive Averaging [17]

Figure 3.9 shows a flash ADC with balanced circuits in the T/H, reference
ladder, and other preamplifiers:for second-order distortion cancellation. The T/H is
designed for 8-bit linearity with the highest possible bandwidth. The preamplifier
array with a gain of 3 senses the difference between the differential input signal and
the differential threshold to drive the latched .comparator. However, the preamplifiers
in the array suffer from random offsets. Collective averaging of the preamplifier
outputs across a properly designed resistor network lowers the impact of the offsets,
improving accuracy of the threshold comparison without degrading bandwidth. A
comparator must quickly recover from large overdrive when the changing input
voltage rapidly approaches the comparator’s threshold from far away. To aid this, the
gain of the comparator’s input differential pair is about one, which widens its
bandwidth. The resulting net amplification of 3 is not sufficient to overcome the
dynamic random offsets in the regenerative latch for 6-bit accuracy. Resistor
averaging is also used within the comparators to lower the impact of offsets.
Interpolation is not used in this work, because it degrades bandwidth. The second
comparator array provides rail-to-rail logic swing for the digital back end consisting
of the S-R latch and ROM-based digital encoder.
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Figure 3.9 6-bit flash ADC with resistive averaging

J8p0ou3 [eNoIq

Even though the two stages of resistive averaging reduces the random offsets

without degrading bandwidth. It needs add lots of dummy amplifiers on the top and

bottom of each averaging resistor network-to'compensate the band linearity errors. It

trades power consumption and chip area for.wider linear input range.
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3.4 Design Issues and Architecture of

Ultra High Speed Flash ADC

After analyzing the various type of high speed flash ADC, a suitable
architecture and design issues for high speed operation is detailed.

3.4.1 Design Guidelines

After studied varies design, we have come up with the following design guide
lines.
1. Auto-zero should be avoided since the series-input capacitors degrade the speed.
2. Track-and-Hold should be included to improve resolution bandwidth.
3. Replacing distributed T/H with single front-end T/H avoids clock skew.
4. Background digital calibrationsshould_be aveided since it is area-inefficient and

needs complicate control timing.

(62}

. Offset averaging should be included for accuracy improvement.
6. Replacing resistive averaging with-active-one saves power consumption and avoids
dummy amplifiers.

7. Trade-off between one or two stages averaging meets the requirement of accuracy.

8. Interpolation could be included for power consumption and chip area reduction.

9. Replacing resistive interpolation with active one achieves high speed operation.

10. Cascaded continuous time amplifiers should be avoided to improve the overall
signal bandwidth before latch.

11. Reset switches should be added in comparator for fast overdrive recovery [18].

12. Reset switches should be avoided in preamplifier behind reference ladder for low
kick back noise.

13. Speed and gain of comparator are optimized by cascading preamplifier and latches
[19].

14. Replacing ROM-based digital encoder with logic one achieves high speed

operation [16].
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3.4.2 4-bit 4-GSps Flash Architecture

The flash architecture shown in Figure 3.10 includes a front-end T/H, a
reference ladder, 15 comparators for quantization, and a thermometer-Gray-binary
digital encoder. The comparator has three stages to improve speed, a continuous time
preamplifier, the first latch with reset switch, and the second latch with reset switch.
The resolution of this ADC is only 4-bit. It does not need offsets averaging techniques
due to its low accuracy. The detail circuit implementation will be discussed in Chapter
4.
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Figure 3.10 4-bit flash ADC architecture
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3.4.3 5-bit 4-GSps Flash Architecture Using Active

Averaging Technique

The flash architecture shown in Figure 3.11 includes a front-end T/H, a
reference ladder, 31 comparators for quantization, two dummy amplifiers for
preamplifiers, and a thermometer-Gray-binary digital encoder. The comparator of
quantization also has three stages to improve speed, a continuous time amplifier and
latch with reset switch, first latch with reset switch, and second latch with reset switch.
The resolution of this ADC is 5-bit, and it needs offset averaging techniques for
higher accuracy. An active averaging is used in this ADC. The detail circuit

implementation will be discussed in Chapter 4 and Chapter5s.
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Figure 3.11 5-bit flash ADC with active averaging technique
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3.4.4 5-bit 4-GSps Flash Architecture Using Active

Interpolation Technique

The flash architecture shown in Figure 3.12 includes the same sub circuits
described in previous section. To save power consumption and chip area, an active
interpolation is used in this ADC. This technique reduces the number of amplifiers of
preamplifier stages from 33 to 16. The detail circuit implementation will be discussed
in Chapter 4 and Chapter>.
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Chapter 4

A 4-bit 4 GSps Flash ADC Circuit

Design

Based on the design methedologies-and circuit-architecture at the end of chapter
3, the circuit implementation and related”issues will be discussed in detail in this
Chapter. The required resolution-is 4-bit, targeting to sampling rate above 3.125GSps
and maximally at 4GSps. In Section 4.1,-the design issues target on the ultra high
speed front-end T/H. Section 4.2 shows how the preamp recovers from large
overdrive. Section 4.3 describes the operation of the first latch. Section 4.4 gives the
advantage of clocked S-R latch. Section 4.5 explains how to use combinational logic
to create digital encoder. Section 4.6 considers the high speed full swing clock input
and digital code output. Section 4.7, the whole chip design considerations are given.

