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Abstract

The pipelined ADC is a popular Nyquist-rate data converter due to its
attractive feature of maintaining high accuracy at high conversion rate with
low complexity and power consumption. The rapid growth of its
application such as mobile system, digital video and high speed data
acquisition is driving the pipelined ADC design towards higher speed,
higher precision with lower supply voltage and power consumption. This
thesis project aims at modeling and implementation of a pipelined ADC
with high speed and low power consumption.
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CHAPTER 1

1 Introduction

1.1 Motivation

With the rapid increase in demand of portable handheld communication
devices, high-quality video systems and high-quality data acquisition
systems in which both speed and accuracy are critical, there is a need of an
ADC which is high speed, highly accurate, consumes less power, occupy
small area and works on lower supply voltage. Low power consumption is
critical because for battery-powered portable devices there is a need to
increase battery life. So, it is important that the ADC used in those
applications are high speed and consumes less power. Low voltage is also
a critical factor for such applications. Instead of having a separate power
supply for powering up digital and analog blocks on the chip, a single
voltage supply can be used which reduces the overall cost and effort. So,
there is also a need of ADC which operates at low supply voltage. A high
speed ADC provides a high dynamic performance i.e. SNDR, SFDR at very
high sampling rates. ADCs with sampling rate or clock frequency above
10MHz are considered high speed [2].

Designing high speed ADC with low power consumption has always been
challenging. With an increase in sampling rate there is also a significant
increase in power consumption due to fast settling requirement of an Op-
amp. Its always being a challenge for the designers to design an ADC
which is high speed (clock frequency > 10MHz) and consumes as much
less power as possible. Idea in the proposed work is also to achieve as less
power consumption as possible and still doing fine conversion at high
sampling rate achieving a high dynamic range. Flash ADC achieves a high
sampling rate but then there is a significant increase in power consumption
as resolution of the converter has been increased. Flash ADC is explained
more in section 1.3.1. In the past efforts have been made to design a
pipeline ADC at a sampling rate of 5 Msample/sec (MS/s) but it consumed
large power ranging typically above 100mW [33]. There are some design
limitations that limits the overall speed of the converter and limits the clock
frequency below 10MHz. The SHA and MDAC circuits needs to be
accurate to give a good dynamic performance. SHA circuit must sample
and hold at the correct time intervals and the output of the MDAC circuit

6



must settle fast. If the SHA and MDAC circuits are not accurate due to
longer settling time, it will result in an increase in distortion and degrade
the overall SNDR, SFDR, INL/DNL performance of the ADC. As the main
building block in SHA and MDAC circuit is an operational amplifier, the
long settling time of an op-amp is the reason of degraded performance that
will limit the speed of the converter below 10MHz. The Op-amp must settle
to within £1/2 LSB, where 1 LSB = 15.62mV for a 6-bit ADC. The longer
the settling time the lower the sampling rate. Overall speed and accuracy of
ADC is determined by the settling time and accuracy of operational
amplifier output. Another important circuit that determines the overall
speed of the converter is the comparator. Comparator should be fast enough
to work fine at a high sampling rate and output correct digital bits at correct
timing. The idea is to look at the components that are limiting the overall
speed of the converter below 10MHz. Components sensitive in determining
speed and accuracy are operational amplifier, clock, comparators (Sub
ADC), Sub DAC. These components are tested separately at a clock
frequency of 50MHz.

In order to accomplish a low power consumption a front-end SHA is used
which results in a significant power reduction compared to other pipelined
ADCs which has a dedicated power hungry SHA in each stage except the
final stage which is a 2-bit flash ADC.

In this thesis a 6-bit pipelined ADC has been designed which operates at a
clock frequency of 50MHz and dissipates only 31.62mW of power.
Implementation is completed in 130nm CMOS process at a supply voltage
of 1.2V.

1.2 Analog to Digital Converter

As the real world is analog, an analog to digital converter (ADC) is needed
for further processing of the signal in digital domain using a digital signal
processor (DSP). The only way to interact the digital system with the
analog system is by converting the analog signal into digital using an ADC.
Why the processing must be done in digital domain? Because the digital
circuits are less susceptible to noise, consume less power. After the
necessary operations performed on the signal in the DSP block the signal is
reproduced into analog by digital to analog converter so the signal is ready
again for the analog world.



An ADC samples and quantizes the analog signal and output the digital
code which is basically the representation of an analog signal in digital
form.

1.3 Comparison of Different ADCs

Different ADC architectures can be used depending on the required
accuracy, speed and power consumption [2]. There is always a tradeoff in
the design of an ADC. According to table 1.1 it can be seen for example in
case of flash ADC speed is high which is good but then the accuracy is low
and it takes more area. So there is a tradeoff in speed, accuracy and area.
Also it consumes more power.

Table 1. 1: Comparison of different ADCs [2]

Architecture | Latency Speed Accuracy Area

Flash No High Low High

SAR No Low- Medium- Low
Medium High

Folding + | No Medium- Medium High

Interpolating High

Delta-Sigma Yes Low High Medium

Pipeline Yes Medium- Medium- Medium
High High

1.3.1 Flash ADC

It is called a flash ADC because all the comparators work in parallel. Flash
ADC is one of the fastest ADC among all the ADC architectures. The
whole conversion can take place in just one clock period. So for high speed
conversion while the resolution is low flash ADC is used. The problem with
a flash ADC is that it is not suitable for high resolution because as the
resolution increases the number of comparators increases therefore the
power consumption increases. The number of comparators used in a flash
ADC depends on the number of bits needed at the output.

Number of Comparators = 2" —1 (1.2)
Where n is the number of bits.
So there is a tradeoff between speed and power. Flash ADC converts an
analog input into digital output by comparing the analog input with a fixed




reference voltage created by the resistive ladder. The output of a flash ADC
is thermometer code. A thermometer to binary decoder forms the required
binary representation of the analog input. Figure 1.1 shows the block
diagram of a flash ADC.