Finally, summary the circuits in 4-bit architecture.

4.1 Front-End Track-and-Hold

The front-end track-and-hold circuit improves the dynamic performance of an
ADC. Due to the usage of the front-end track-and-hold circuit, the distributed time
skew problem of quantization is alleviated. For gigahertz sampling rate operation,
T/H becomes essential to achieve the desired converter resolution with wide input

bandwidth. Thus, the performance requirements of an ADC, especially dynamic

31



Chapter 4

linearity, shift to the T/H circuit design.

The open loop T/H architecture shown in Figure 4.1 is the most popular for
high sampling rate. The T/H consists mainly of a sampling switch, a holding capacitor,
and unity gain buffers on the input and output. This simple architecture makes it
possible to design for very high speed. Since it does not have the benefits of

feedback, the accuracy cannot be high.

Input Buffer Output Buffer
SW
Vv _—.
" Vout
Ch
A\

Figure 4.1 Track-and-Hold in open loop configuration

Differential structure has' several benefits. over single ended structure. The
circuit is less sensitive to common jmade noise. The clock-feed-through error is
ideally zero. Finally, the even.order distortion-tones are significantly reduced.
However, the source follower is the best'choice for unity gain buffer in the open loop
structure. Unfortunately, it is difficult to design a fully differential source follower.
Thus, [20] has proposed the pseudo-differential T/H as shown in Figure 4.2.
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Figure 4.2 Pseudo-differential type Track-and-Hold in open loop configuration
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The T/H circuit shown in Figure 4.3 precedes the flash quantization [17]. The
circuit is constructed as follows: First, the dummy switches are used to absorb
signal-dependent charge injection and clock feed-through released from the sampling
switches [21][22]. Second, the holding capacitors are made large enough to overcome
the gate capacitance variation of the MOSFET. Third, the buffer is made by PMOS

whose bulk is connected to its source to suppress the body effect.
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Figure 4.3 Track-and-Hold with PMOS constant current source
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In Figure 4.3, the constant current source follower is the simplest realization of
a unity gain buffer. But, it still has limitation and drawback. When the input to the
buffer is fast and has large amplitude, the slew rate at the output of the circuit is
limited. Thus, its speed can not be linearly improved by increasing the bias current.
Although we can suppress the body effect by connecting its bulk to source, its gain
still can not reach real unity. Due to the finite output resistance, its gain can only
approximate 0.9~0.92. So, another source follower buffer had been provided [23], as
shown in Figure 4.4. This push-pull structure has very good slewing properties. Its

gain can be larger than unity due to cascade gain. Well controlling the cascade
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transistor to obtain the unity gain. However, it still has the drawback that the large
input swing forces the cascade transistor entering triode region easily. This causes the
buffer distortion. Furthermore, the non-linearity of the source follower makes T/H

poor in dynamic performance.

VAN

v

Figure 4.4 PMOS push-pull source follower buffer

As discussed above, we use the buffer structure that combines the constant
current source follower and push-pull source follower. In NMOS example, Figure 4.5
shows three types of pseudo-differential buffers. Figure 4.5(a) has the best linearity
but the worst slewing property and less than unity gain. Figure 4.5(b) is a push-pull
source follower. It has the best slewing property but the worst linearity. Its gain is
controlled for unity. Figure 4.5(c) is a new NMOS source follower. Well control the
ratio of two source followers can obtain the wanted slewing property. The gain of this

buffer approximates unity. We also obtain the enough linearity for our T/H spec.
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Figure 4.5 (a) NMOS constant current source follower, (b) NMOS push-pull source

follower (c) NMOS constant current & push-pull source follower

Based on the new source follower, Figure 4.6 shows the T/H architecture. The
input buffer is contributed with NMOS whose bulk is connected to its source to

suppress the body effect by using deep N-well process, and the output buffer with
PMOS.
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Figure 4.6 New pseudo-differential architecture

Full view of the T/H circuit schematic diagram is shown in Figure 4.7. The
sampling switches charge injection and clock feed-through cause distortion by adding
or removing charge on the holding capacitor when they disconnects the signal source.
Dummy switches driven by the complement of the switch clock mainly lower the
common mode jump. Because both drain and source of the dummy switches are
connected to the holding capacitor, their size ratios are initially chosen as half the size
of switches. Then, they are fine:tuned through simulation.