Vrefp Input

R1

R2

Binary
Output

Thermometer To|
Binary Decoder

R3

Rp

Rn

Vrefn

Figure 1.1 Flash ADC

1.3.2 Successive Approximation Register (SAR) ADC

SAR ADC operation is based on a binary search algorithm [3].
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Figure 1.2 SAR ADC

Figure 1.2 shows the block diagram of SAR ADC. It is a medium to high
resolution ADC. SAR ADCs are used for sampling rate of up to 5Mbps
with resolutions from 8 to 18 bits [8]. An analog input is first processed by
the sample and hold circuit. The held input signal is then compared with the
output of a DAC using a comparator. The binary search algorithm is then
implemented by first setting the register to midscale. As full scale is from 0
- VrgrWhere Vygpris the ADC reference voltage. Therefore, after this the

DAC output will becomeVR%. Now this voltage from the DAC is then

compared with the held input signal. If analog input is greater than the
voltage from the DAC, the comparator output’s logic high and the MSB of
the Register is set to 1. On the other hand, if the analog input is less than the
DAC voltage well in that case the comparator output’s zero and MSB of the
register is set to zero. Now the operation continues until the final LSB is
available.

The SAR logic basically moves to the next down bit, make it high, and
another comparison is performed. At the end N-bit digital output is
available in the register.

1.3.3 Delta Sigma ADC
A delta-sigma ADC is an oversampling ADC [3].
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Figure 1.3 Delta Sigma ADC

Figure 1.3 shows the block diagram of a delta-sigma ADC. A delta-sigma
ADC is good choice for low speed and highly accurate analog to digital
conversion. Delta-sigma ADC spectrally separates the quantization noise
from the signal which is added by the quantizer. A technique called noise
shaping is used here by using a feedback DAC and integrator [3]. In a delta-
sigma ADC the output from the DAC is subtracted from the analog input
using a differentiator while the difference is applied to the integrator. The
integrator output is quantized using an n-bit ADC.

1.4 Pipelined ADC

Pipelined ADC is a Nyquist —rate analog to digital converter [3]. It is a
good choice among other analog to digital converter architectures for
sampling rate from few mega samples per second to higher sampling rates.
Resolution for such converters ranges from 8 to 16 bits. Pipelined ADC is
one of the most efficient ADC used in today’s consumer electronics.
Pipelined ADCs are used in a variety of applications such as: mobile
systems, CCD imaging, ultrasonic medical imaging, digital receivers, base
stations, digital video (e.g. HDTV), Xdsl, cable modems, and fast Ethernet
[1]. In a pipelined ADC different stages are cascaded and the number of
stages to be cascaded depends on the number of bits needed at the output.

The accuracy requirement for a pipeline ADC decreases from first stage to
the last stage. The first stage must be more accurate than the later stages.
The best thing about a pipeline ADC is that it can provide high throughput
rates and occupy small die area. It has a high throughput because of the
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concurrent operation of the stages i.e. At any given time, the first stage
operates on the most recent sample while all other stages operate on
residues from previous samples. To tolerant the non-idealities such as
comparator offset, some redundancy is introduced in each stage. That’s
why 1.5-bit stage is extensively used. A digital correction algorithm later
eliminates the redundancy.

1.5 Pipelined ADC Design and Requirements

System design and transistor level design has been done using Cadence
Spectre circuit simulator because it provides fast, high precision
simulations for mixed-signal circuits and waveforms have been viewed
using waveform viewer. System design has been completed using Verilog-
A and transistor level design has been done and tested using Cadence
Virtuoso Schematic Editing. Further post processing for FFT and INL/DNL
has been done on MATLAB. All the figures are drawn in Microsoft Visio
and the simulation results are plotted in MATLAB by exporting waveform
data. In order to define the performance of an ADC, performance
parameters play a very vital role and it is really important to ensure that the
ADC is working well by measuring its static and dynamic parameters.
Static parameters are ADCs INL/DNL and they should be within +0.5LSB
for an ADC to be linear and having no missing codes. Dynamic parameters
tell how well the ADC will behave for real sinusoidal signals at a particular
input frequency by measuring distortion contributions below the input
signal. It is important to ensure that the highest distortion below the input
signal is low enough for the conversion to be implemented linearly. So,
high SFDR and SNDR is desired for an ADC to perform well. For a 6-bit
performance SNDR should be close to 38dB and SFDR should be above
40dB.
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1.6 Specifications

Table 1.2: Pipeline ADC Specifications

Specification Value Units
Vinp 350 to 850 mV
Vinn 850 to 350 mV
Differential Input -500 to 500 mV
Veerp 662.5 mV
Veern 537.5 mV
Resolution 6 bits
Sample Rate 50 MHz
Power Supply 1.2 \Y/
Ve (Op-amp) 600 mV
Power Consumption 31.62 mwW
Current 26.33 mA
Consumption
fin 0.317,13.01 MHz

1.7 Design Methodology

The idea is to break down the design into small blocks, test them
independently, make sure that they are working well and then put them
together to build the complete ADC. Most critical is the operational
amplifier used in SHA and MDAC, because most errors in a pipelined ADC
are due to slow settling and finite gain of an Op-amp. First a non-
overlapping clock generator circuit has been designed and tested to
generate four non-overlapping clocks for the ADC. Next is to design an Op-
amp and testing it using Cadence Spectre simulator to make sure that the
designed Op-amp is fast enough to be plugged into the ADC and all the
specifications has been met. After Op-amp, comparator has been designed
and tested for 50MHz clock. Next is to design MDAC, SHA and sub-ADC
blocks. After designing all the blocks individually, 1.5-bit stage has been
built by putting all the individual blocks together to make sure it is working
fine for 1.5-bits stage. After successful testing of 1.5-bit stage next step is
to design and build a shift register, digital correction logic and the last
stage. A 6-bit pipelined converter has been built by cascading four 1.5-bit
stages followed by a last stage, shift register, digital correction logic blocks
and an SHA at the front end. Next step is to test the 6-bit ADC by adding a
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6-bit DAC after the ADC. Two different type of tests has been performed to
measure the performance of the converter. First a linearity test has been
performed by applying a ramp input and static performance is measured by
exporting output data samples to MATLAB and measuring INL/DNL. In
the second test ADC has been tested for real signals by applying a
sinusoidal input and FFT spectrum has been plotted to measure SNDR,
SFDR of the converter.

1.8 Related Work

Xi.Long designed a 9 stage 10-bit, 40MHz pipelined ADC in AMIS C5N
process. The design of this 6-bit 50MHz pipelined ADC is based on his
work [31]. Idea is to implement the design in 130nm CMOS process at
1.2V power supply. 6-bit resolution was the minimum requirement for this
work which is accomplished at 50MHz clock frequency.

For the past few decades a lot of work have been done in the field of ADCs
due to an increasing demand of communication electronics [2] [7] [21] [23]
[31] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46].
High speed ADCs required for applications like portable handheld devices,
high-quality video systems and high-quality data acquisition systems with a
sampling rate above 5Msample/sec have consumed a large amount of
power typically above 100mW [36] [37] [38] [39] [40] [41] [42] [43] [44]
[45] [46]. In the work done by Xi.Long the idea was to sample at high clock
rate. Although the design was simulated and tested both for 5 stages which
is a 6-bit pipelined ADC and 9 stages which is a 10-bit pipelined ADC, it is
concluded that the design did not work well for the sampling frequency
above 40MHz and its performance starts degrading for sampling rate
greater than 40MHz because the designed Op-amp is not fast enough to
settle to its final value in the required time frame which is making the sub
ADC in the subsequent stages to take wrong decisions giving error bits at
the output. Those error bits will introduce high harmonic distortion and
spurs that will degrade the overall SNDR, SFDR of the converter where as
in the proposed work designed ADC is giving optimal results for a 6-bit
performance at 50MHz sampling frequency which is higher than the
maximum sampling rate achieved in Xi.Long work. Also the designed
ADC which is implemented in a totally different process consumes much
less power as it operates at 1.2V (600mV common mode) power supply as
compared to a 5V (2.5V common mode) power supply used in his work. Of
course Xi.Long design achieves a resolution of both 6-bit and 10-bit and the
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proposed work is limited to a 6-bit performance but that’s in the future
work of this design to extend the number of resolved bits to at least 10-bit
at 50MHz sampling rate with low power dissipation.

1.9 Thesis Organization

The remaining chapters in this thesis are designed as follows.

Chapter 2 discusses the modeling of pipelined ADC. Different blocks used
in a 1.5-bit stage have been discussed in detail.

Chapter 3 discusses the implementation of the pipelined ADC.
Chapter 4 discusses the simulation results.

Chapter 5 and 6 discuss the conclusions and future work.
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CHAPTER 2

2 Modeling of Pipelined ADC

In this chapter blocks used in building this pipelined ADC are discussed. As
mentioned in last chapter, since each stage is 1.5 bit except the last stage.
Each 1.5-bit stage consists of an SHA, a sub ADC, sub DAC, MDAC and
the last stage is a 2-bit flash ADC. The final digital output is generated by
the digital correction logic.

2.1 Architecture

Clock

Residue Residue Residue

Vinput——>1 Stage 1 Stage 2 Stage 3 - — — — Stage N

Bit 1 Bit 2 Bit3 BitN

Digital Correction —
Digital
Output

Figure 2.1 Pipeline ADC architecture

Figure 2.1 shows the architecture of an n-bit pipelined ADC with different
stages cascaded to obtain the final digital output. Each stage is of 1.5-bit
except that the final stage is a 2-bit flash ADC. The digital output from each
stage is stored in a shift register until the final digital output is available
from the last stage. The stored data in the shift register is then processed by
digital correction logic.
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2.2 1.5-bit Pipeline stage

Figure 2.2 shows the 1.5-bit pipeline stage. Each 1.5-bit stage has a sample
and hold amplifier (SHA), a low resolution analog to digital converter (sub-
ADC), a low resolution digital to analog converter (sub-DAC), a subtractor
and an amplifier. The sub-DAC, subtractor and the amplifier are
implemented in a single switched capacitor circuit called MDAC.

The input held by the SHA is converted into a low resolution digital output
by the ADC. This digital output is stored into the shift register. The low
resolution digital output is then converted back into analog by the sub DAC
where it gets subtracted from the held input. The residue is amplified by 2
and sent off to the next stage for further digitization.

Vinput

SHA

SubADC
O Bit\k

Figure 2.2 1.5-bit Pipeline Stage

2.2.1 Sample And Hold Amplifier

SHA plays an important role typically in all ADC’s, switched capacitor
filters. In a pipelined ADC an SHA must be used at the front end in order to
improve its dynamic and static performance especially for a high frequency
input signal. Also it helps in achieving high speed and better accuracy with
a low power consumption. It is needed in a pipelined ADC because the
input signal must be held until other operations like the analog to digital
conversion and the digital to analog conversion are completed. So it plays a
crucial role. There are errors in a SHA like clock feed-through, charge
injection, sampling clock jitter. Various techniques have been implemented
to get rid of these errors [28]. While designing an SHA different parameters
must be studied [1].

An SHA acquires an analog input signal and hold it for some period of
time. SHA used in this thesis is a fully differential conventional flip around
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front end sample and hold [29]. It consists of an operational amplifier, a
switch and a capacitor for sampling and holding.

Figure 2.3 shows the schematic of the fully differential SHA used in the
pipelined converter. A fully differential structure is used as it will cancel
the common mode noise and reduce the sampling offset error.

P2d
P1id C
vinn {1
Ql
Voutp
vem + Pid
Voutn
c (Pl TL
Vinp {1
Ph\

pod

Figure 2.3 SHA schematic

This SHA is working on two non-overlapping clock phases P1d and P2d
while P1 is the early falling edge of P1d used for bottom plate sampling.
Figure 2.4 shows the clock waveforms.
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Figure 2.4 Clock Waveforms

During the sample phase input is acquired on the input capacitor and during
the hold phase the same capacitor is flipped to the output. Operational
amplifier outputs are at common mode level (600mV) during the sampling
phase. At the input the operational amplifier will serve as a high impedance
output buffer which won’t let the charge stored on the capacitor during the
sampling phase due to the high input impedance of an amplifier. During the
hold phase (amplification phase) when P2d goes high, operational amplifier
is connected in a closed loop configuration, due to the conservation of
charge the charge stored on the capacitor during the sampling phase will
now appear at the output during the hold phase. So the operational amplifier
role came into play during the hold phase. It must have a high bandwidth, a
high phase margin, good swing, high slew rate so the output must be settled
to the sampled input voltage i.e. within half of the clock cycle. There is a
noise generated in a SHA given by the capacitors in the sampling and

amplification phase called % noise. This noise degrades the SNR of the

converter. Capacitor value should be properly sized so that it won’t degrade
the SNR that much.

2.2.2 Sub ADC

Each pipeline stage has a flash sub ADC block for the coarse quantization
of analog input to produce the digital output. Two comparators do the job
of quantizing the analog input signal.
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The differential input voltage to the sub ADC is (-500mV to 500mV)
differentially. There should be two thresholds defined at fo and +Vref

Comparators compares the analog input to the thresholds. The maX|mum
number of possible binary combinations we can get from two comparators
is 4.