For ultra high speed operation, the input common mode voltage must be high,
1.3V, and the output common mode veltage of the input buffer for sampling must be
low. Then the common mode voltage of sampling signal passing through the output
buffer becomes high again. Due to the low sampling common mode voltage, 0.5V,
only NMOS for the sampling and dummy switches are used in order to obtain the

high speed.
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Figure 4.7 Track-and-Hold circuit schematic diagram
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4.2 Preamplifier

The main purpose of the preamplifier is to provide information about the
difference between input signal and reference voltage generated by a resistor
reference ladder. For high speed operation, the preamplifier stage should be wideband
with sufficient gain to overcome the comparator offsets. It should also recover from
large overdrive within one clock cycle.

Figure 4.8 shows the simplest differential amplifier. It is a open-loop
single-pole and has large gain-bandwidth. Although adding a reset switch can
improve the operation speed, it induces kick-back noise to the reference ladder. Thus

we choose the continuous-time amplifier without a reset switch for preamplifier [17].

Vouts

Vour

VinB —l

=—Vin

A 4
A

Figure 4.8 Open-loop single-pole amplifier

The following analysis addresses the fundamental limitation of an open-loop
single-pole amplifier in the overdrive recovery. The preamplifier is completely
unbalanced at t=0-. With a step input applied to the preamplifier at t=0+, the output

transient is shown in Figure 4.9. The step response of the amplifier is given by
Vout(t)z(A-AV+|-R)-(l—e‘”f)—l ‘R (4.1)
where A is the voltage gain, AV is the voltage difference between the input and

reference tap, | is the tail current, and z is the time constant.
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Figure 4.9 Step-input response of preamplifier

The overdrive recovery time is calculated by setting Vout(t) of Eqg. (4.1) to

ZEero.
~trecovery / 7
Vout(trecovery):O:(A-AV+I -R)-(l—e y )—| ‘R (4.2)

Solving Eq. (4.2) for trecoyery -gives

trecovery = ———— |n[1—$j 43)

27 _aqp A-AV +1-R
Assume that the output step response does not settle within one clock cycle as
shown in Figure 4.9. The gain-bandwidth requirement to obtain the desired gain
(G =Vgut(t=T)/AV) can be derived from Eq. (4.1). The output voltage at t=T is

given by
Vout(t=T)=G-AV = (A-AV + ~R)-(1—e_T/T)—I ‘R (4.4)

Solving Eq. (4.4) for f_3zq, gives

1 (A-G)-AV
f_3dgp =— -In 4.
Sdb = o T (A-AV+I-R] (45)
1 (A-G)-AV
GBW = A- f_ggp = A-{———-In _
3db { 27T (A-AV+I-R)} (4.6)

Given period (T), desire gain (G), and LSB (AV), R=A/g, and g, «< I,
variables A and | decide the gain-bandwidth (GBW). Assume that DC gain (A) is
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about 3. The GBW required to obtain gain more than unity (G > 1) to overcome the
offset of the first latch in one period (T=250ps) of 4 GHz sampling rate is 6.36 GHz.
The higher the DC gain, the lower the required GBW. However, increasing the load
resistor for higher gain also lowers the output common mode. That will cause the
input transistors enter the triode region and lower the operation speed of the first
latch.

Based on the simple open-loop single-pole amplifier, Figure 4.10 shows our
fully differential preamplifier. The input signal and reference voltage are all

differential.

1.4k 1.4k

Vo2 Vol

vinl — |— vrefi vrero—] |— vin2

A
A\ 4
A

y

| |
Vbn _I LY =N
0.5mA

lOBmA
A\ 4

Figure 4.10 Fully differential open-loop single-pole preamplifier
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4.3 First Latch

The latch shown in Figure 4.11 operates at 1.35GHz clock rate in 0.35-um
CMOS process [17]. The output of the preamplifier drives the first latch. The first
latch stage provides large enough output swing to second latch in the worst case. As
the preamplifier, overdrive recovery limits highest ADC clock frequency. Due to the
continuous time preamplifier separating kick back noise, it is possible to insert reset
switch between the two output nodes to optimize power at highest clock frequency.

—_— CLK —_—
4

M3 I_. Msw ._l M4
Vo2 ¢ Vol
cLk — -] 5 - —cLk

\ 4
A

JM7 M8_

A
A

vinl—{ [ M5 M1 {}— —{ [ M2 ™M6_ | vin2

A
y
A\ 4
A

Vbn—| :M91
0.7mA

A4

Figure 4.11 First latch circuit

While the track-and-hold is in track mode, the reset switches are turned on to
erase the residual voltage from the previous overdriving. During this reset mode, it
output is reset through two parallel discharge paths for fast overdrive recovery. When
the track-and-hold is in hold mode, the reset switches are turned off. During this
regeneration mode, differential pair (M1, M2, and M9) configured from cross-couple
inverters (M1-M4) steer the tail current from one side to the other, speeding up

regeneration. Figure 4.12 shows the operation of the first latch.
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(a) Reset mode
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Figure 4.12 Two first latch operation mode, (a) reset mode, (b) regeneration mode
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4.4 Second Latch

Although the first latch provides large enough output swing, it is still not
reaching the rail-to-rail logical level. Thus, adding another latch to provide rail-to-rail
swing is needed. But, this has some drawback. First, it consumes more power and area
when adding second latch array. Second, the second latch may not reach rail-to-rail
level at high clock rate. So, combining the clocked latch and continuous time S-R
latch can easily reach rail-to-rail logic level and obtain fast overdrive recovery
[12][27].