Table 2.1: Binary Representation

D, D,
0 0
0 1
1 0
1 1

Since for a 1.5-bit ADC, the maximum regions of operations are three
(00,01,10), so the 11 combination must be discarded. The digital output
from the sub ADC is 00, 01 or 10 depending on where the input falls. 1.5-
bit/stage architecture is the most popular choice in pipelined ADC because
it helps in minimizing the nonlinearity by adding redundancy in sub ADC
block. In a sub ADC block the extra 0.5 bit is a redundant bit which is
corrected in digital correction logic. It is only utilized for the offset

relaxation in an ADC. A comparator offset as large as +—=* ””f can be

tolerated in this case.
Three regions of operations are defined as 00,01or 10 with two thresholds

at + =L Tef .So if V, < ref , the dlgltal output is 00, if — ref < Vi < V””f

the dlgltal output is 01 and if Vi, > ”f the digital output is 10. Say the

comparator offset is 120mV and the range of 01 region is -125mV to
125mV, so offset falls in this range. There is no need of any offset
cancellation technique in a 1.5-bit/stage architecture.

Figure 2.5 shows the schematic of a 1.5-bit flash ADC used in a pipelined
stage. Comparators used are fully differential whose functionality was
described in detailed in chapter 3. It uses an XOR gate in order to get rid of
11, as we need only three combinations (00, 01, 10). The digital output (D1,
DO) is fed to the shift register where it is stored. It is also fed to the sub
DAC for further processing.
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inp inp

Vrefp Vrefp Outn 4@

Clk

DO

Vrefn

inn

Clk
Figure 2.5 1.5-bit Sub ADC Schematic

2.2.3 MDAC

MDAC performs the sampling, amplification by 2 and subtract operation.
MDAC used in this thesis is a flip around fully differential switched

capacitor MDAC. Analog outputs from the sub DAC are (—_V;’f , 0, —+V2r 4,

The sub DAC output is then subtracted from the input signal. In this design
the sub DAC output is multiplied by 2 before the subtraction with the input
signal. So the analog output of the sub DAC is (—Vyf, 0,4 Vyef).

There are certain errors in the MDAC block like gain error due to capacitor
mismatch, DC gain and bandwidth of operational amplifier. This will result
in integral nonlinearity and differential nonlinearity (INL/DNL) errors.
Various techniques have been implemented to reduce this mismatch
induced gain errors [30]. The flip around fully differential switched
capacitor MDAC used in this thesis is shown in figure 2.6. The operational
amplifier used in MDAC must have wide bandwidth and must be settled
fast in order to improve the overall performance of the converter.
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Figure 2.6 1.5-bit MDAC Schematic
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Figure 2.7 Non-Overlapping Clocks

Figure 2.7 shows the two non-overlapping clocks. P1d and P2d are the non-
overlapping clocks for sampling and amplification. P1 and P2 are used for
bottom plate sampling.

In figure 2.6 during the sampling phase (P1d) analog inputs are acquired by
all four capacitors (C1, C2, C3, C4). Charge stored on the capacitors is CV.
Here only single end is considered. The calculations are the same for the
other end as it is fully differential. If the analog input to the MDAC block is

between % and % and the sub ADC output is 01, so the charge stored

on the capacitors is

Qc1 = CiVipn (2-1)
Qc2 = CVipn (2-2)

During the amplification phase (P2d), C2 is connected to the output of the
operational amplifier, while C1 is connected to the DAC output (
Viacn)- SO the charge on C1 changes. Now the charge stored on C1 and C2
is transferred to the output during this phase according to the conservation
of charge.

CiVipn + CoVipn = szoutp (2.3)
C
Voutp = (1 + C_:) Vinn (2.4)
If, C, = C, , then
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Voutp = 2Vinn (2 5)
If the stage analog input to the MDAC block is below Tef and the sub

ADC output is 00, then
During the sampling phase (P1d)

Qc1 = CiVipn (2.6)

Qc2 = CVinn (2.7)
During the amplification phase (P2d)

C1an + CZVLTlTl Cl( Vdacn) + CZVoutp (2-8)

Voutp (1 + Cl)an + Vdacn (2-9)
If, C; = C,, then

Voutp = 2Vinn + Vaacn (2.10)

Voutp = 2(Vipn + w‘lzﬂ) (2.11)

If the stage analog input to the MDAC block is above % and the sub ADC
output is 10, then
During the sampling phase (P1d)

QCl Cl inn (2.12)

QCZ CZ inn (2-13)
During the amplification phase (P2d)

CIVinn + CZ Vinn: Cl (Vdacn) + CZ Voutp (2-14)

Voutp =1+ E_:)Vinn - %Vdacn (2.15)
If, C; = C,, then

Voutp = 2Vinn — Vaacen (2.16)

Voutp = 2(Vinn — w‘izﬂ) (2.17)

Equations (2.5), (2.11) and (2.17) represents the residues which are
generated at the output of a pipeline stage and are fed into the next stage for
further quantization providing 1.5-bits/stage until it reaches the last stage
formed of a 2-bit flash ADC. Figure 2.8 explains the residue transfer curve
at the output of a 1.5-bit MDAC.
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Vre f
2

ADC is 00 and % is subtracted from the input when the sub ADC output

is 10. In the 01 region which is the uncertain region the output is just the
amplification by 2 of the input.

According to figure 2.8, is added to the input when the output of sub

2.2.4 Last Stage

The last stage in a pipelined ADC is simply a 2-bit flash ADC. With three
comparators the 2-bit flash ADC has thresholds defined at (%, 0, Vrz—ef).

It will give a full two-bit digital signal (00,01,10,11). The digital output of
the last stage doesn’t need to be corrected by the digital correction logic.
The digital output of the last stage represents the last 2 LSB bits of the
converter. Figure 2.9 explains the transfer curve of the 2-bit flash ADC and
figure 2.10 describes the 2-bit flash ADC schematic used in this thesis.
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2.2.5 Shift Register

Shift register is a sequential logic circuit used for storing digital
information. A shift register plays a very important role in the working of a
pipelined ADC. Since each pipeline stage is 1.5-bit. The intermediate bits
resolved during each stage are stored in a shift register until the last stage
resolves the final 2-bits. A shift register produces a delay of the digital data.
Since in a pipelined ADC first the digital data is available for the first stage
and with many clock cycles delay it is available for the last stage. As a
result of adding a delay using shift register the digital bits coming out of the
last stage can be matched to those available for the first stage. So by doing
this the digital data is synchronized and is available at the same time for all
the stages so it would be ready to feed into the digital correction block. The
delay is ‘n’ clock phases, where ‘n’ is the number of shift register stages, so
the delay is determined by the shift register stages. Figure 2.11 describes
the shift register schematic for a 6-bit pipelined ADC with 5 stages. It
carries D-flip flops together with a transparent latch connected in a chain,
the output of the transparent latch is connected to the input of the flip flop.
Each of the flip flops and the transparent latch is 2-bit. It takes 2-bit digital
input and gives a 2-bit digital output. Outputs from the stages are available
at P1.
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2.2.6 Digital Correction