Based on the first latch architecture, the second latch is designed without the
tail current to save power at regeneration mode. Changing the back to back inverters
with two cross-coupled PMOS lowers the parasitic capacitance to improve the
regeneration speed. Figure 4.13 shows the second latch. When the second latch output
in single-end, it must add a dummy inverter at the non-used node to balance the

regenerative speed.

e

fw )
Vo2 Vol

cLk —{[, M3 M4 | }—CLK
vini —{[_, M1 M2 1} vin2
A4 A4

Figure 4.13 Second latch circuit
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4.5 Digital Encoder

In many converters, different internal coding schemes are used before the final
binary code is generated. Function of the digital encoding for flash ADC is to convert
the thermometer code into binary code. Many digital encoding schemes have been
developed to suppress glitch errors caused by the meta-stability of the comparators
[24][25] and bubbles in the thermometer code [26][27].

Meta-stability errors occur when non-binary comparator levels drive the digital
encoder and produce senseless outputs. The meta-stable state can be suppressed by
increasing the clock period and/or the gain during the regeneration phase. In our work,
cascading two latch stages lowers the meta-stable error at the same clock period.

There are three major sources that induce bubble errors. The first source is that
overall input-referred random offset being greater than 0.5 LSB can switch the order
of the two adjacent thresholds. The second source is that zero-crossings occur in
different time delay due to the comparators have no front-end track-and-hold. The
third source is the different propagation delay. through each comparator path. In our
work, the analysis of the random offset decides whether to average or not. Adding the
front-end track-and-hold circuit-eliminates-the clock skew dependent bubble errors.
Inserting reset switches to first latch-and second latch suppresses the propagation
delay dependent bubble errors.

Except the analog methods described above, using Gray encoding can also
suppress the mete-stability and bubble error. The probability of mete-stable states can
be lowered because in Gray encoding no signal is applied to more than one input.
That allows the use of pipelining to increase the time for regeneration. The effect of
bubbles is reduced because the accuracy of the Gray code degrades gradually as more
bubbles appear in the thermometer code. Table 4-1 shows the correspondence among

thermometer, Gray, and binary codes of 4-bit.
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Binary Code Gray Code Thermometer Code
0000 0000 000000000000000
0001 0001 000000000000001
0010 0011 000000000000011
0011 0010 000000000000111
0100 0110 000000000001111
0101 0111 000000000011111
0110 0101 000000000111111
0111 0100 000000001111111
1000 1100 000000011111111
1001 1101 000000111111111
1010 1111 000001111111111
1011 1110 000011111111111
1100 1010 000111111111111
1101 1011 001111111111111
1110 1001 011111111111111
1111 1000 111111111111111

Table 4-1 Binary-Gray-thermometer code implementation

At ultra high speed operation, logic based encoder is more suitable than ROM
based encoder [25]. Logic based encoder can be pipelined easily for higher speed
operation. Each thermometer bit influences only one Gray bit (as shown in the 4-bit
example in Figure 4.14) [28]. Extra delay cells are added to match the delay
difference among the signal paths. The Gray code is converted to binary code using
two-input EXOR cells with delay matching. To operate at 4GHz sampling rate and
beyond, the D-flip-flops are implemented with true single-phase clocked (TSPC)
circuits [29].
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Figure 4.14 Digital encoder
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Although this encoder is very fast, it is still not fast enough to operate at 4GHz.
The propagation delay of the critical path is longer than one period (250ps). Thus,
pipelining the circuit is needed. The modified digital encoder is shown in Figure 4.15.
Extra delay cells (shaded lines) are added to match the delay mismatch.
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Figure 4.15 Pipelined digital encoder
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4.6 Clock Generator and Output Driver

In this ADC, clock jitter randomly modulates the periodic sampling instants of
the T/H. Non-uniform sampling raises the noise floor of the digitized system and
degrades the signal-to-noise ratio (SNR). Clock jitter is major a concern for
high-speed ADCs. Given a sinusoidal input waveform with amplitude A and radian
frequency ), the SNR due to clock jitter only is

A2 /2
A 0% .5%]2

SNR =10- Iog[ } =-20-log(w- oT) (4.7)

where 6T is the rms clock jitter [30]. According to Eq. 4.7, to obtain SNR of 26 dB
(the ideal SNR for 4-bit quantization of a sine wave) at input frequency of 2GHz, the
rms clock jitter should be less than 4 ps.

Low-noise methods taken from analog circuit design are applied to the clock
generator (see Figure 4.16). The circuitsiconvert a differential sine wave with 600mV
amplitude input into two phases+full swing-clock.: Then, it is followed by stages of

ratio inverters to drive the clock=load for this ADC.