As in the sub ADC digital redundancy was added for comparator offset
relaxation as a result of which the residue would be within the desired range
(2V;¢f) for the next stage. Besides this the digital output from the sub ADC
must be corrected before getting the final digital output of the system and
this error would be corrected by digital correction logic. The digital outputs
of the intermediate stages are stored in a shift register until the final stage
has its output available. The stored digital data is then added using full
adders in a digital correction block to produce the final output. Digital
correction doesn’t apply to the last stage which is a 2-bit flash ADC since
there is no stage after this to correct the error. So by using digital
correction, if the thresholds in the sub ADC deviates from there designed
values, the final digital output would remain the same. How this correction
will take place can be explained from figure 2.12. The concept is adapted
from [3].

stage [1234 -.en-1n
Time=k | X X

K+1 X X

K+2 X X

K+n-2 X X
K+n-1 X
out

Figure 2.12 Digital combination of the bits for 1.5-bit/stage [3]

The (k+n-1)th stage output is added to (k+n-2)th stage output and the carry
will propagate in the direction of MSB. Figure 2.13 shows the schematic of
a digital correction block.
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CHAPTER 3

3 Implementation of Pipelined ADC

3.1 Bottom Plate Sampling

A simple sample and hold arrangement is formed by a switch and a
capacitor. During the sampling phase, clock is high, switch is on and the
input signal is sampled on to the capacitor. The charge stored on the
capacitor is

Q = CiViy (3.1)

During the hold phase the switch is off, and the capacitor holds the input
signal stored on it during the sampling phase. Figure 3.1 shows the circuit
of a simple sample and hold arrangement.

clk

Vin

+

Cs Vout

Figure 3.1 Sample and Hold Circuit

Practically, a MOS transistor is used to implement the switch. Either a
PMOS or NMOS can be used or if greater voltage swings are needed in a
sampling circuit then CMOS switch can be used like a transmission gate.
When a MOS transistor operates as a switch, it is operating in the triode
region, so a conducing channel exists between its source and drain terminal.
In a triode region the MOS on resistance is
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1
ﬂQ)x%(VGS_VTH)
Now while choosing the value of the on resistance it must be ensured that
the value of the RC network time constant must be smaller than the time
allowed to charge the sampling capacitor [3]. In a real switch using a MOS,
when the switch goes off there might be errors due to charge injection and
clock feed-through. Clock feed-through is usually due to the coupling of the
gate voltage (clock) on the output voltage via parasitic capacitance
CysOrCyq. It doesn’t affect the performance of the circuit as it is signal
independent and can be eliminated using differential configuration which
will cancel the common mode error signals. Charge injection is another
error that arises in a sample and hold circuit when the switch goes off. One
way to get rid of this error is by using a dummy transistor in series with a
switch [1]. When the switch is on there is some channel charge. When the
switch is turned off there should be drainage of the channel charge. Some
fraction of the channel charge gets dumped on the hold capacitor. This
charge injection problem results in distortion. What is required is to make
the channel charge independent of the input and some fraction of the
channel charge is dumped on to the hold capacitor.

To eliminate the charge injection problem, a technique called bottom plate
sampling can be used. Figure 3.2 shows the bottom plate sampling
configuration. In a bottom plate sampling the bottom plate of the sampling
capacitor is connected to another switch with an early falling edge. When
both the clocks (clkl, clk2) are high the input is sampled onto the sampling
capacitor. Now first when clk2 goes low M2 off, some of the fraction of the
channel charge got dumped on to the capacitor but the potential at both the
ends is same (ground) so the charge injection is signal independent. The
bottom plate of the capacitor is floating. When M1 is turned off all the
charge will go to the input. Now the charge on the capacitor is comprised of

input, a fraction of channel charge from M2 and noise.
clk1

Ron =

(3.2)

Cs

]

AP

|

Figure 3.2 Bottom Plate Sampling
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3.2 Two Stage Fully Differential Operational Amplifier

In this thesis a fully differential two stage amplifier has been used in
MDAC and SHA circuits. There are different operational amplifier
topologies i.e. telescopic, folded cascode and two stage etc. [4]. The two
stage topology is chosen as it provides a good voltage gain, output swing,
common-mode range and can be compensated with a single capacitor.

In designing a fully differential amplifier the most critical part is the
common mode feedback circuit which will be explained later in this
chapter. Fully differential amplifier is a good choice as it will cancel the
common mode noise which helps in improving the signal to noise ratio
(SNR) and gives high output swing [4]. Fig 3.3 shows a symbol for a fully
differential amplifier with differential inputs (Vinn, Vinp) and differential
outputs (Voutp, Voutn).

.
\-.
.
Vinn P Vout
5 + ."\_\_ P
R
™~
N
\\
>
=
/
=
o
" ~
Vinp + e g Voutn
-
- /

Figure 3.3 Fully Differential op-amp
3.2.1 Overview

It is called two stage amplifier because it has two stages wherein the first
stage is a differential input stage providing high gain and the second stage
is a common source stage with an active load providing high swing and an
output stage usually added for driving heavy loads off-chip as shown in
figure 3.4[5]. It has a moderate gain, large output swing and also consumes
less power.
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Figure 3.4 A block diagram of a two stage operational amplifier [8]

3.2.2 Architecture

Figure 3.5 shows the architecture of two stage fully differential op-amp
used in this thesis. The first stage is a differential amplifier with PMOS
differential pair (M1, M2) which drives an n-channel active load (M3, M4).
PMOQOS transistors are chosen because they have lower 1/f noise than
NMOS. The first stage is followed by a second gain stage which is an n-
channel common source amplifier (M7, M9) with PMOS current source
load (M6, M8). NMOS transistors because of their high trans-conductance
give a high bandwidth. Minimum gate length is used for both input devices
(M1, M2) and output gain devices (M7, M9). These devices should all have
high gm and low input capacitance so minimum gate length is absolutely
critical to speed up the amplifier. M5 is the p-channel tail current source for
the input stage. The current in M8 and M6 is mirrored by the current source
M10. Mila and M2a are for common mode latch up [9]. They help in
setting the common mode level initially. M1a and M2a are biased in such a
way that most of the time they are off. They are only needed if transistors
M1 or M2 are off and CMFB circuit saturates, M1a and M2a will conduct
current and help in recovering the CMFB circuit.
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Miller compensation is used to stabilize the amplifier. So the op-amp is
stable in a negative feedback configuration [5]. The miller capacitor
introduces a pole in the system. So it basically moves the dominant pole
down in frequency and the second pole high in frequency, a technique
called pole splitting [4]. The feed forward path introduces a zero and this
zero is not desired here as it will make the system unstable. So to get rid of
this right half plane zero this feed forward path must be killed. This is done
by introducing a nulling resistor in series with the compensation capacitor
[4]. In this design resistor is implemented by a poly resistor since a poly
resistor has a less parasitic capacitance.