-l__—’lTl'__—l TI‘:T Il'_:r‘-ll'__—lI-II'_:_-II'—_—I

Vi \inl
ot HH = KB

iy T e T PO IR P

Figure 4.16 Clock generator

In order to drive the output load at ultra high speed operation, the driving circuit
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is composed of open-drain configuration, Figure 4.17. Each single-ended mode with
output swing of 200mV needs 18mA driving current.

—
I 50Q2
| Off-Chip
I
I
I
I
| 2nH
I
\ |
I 1 —
Binary code —DO—DO—{ R | 1pF —_ 0.8pF
I
I
I
v !
Y A4

Figure 4.17 Open-drain output driver
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4.7 Whole Chip Design Issues

The chip floorplan is shown in Figure 4.18.

Noise
Small , Large
Analog Decoupling Capacitance
Digital
Decoupling
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Figure 4.18 Layout floorplan

In order to avoid large supply and ground bounce, decoupling capacitors are
added in analog and digital blocks. The power supply basically divides the chip layout
into three domains. The large distance between analog and digital circuits couple less
noise from digital to analog. The sensitive analog lines should be as short as possible.
The guard ring and device matching techniques are implemented as well. The chip

layout is shown in Figure 4.19.
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Figure 4.19 Layout of the 4-bit 4GSps flash ADC
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4.8 Summary

The key features of this work are now summarized. A front-end T/H for these
flash ADCs enables beyond Nyquist input up to 4GHz conversion rate. Continuous
time preamplifier provides low kick back noise. Reset switches in the first latch and
the second latch give fast overdrive recovery. The second latch is the fastest such
CMOS circuit with rail-to-rail output. Replacing the ROM-based encoder with
logic-based encoder and using pipeline technique in the encoder improves the
operation speed. Using thermometer-Gray-binary digital encoder lowers the bubble

errors.
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Chapter 5

A 5-bit 4 GSps Flash ADC Circuit

Design

Based on the 4-bit 4GSps architecture and. circuit described in Chapter 4, two
5-bit architectures and related issues will-be discussed in detail in this Chapter. The
required resolution is 4-bit, and the samplingrate above 3.125GSps and maximally at
4GSps. In section 5.1, the design issues-on the higher gain preamplifier for the
comparators are presented. Section 5.2 introduces how to use active averaging to
improve accuracy and Section 5.3 introduces how to use active interpolation to add
one more bit. Section 5.4 compares the difference of circuit between the 4-bit and

5-bit architecture.

5.1 Preamplifier

The preamplifiers described in previous chapter use passive load. Although
using passive load has larger GBW than using active load, it is hard to increase gain
without changing tail current and bandwidth. Thus, active load preamplifiers are
usually used in folding or flash architectures. Figure 5.1(a) shows the PMOS
diode-connected load differential amplifier, and the small-signal differential gain can

be derived using the half-circuit concept.
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ImN
Imp

Ay ==0mN '(gr?nlv o /1 rOP)z - (5.1)

where subscripts N and P denote NMOS and PMOS respectively. Expressing gmn

and gmp interms of device dimensions, we have

| 4n WiL)y  1(Ves —Vrr )p |
A ~— = 5.2
ﬂp(W / L)P (VGS —V1H )N -2

The PMOS diode-connected load consumes voltage headroom, thus creating a

trade-off between the output voltage swings, the voltage gain, and the input common
mode range. From Eq. 5.2, for given bias current and input device sizes, gain and

PMOS overdrive voltage scaled together. To achieve a higher gain, (W/L)P must
be decreased, thereby increasing |(Vgs —Vrh )p |and lowering the common mode

level.
In order to alleviate the above difficulties, part of the bias currents of the input
transistors can be provided by PMQS:current'sources. Illustrated in Figure 5.1(b), the

idea is to lower the g,p by reducing their current rather than their aspect ratio [31].
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Figure 5.1 (a) Differential pair with diode-connected PMOS and (b) adding current
sources to increase the voltage gain
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The low kick back noise comparator was provided based on the PMOS
diode-connected preamplifier [32]. Figure 5.2 shows the circuit diagram of the
comparator.

[ M3 M4 | |——— [ ™s M6 |—
Vo2 C_LLK Vo1
VII\_Il_l ‘Ml MZ: IﬁNZ — MSV |
! [ 4
Ve o M7_ )—><—{ M8
A4 A4 A4

Figure 5.2 Low Kick back.noise-comparator circuit diagram

The comparator consists of the input differential pair (M1, M2) loaded with
current mirrors (M3, M4, M5, and M6). The output current of the current mirrors is
applied to the basic comparator stage consisting of the cross-coupled (M7, M8). Ms
driven by the clock signal reset the circuit when switched ON. With nearly equal
input voltage to the comparator, equal currents flow through the drains of the input
pair and mirrored to the output to bias the cross-coupled pair with this current. The
maximum gain is obtained in this situation. At the moment Ms is switched off, the
cross-coupled stage immediately starts comparing the two input currents. Because
current mirrors are used, switching off M5 and M6 do not give kick back effects to
the input of the comparator stage.
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Combining the two circuits, preamplifier stage with extra current sources and
low kick back noise comparator, gives the four-way input preamplifier with reset

latch. Figure 5.3 shows the circuit diagram of the preamplifier in our 5-bit ADC.
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Figure 5.3 Four-way input-preamplifier with reset latch
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5.2 Averaging

In order to reduce the random offsets of preamplifiers, the averaging is a
popular technique. Especially in our 5-bit resolution ADC, it is needed to improve the
accuracy. The reason is that the preamplifiers of 5-bit ADC have more random offset
sources than those of 4-bit ADC, and a 5-bit ADC needs twice the accuracy as
compared to a 4-bit ADC.

The averaging technique generally includes two methods, resistive averaging
and active averaging. Although the resistive averaging is more popular in resent year,
there are two reasons that it is not suitable in this work. First, the preamplifier is more
suitable for using active averaging than resistive averaging. Second, although the
resistive averaging shows a positive effect on random offset, however, non-linearity is
found at the edge. This error is caused by the unequal amount of averaging amplifiers
that contribute to the zero crossing of the “end point” amplifiers. In practice, a usable
input range is lower than 70% of the reference voltage range. To overcome the
linearity problem, the optimal numbers of amplifiers are added at the top and the
bottom of the signal range [17]. But, this-causes more power consumption and chip
area. Another method is to use band compensation resistor [16]. But, this is inaccurate
in designing the resistor value. Thus, we decide to use active averaging to suppress
the random offsets of the preamplifiers.

Figure 5.4 shows the active averaging method of our preamplifiers architecture.
The preamplifier can be separated into two parts, four inputs continuous time
differential part and current mirror latch with reset part. We use the second part to
average the random offsets of four input transistors in the first part. Thus, it needs to
add two dummy amplifiers on the top and bottom. In our work, 5-bit ADC needs 33

amplifiers and 31 latches.
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Figure 5.4 Active averaging method of preamplifiers
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5.3 Interpolation

In order to reduce the number of preamplifiers, the interpolation is a popular
technique, especially in our 5-bit resolution ADC. If we want to improve one bit
resolution without doubling the power consumption and area, it is needed to use the
interpolation technique. Because of each preamplifier of 5-bit ADC have more power
consumption and transistor number than those of 4-bit ADC. Another advantage of
interpolation is that it has a positive effect on the differential non-linearity.

The interpolation technique generally includes three methods, capacitive
interpolation, resistive interpolation, and active interpolation. The capacitive
interpolation is usually used in discrete time sampled data system. But, it is hard to be
operated at ultra high speed. Although the resistive interpolation is more popular in
resent year, there are three reasons that it is not suitable in our work. It is not suitable
for out preamplifiers and requires large number of dummy amplifiers, as described in
the previous section. The third reason is that the direct signal path and interpolated
signal path have different time constant delay. Bubble errors are induced due to signal
skew of neighboring comparatars by using:resistive interpolation. Thus, we decide to
use active interpolation to decrease power consumption and number of preamplifiers
and suppress the random offsets of the preamplifiers.

Figure 5.5 shows the active interpolation method of our preamplifiers
architecture. As described in Section 5.2, the preamplifier can be separated into two
parts. We use the first part to interpolate the second part. Thus, it needs to add two
dummy amplifiers on the top and bottom. In this work, 5-bit ADC needs 16 amplifiers
and 31 latches.
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Figure 5.5 Active interpolation method of preamplifiers
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5.4 Summary

Part of the circuits used in 5-bit ADC is built in 4-bit ADC, for example, the
track-and-hold, the first latch, the second latch, the clock generator, and the output
driver. The digital encoder is extend from 4-bit ADC by adding some logic gate to
extend one bit and increasing one pipeline stage to match the total signal delay. We
change the preamplifier architecture to provide more voltage gain for one more bit.
Use active averaging and active interpolation to increase one more bit resolution and

save power consumption is the main focus of this chapter.
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Chapter 6

Simulation Results

Three architectures, a 4-bit flash ADC, a 5-bit flash ADC with averaging, and a
5-bit flash ADC with interpolation, were discusses in Chapter 4 and Chapter 5. In this
chapter, the simulation results arg presented: In Section 6.1, the simulation results of
each block are first presented. In Section 6.2; the-static performance in time domain
analysis of the whole ADCs is presented.“In-Section 6.3, the dynamic performance in
frequency domain analysis of the whole ADCs is presented. In Section 6.4, the

summaries of the three ADCs are reported.

6.1 Circuits Simulation

6.1.1 Track-and-Hold Simulation

As discussed in Section 4.1, Figure 6.1 shows the speed performance of the
three types of unity gain buffers as function of supply current. The speed performance
depends on the positive and negative slew rate based on the same power consumption.