CMFB circuit is required in all fully differential amplifiers. Vcmc is the
common mode control input. Vemc will bias M3, M4 in such a way so it
can maintain the differential output at a common level which is 600mV in
this thesis [4]. It is needed to stabilize the differential output voltage at a
common level.

CMFB circuits are of two types 1) Switched Capacitor CMFB circuit [10]
2) Continuous time CMFB circuit [11].

VCMFB
CMF8

Vinn P
—

Se Common Mode

o Detecor

Vinp + /

Figure 3.6 CMFB

Figure 3.6 shows a general block diagram of a fully differential amplifier
with a CMFB. A CMFB circuit has a common mode signal detector and a
sense amplifier. Figure 3.7 explains the common mode detector. Common
mode signal detector is a parallel combination of two 20K resistors and
50fF capacitors. The capacitors are added to achieve better stability. The
value of the resistors used in a common mode detector must be large
enough compared to the differential amplifier output resistance so that it
won’t affect the open loop gain of the differential amplifier.
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Common mode output voltage is the average of the differential outputs.

Vop + Von
Vo = L2 fon) (33

The CMFB sense amplifier used in this operational amplifier is shown in
figure 3.8[4].

Vdd!

Vemce

Vem_ref l: :l Voc

Vbi

Gnd!

Figure 3.8 Common Mode Sense Amplifier

1, is the detected common mode output voltage and VVcm_ref is the desired
common mode voltage. Common mode detected voltage, is compared with
the desired voltage, Vcm_ref. The difference is amplified and the voltage
Veme controls the gates of the current sources M3 and M4 which changes

35



the current in the output stage and it continues until VVoc is equal to
Vem_ref [4].

3.2.3 Design of a two stage fully differential
operational amplifier

3.2.3.1 Specifications

In this pipelined ADC table 3.1 shows the specifications which should be
met in order to get this amplifier working in a pipelined system.

Table 3.1: Operational Amplifier Specifications

Parameter Specification
Open Loop DC gain (dB) A > 2V 2]
For, N=6
A>36.12
Phase margin(°) >55
GBW(MHz) 200
Slew Rate(V/”S) 250
Vaa(V) 1.2
C.(pF) 2
C,1(pF),C,(pF) 1
C.(pF) 2
Poly Resistance({2) 154,71
Common Mode Voltage (mV) 600

3.2.3.2 Aspect ratios

Table 3.2 shows the transistor dimensions.
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Table 3.2: Transistor Dimensions

Transistor (K) W (um) L(um)
L

M, 1153.84 150 0.130
Mig2a 10 5 5
Ms, 3221 32 1
Mg 257.75 257.7 1
Mgg 615.2 615.2 1

M, 384.61 50 0.130
M,s 64 32 5
My 33 16.5 5
My 5, 40 16 4

3.3 Comparator

In each pipeline stage there is a sub-ADC block for coarse quantization
providing digital output for each stage. Also the last stage which is a 2-bit
flash ADC use comparators. Each of these sub-ADC blocks uses two fully
differential comparators. In this chapter, a comparator operation and its
design is discussed. As it is desired to achieve a high speed and low power
and the comparator design should be such that it consumes less power and
do conversion at high speed.

3.3.1 Overview

A comparator is an operational amplifier in an open loop configuration. It is
an important block in all of the ADCs. It is also used in other applications
like in data transmission, switching power regulation [6]. A comparator
compares two voltages, either two analog signals or an analog signal with a
fixed reference and gives a digital signal in output based on the comparison.
Figure 3.9 shows the schematic symbol of a voltage comparator. According
to the comparator operation if Vi, > V,..r then Vo, = VDD, if Vi, < Vyep

then V,,,; = 0.
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Figure 3.9 Basic Comparator Symbol

Comparator design for an ADC is very critical since speed and resolution is
determined by how fast a comparator is working. Comparator can be of
different types like static latched comparator, dynamic latched comparator
[13]. Dynamic comparator doesn’t have a pre-amplifier while static
comparator does have a pre-amplifier circuit.

3.3.2 Comparator Characteristics

3.3.2.1 Propagation Delay

Propagation delay is the time difference between the input signal crossing
the reference and output changing its code. In an ideal case, the propagation
delay is zero but real comparators always have some delay. It determines
the speed of the comparator that how fast the comparator will respond for a
step input. It is tested by looking at how much does it take for the output to
reach 50 % of a transition, when the input signal has crossed the reference
level. Figure 3.10 shows how the propagation delay works in comparator.
Where tp is the propagation delay. Propagation delay can be reduced by
increasing the overdrive voltage of the differential pair in a pre-amplifier
block. So if the power is increased propagation delay comes down.
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3.3.2.2 Kickback Noise

During the regeneration phase of the comparator there are large voltage
variations in the internal nodes due to switching which are coupled to the
input and effects the behavior of the input voltage. This is called kickback
noise. It can be reduced but not totally eliminated. Various techniques have
been used for the reduction of kickback noise [15]. A pre-amplifier before
the latching phase helps in reducing the kickback noise.

3.3.2.3 Hysteresis

When the comparator is placed in a noisy environment hysteresis is added.
Without hysteresis the comparator response will toggle continuously
between states due to noise when the input signal is near the threshold
voltage. It will help the comparator response to stay away from such

toggling [14].
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Figure 3.11 shows the comparator transfer curve with hysteresis. Output is
not changing its code until the input reaches the trip points both in the
positive and the negative sides.

3.3.2.4 Offset

Offset is also a source of error in a comparator. It might be because of the
mismatches in the input differential pair or if the comparator is not
designed properly. There are techniques to eliminate the offset voltage [16].

3.3.2.5 Meta-stability

Meta-stability is the problem that has been encountered by the comparator
when it takes more time to make a decision to switch to a valid output level
in the time available for switching. It occurs when the input signal is not
large enough, so at the end of the regeneration phase the output doesn’t
know the correct logic [3].

3.3.3 Comparator Design

3.3.3.1 Overview

The comparator used in this thesis is a static latched comparator [17] [18].
Static latch because of less kickback noise then a dynamic latch comparator
but the power consumption is more as there is a pre-amplifier circuit.
Figure 3.12 shows the block diagram of a comparator. It consists of three
stages. A pre-amplifier circuit followed by a regenerative latch circuit, SR
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latch and an output buffer. It has a differential input for the signal and a
differential input for the reference voltages.

clk

—o Outp
Latch Ouput Buffer And
SR Latch

—o Outn

Vin+

Vref+o———

++

Vin- o——

Vref-

PreAmplifier Latch

Figure 3.12 Comparator Block Diagram

3.3.3.2 Pre-Amplifier Circuit

A pre-amplifier is a differential amplifier circuit with a tail current source
and active loads. Used with a latch in order to reduce the kickback noise. A
preamplifier amplifies the input difference and the output currents are
mirrored into the latch stage using current mirror. It helps in amplifying the
difference between the input and the reference so it can be large enough to
be detected by the latch stage within a very short time [19]. The
preamplifier schematic is shown in the figure 3.13 as proposed in [20].
Figure 3.13 shows the schematic of a fully differential pre-amplifier circuit.
NMOS M1, M2, M3, M4 are the input differential pair with PMOS M7, M8
diode connected active loads while NMOS M5 and M6 are the tail current
source for the input differential pair.
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Figure 3.13 Fully Differential Pre-Amplifier

Table 3.3: Pre-Amplifier Aspect Ratios

Transistor W (um) L(um)
M1 4 2
M2 4 2
M3 4 2
M4 4 2
M5 4 1
M6 4 1
M7 2 0.240
M8 2 0.240
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3.3.3.3 Latch Circuit

vdd!
midn midp
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eIk [mM15M13 | M14 M16 |—Cclk
Gnd!

Figure 3.14 Regenerative latch

A latch stage consists of two back to back inverters. It consists of a cross
coupled pair of PMOS and NMOS transistors. Controlled by a clock, a
latch stage is the decision stage of the comparator. It works on two phases.
A reset phase and a regeneration phase. During the reset phase preamplifier
current is mirrored to the output nodes. During the regeneration phase, due
to positive feedback the small output voltage found in the beginning of this
phase has been regenerated into full scale digital levels. Figure 3.14 shows
latch schematic [20]. Latch is implemented using four transistors M11,
M12, M13, M14 acting as inverter and connected in a back to back
configuration. M9 and M10 is the current mirror from the pre-amplifier
stage. M15 and M16 is the clock. Two positive feedbacks are used using
the transistor pair M11, M13, M12, and M14 as it will increase the
conversion speed.
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Table 3.4: Regenerative Latch Aspect Ratios

Transistor W (um) L(um)
M11 8 0.120
M12 8 0.120
M13 4 0.120
M14 4 0.120
M15 36 0.120
M16 36 0.120
M9 1 0.5
M10 1 0.5

3.3.3.4 Positive Feedback

A positive feedback plays a very useful role in improving the performance
of a comparator. It will actually push the two outputs away from each other,
where one will go to the supply voltage and the other towards ground
depending upon which one is greater.

3.3.3.5 Comparator Schematic

Pre-amplifier and regenerative latch schematics are shown in figure 3.13
and figure 3.14. Based on these circuits the schematic of the complete
comparator used in this thesis is shown in figure 3.15 [21] [22] [23] [24]
[25] [26]. The pre-amplifier output is connected to the input of the
regenerative latch circuit. The latch output is connected to the output buffer
formed by a series combination of two inverters whose output is then
connected to SR latch. During the reset phase, clock is high. NMOS
transistors M15, M16 controlled by a clock signal push the outputs to
ground. The voltage at the output node is zero during this phase. The
differential input is amplified by the NMOS differential pair and the
differential current is mirrored by the diode connected PMOS load formed
by M7, M8. Now the next phase is the regeneration phase. It is initialized
when the clock goes low. A voltage difference is created due to different
current flowing through transistors M9 and M10. This voltage difference is
amplified to full scale by the positive feedback. An imbalance situation is
created at the output node. Voltage at one node is greater than the other
node. NMOS M15, M16 are open now. So the voltage difference created
during the reset phase is regenerated during this phase using two positive
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Figure 3.15 Comparator Schematic

feedbacks. Two back to back inverters formed by transistor pair M11, M13
and M12, M14 will generate the voltage difference created at the output
node into a full scale digital level. Suppose the gate voltage of M14 is
greater than that of M13. More current will flow through M14 than M13. It
will push M14 to lower level and M13 to higher level. Same is the case at
the top. The gate voltage of M12 is more than M11. So M11 will give the
supply voltage at the node and M12 is open so the voltage at the drain of
M12 is zero. So basically the positive feedback is pushing one voltage to
the supply and the other one to the ground. That’s how the latch stage is
working.

3.3.3.6 Output Buffer

Output buffer is used at the output of the latch stage to reduce the gap
between the output voltage and the full scale. It will help in restoring the
output of the latch circuit into full logic level. Figure 3.16 shows the block
diagram of output buffer consisting of inverters.
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Figure 3.16 Output Buffer

3.3.3.7 SR latch

SR-latch has been added at the output to keep the data stable. If the analog
input is stable the digital output should also be stable and that’s what is
achieved using an SR-latch. It will help in sustaining the previous output.
The output will not be reset each time the clock transitions if an SR-latch
has been connected. Figure 3.17 shows the schematic of a conventional SR-
latch used in this thesis [27].
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Figure 3.17 SR-Latch
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According to figure 3.17, SR latch has two inputs S(set) and R(reset) and
gives two complementary outputs, outn and outp. If the set input is high and
reset input is low, transistors M1, M2 will be on resulting in an output
voltage of zero volts at node outn. Whereas, the voltage at node outp is
equal to the supply as both M3, M4 are off. If the reset input is high and set
input is low, the situation will be reversed. In that case M1, M2 turned off
and M3, M4 turned on, giving the supply voltage at node outn and zero
voltage at node outp.