The linearity performance of those buffers is shown in Figure 6.2.
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Figure 6.1 Positive and negative slew rate of three type buffers
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Figure 6.2 Linearity performance of three type buffers
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Figure 6.3 shows the dynamic performance of the T/H operates at 498MHz
input and varies sampling rate from 1GSps to 4GSps. The dynamic performance of
the T/H operates at 3.125GSps and 3.6364GSps with different input is shown in
Figure 6.4.
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Figure 6.3 Dynamic performance of T/H at 498MHz input signal

Dynamic Linearity @ Fs =3.125 GHz & Fs =3.6364 GHz
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Figure 6.4 Dynamic performance of T/H at 3.125GSps and 4GSps
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6.1.2 Preamplifier Simulation

As discussed in Section 4.2, Figure 6.5 shows frequency response of the passive
load preamplifier. The GBW is 7.7GHz which is larger than the requirement for 4-bit

4GSps.
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Figure 6.5 Frequency response of the passive load preamplifier

Another issue is the randont.offsets of-the preamplifiers. We should estimate
the mismatching of differential pairs in each preamplifier. The mismatch formulas are
given by [33]

o(AV;) = \/\;% +Sy, -D (6.1)
A A
A7)t se

where A Ag. Sy, and Sj are process-dependent parameters. D is the

t
distance on chip between the matching transistors. W and L are the width and length

of the input transistors of the differential pair. £ is the current factor of the

technology. The input-referred offset of the differential pair is given by

o2 (AVge )= o2 (aV; )+ {(VQTS‘)G[%HZ (6.3)

with Vg the gate-overdrive voltage of the input transistors. The offset voltage can
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be written in terms of the mismatch parameters A\/t and Ag of the technology

being used.

o2 (AVs )~ [2 +A—%(\/ )Z} 6.4
o)W L A\/t 4 Vst (6.4)

The distance effect has been neglected because of its minor contribution to the overall
mismatch.

Thus, we accord the formula 6.4 and Table 6-1 to simulate the input-referred
offset by using 700 times of Monte Carlo Analysis. The parameters of 0.18um CMOS
technology are presumed from 2.5um to 0.25um. The input-referred offset distribution
is shown in Figure 6.6. The standard deviation is 5.28mV which is 0.21 LSB in 4-bit
and 0.42 LSB in 5-bit case.

Technology Type Ay, (MV*um) Ag (%*um)
2.5um nMOS 30 2.3
pMOS 35 3.2
1.2 um nMQOS 21 1.8
pMOS 25 4.2
0.7 um nMOS 13 1.9
pMOS 22 2.8
0.5um nMOS 11 1.8
pMOS 13 2.3
0.35um nMOS 9 1.9
pMOS 9 2.25
0.25um nMOS 6 1.85
pMOS 6 1.85
0.18 um nMOS 4.5 1.85
pMOS 4.5 1.85

Table 6-1 Mismatch parameters for several CMOS technique
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6.1.3 Comparator Simulation

We combine the preamplifier described in Section 4.2, first latch described in
Section 4.3, and second latch described in Section 4.4. Figure 6.7 shows the speed
performance of the comparator in the worst case which is given a 0.5 LSB input step
at every clock cycle of 4GHz.
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Figure 6.7 speed performance of the comparator
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6.2 Static Performance Simulation

Based on the simulation method of input-referred offset, we simulate the DNL
and INL of the whole ADCs by using 30 of times Monte Carlo Analysis. Figure 6.8
shows the static performance of the 4-bit ADC. Figure 6.9 shows the static
performance of the 5-bit ADC with averaging technique. Figure 6.10 shows the static
performance of the 5-bit ADC with interpolation technique. The solid line means no

mismatch, and star means mismatch in one Monte Carlo Analysis.
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Figure 6.11

shows the post layout simulation of the 4-bit ADC without

mismatch at 4GSps. In FF case, we find it is almost the same as in Figure 6.8. In TT

case, the 4GSps is too fast to have the same performance with pre-simulation.
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Figure 6.11 Post-simulation of DNL and INL of the 4-bit ADC at 4GSps without

mismatch
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6.3 Dynamic Performance Simulation

Figure 6.12 shows the dynamic performance of the 4-bit ADC at 3.125GSps

and 4GSps. Figure 6.13 shows the dynamic performance of the 5-bit ADC with

averaging technique at 3.125GSps and 4GSps. Figure 6.14 shows the dynamic

performance of the 5-bit ADC with interpolation technique at 3.125GSps and 4GSps.
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Figure 6.12 ENOB of the4-bit ADC at 3.125GSps and
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Figure 6.13 ENOB of the 5-bit ADC with averaging technique at 3.125GSps and

4GSps
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Figure 6.14 ENOB of the 5-bit ADC with interpolation technique at 3.125GSps and

4GSps
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Figure 6.15 shows the dynamic performance of the pre-simulation of the 4-bit
ADC on 1.55GHz input signal at 3.125GSps. Figure 6.16 shows the dynamic
performance of post-simulation of the 4-bit ADC at 3.125GSps and 1.55GHz input

signal.
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Figure 6.15 Dynamic performance of pre-simulation of the 4-bit ADC at 3.125GSps

and 1.55GHz input signal.
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Figure 6.16 Dynamic performance of post-simulation of the 4-bit ADC at 3.125GSps

and 1.55GHZ input signal.
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6.4 Summary

Technology CMOS 0.18um CMOS 0.18um CMOS 0.18um
\oltage Supply 1.8V 1.8V 1.8V
Input Range 0.8Vp_p 0.8Vp_p 0.8Vp_p
Sampling
4GHz 4GHz 4GHz
Frequency
Resolution 4 bit 5 bit 5 bit
DNL +0.4LSB /-0.45LSB |+0.35LSB /-0.35LSB| +0.45LSB /-0.5LSB
INL +0.6LSB/-0.3LSB | +0.5LSB/-0.8LSB | +0.5LSB/-0.9LSB
@ Fin=1004Meg @ Fin=1004Meg @ Fin=1004Meg
SNDR 20.31dB 25dB 23.67dB
@ Fin=1988Meg @,Fin=1988Meg @ Fin=1988Meg
15.85dB 19.7dB 19.22dB
Error Reduction NQO Averaging Interpolation
Average Power 180mwW 270mW 243mW

Table 6-2'Performance Summary

Three cases can maximally operate at 4GSps. We find that the DNL in 4-bit

case is approach the worst case (LSB=0.5b). So, it can not increase one more bit

without adding error reduction. In 5-bit cases, using averaging technique can obtain

better static and dynamic performances than using interpolation technique. But, it

consumes more power about 27mW due to more preamplifiers number.
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Chapter 7

Conclusion

According to the speed-power-accuracy trade-off, Table 7-1 compares the
performance of these ADCs with other' CMOS flash converters reported in recent
years. It is apparent that the ADC:reportedihere advances the state of the art.

The key features of this work are now-ssummarized. A front-end T/H for these
flash ADCs enables beyond Nyquist input up-to 4GHz conversion rate. Continuous
time preamplifier provides low kick back noise. Reset switches in the first latch, the
second latch, and the latch part of preamplifier give fast overdrive recovery. The
second latch is the fastest such CMOS circuit with rail-to-rail output. Adding current
source to the active load in the preamplifier improves the gain. Replacing the
ROM-based encoder with logic-based encoder and using pipeline technique in the
encoder improves the operation speed. Using thermometer-Gray-binary digital
encoder lowers the bubble errors.

In this work, replacing resistor averaging networks with active averaging
technique improves the operation speed and reduces the number of dummy amplifiers.
Using active interpolation technique also helps to reduce the number of preamplifiers.
These ideas have led to a compact CMOS ADC with more accuracy.
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Resolu | Speed | Supply | Power | Technol- | Publicatio | FOM
-tion ogy -n (MHz*
22)/mw

[17] 6b 1.3G | 3.3V | 500mW | 0.35um | JSSC’01 166.4
[7] 4b 1G 25V | 137.5mW | 0.25um | JSSC’01 116.4
[16] 6b 1.6G | 1.95V | 340mW | 0.18um | JSSC’02 301
[35] 6b 400M | 2.2V | 150mW | 0.25um | JSSC’02 170.7
[36] 6b 1.3G | 1.8V | 600mwW | 0.25um | JSSC’03 138.7
[6] 4b 640M | 2.5V 70mwW 0.25um | JSSC’03 146.3
[39] 6b 800M | 3.3V | 400mW | 0.25um | ISSCC’00 128
[20] 6b 700M | 3.3V | 187mW | 0.25um | ISSCC’00 | 239.6
[15] 6b 1.1G 3.3V 300mW | 0.35um | ISSCC’01 192
[34] 6b 2G 1.8V | 310mW | 0.18um | ISSCC’03 | 412.9
[5] 4h 1G 2.5V 70mW | 0.25um | ISSCC’03 | 228.6
[37] 4b 1.5G 2.5V 125mW | 0.25um | VLSI’99 192
[38] 6b 4G 1.5V 990mW: | 0.13um | VLSI'04 | 258.6

This work 4b 4G 1.8V ""180mW | 0.18um 355.6
(4b)

This work 5b 4G 1.8V 270mwW | 0.18um 474
(5b

averaging)

This work 5b 4G 1.8V 243mW | 0.18um 526.7
(5b

interpolation)

Table 7-1 ADC performance comparison

According to the speed-power-accuracy trade-off, Figure of Merit (FOM)
shows the comparison with the flash ADCs of others. In this work, the 4-bit case is
better than others except Ref. [34], and two 5-bit cases are better than others.
According to the speed performance, in this work, 4GSps is the fastest results. Only
Ref. [38] can also operate at 4GSps. But, it is implemented by CMOS 0.13um
technology.
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