3.4  Two phase Non-Overlapping Clock

In a pipelined ADC, operation of all the stages depends on a two phase non-
overlapping clock signals. Two non-overlapping clocks P1d and P2d are
out of phase by 180" and there is also some delay between the clock
transitions. During P1d all the odd stages will sample the analog input
signal and during P2d a valid residue is passed to the subsequent stage. For
even number of stages, the working will be on opposite clock phases. After
some initial delay, on every clock cycle there is a valid bit from each stage.
Since the clock is skewed between alternate stages, each stage must settle

within % of the clock period. So, for the pipelined ADC where the sampling

frequency is 50MHz, each stage must settle within 10ns. Additional two
clocks P1 and P2 are needed to ensure bottom plate sampling in a switched
capacitor circuit used in each stage for reducing charge injection. Schematic
of two phase non-overlapping clock is shown in figure 3.18. The design
was adopted from [31].

Figure 3.18 shows the schematic of a two phase non-overlapping clock.
Various inverters and NAND gates are used to get the required clock
phases. Inverters add delay to the clock signal. At the output four clock
signals P1, P1d, P2, and P2d can be seen ready to get feed in to the ADC.
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CHAPTER 4

4 Simulation Results

This chapter discusses the Verilog-A modeling and the schematic testing of
the pipeline ADC. System design of different blocks used in a pipeline
ADC is simulated and then 1.5-bit stages are cascaded to build the overall
converter. How different blocks behave and the behavior of the overall
converter using Verilog-A and transistor level modeling has been described
in this chapter. After that different tests are performed on the system. First a
linearity test is performed. After linearity test a single tone test is done. The
output data is then exported to MATLAB to see the SNDR, SFDR and
INL/DNL.

4.1 Two Phase Non-Overlapping clock

The two phase non-overlapping clock is designed to run at 50MHz. The
schematic of a non-overlapping clock is described in chapter 3. Now a test
bench is created to test the clock. So the main clock with a sampling
frequency of 50MHz is connected to the clock generator. A Vpulse source
from analogLib has been used to generate the square wave clock pulse with
an amplitude of 1.2 V. Simulation results are shown in figure 4.1 after
running a 40 ns transient simulation.

Figure 4.1 shows the simulation results of the two phase non-overlapping
clock generator. According to the figure 4.1, the t,,,, which is the non-
overlap period between P1d and P2d is 0.36ns and the lagging period t;,4
between P1d and P1 is 0.21ns. So, each stage should get settled within 9.43
ns.
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Transient Response

Figure 4.1 Simulation Results of Clock

4.2 Operational Amplifier

An operational amplifier is one of the most important blocks in the design
of a pipelined ADC. Details about the operational amplifier design have
been explained in chapter-03. In this chapter testing of the operational
amplifier is done using Cadence Spectre Simulation toolbox at a supply of
1.2 V. Simulation results like GBW, DC gain, phase margin, CMFB
stability has been discussed. Simulation results shows that the operational
amplifier is fit to be plugged into the pipelined converter to get the system
work though there are other blocks too but the operational amplifier is the
most important block in a pipelined converter. Figure 4.2 shows the test
bench setup of a fully differential operational amplifier with a load
capacitance of 2pF. It has been tested using different analysis in analog
design environment.
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Figure 4.2 Operational Amplifier Test Bench

4.2.1 AC Simulations

AC analysis has been performed to check the open loop DC gain and the
Phase margin for a given operational amplifier. The DC bias to the input
stage of the op-amp is provided through a 10M ohm resistor.

Figure 4.3 shows the frequency response after simulating the test bench
setup shown in figure 4.2. Two plots are plotted. First is the gain plot which
shows the operational amplifier open loop DC gain and the unity gain
frequency (GBW) and the second one is phase plot which shows the open
loop phase margin. Current flowing into the input differential pair is
1.58mA and the current flowing into each output stage is 7.42mA. 600pA
is the current from the current source (Ibias) whereas the current flowing
into the sense amplifier is 394.79uA. So, the total current consumption is
17.41mA. For a 1.2V supply, the total power consumption of this op-amp is

20.8mW.
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Figure 4.3 AC Gain and Phase Response

The AC simulation response is shown in figure 4.3. Unity gain frequency is
where the DC gain drops to 0dB and phase margin is the phase shift at unity
gain frequency. Phase margin is calculated from equation 4.1.

Phase Margin = 180° — 77.60° (4.1)

The above AC analysis shows that the designed operational amplifier has a
DC gain of 41dB, a unity gain frequency of 1.81GHz and a phase margin of
102° which meets the Op-amp specifications in table 3.1. Op-amp gain
error will alter the jump in the residue curve whenever the sub ADC
transition say from 00 to 01. This will result in missing codes at the output
of overall pipelined ADC whenever the sub ADC changes state while
performing ramp simulation. Missing codes will degrade the overall
performance of the converter by introducing nonlinearity and harmonic
distortion. To perform linear conversion missing codes are not desired and
needs to be eliminated by achieving a good DC gain. A high phase margin
is good for an Op-amp to be stable and not go into instability for
subsequent pipeline stages and hence avoid overshoot and ringing. A high
GBW will ensure that the Op-amp will settle fast, so that overall
performance of the ADC is not degraded due to non-linearity caused by
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slow settling. For an Op-amp to be sufficiently settled within a given time
frame it must have enough bandwidth.

4.2.2 Stability Simulation

Next test is to check the stability of common mode feedback circuit. A
cmdm probe and iprobe from the analogL.ib is used to check the stability of
common mode feedback circuit. After performing the stability test it was
found that the common mode feedback circuit is stable with a phase margin
of 54° which is reasonable. Figure 4.4 shows common mode feedback
circuit phase margin after doing stability analysis.

Stability Respons
Phase Margin ability Response
LX<

. degree

‘Frcq\llcn cy ‘
Figure 4.4 Common Mode Feedback Circuit Phase Margin

4.3 Comparator

Next is to test the comparator used in a sub ADC block. The working of the
differential comparator has been explained in chapter 3. Figure 4.5 shows
the test bench setup of differential comparator with an input ramped from -
500mV to 500mV. Vinp is ramped from 350mV to 850mV and Vinn is
ramped from 850mV to 350mV. Vrefp and Vrefn sets the threshold at
125mV by setting Vrefp to 662.5mV and Vrefn to 537.5mV.
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Figure 4.6 Simulation Result of differential Comparator

Figure 4.6 shows the simulation results for a differential comparator. As
soon as the input crosses the reference voltage, comparator output changes
its state from O to 1 on the falling edge of the clock. Comparator output
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transition from 0 to 1 at the same time instant of falling edge of the clock.
Simulation done at 50MHz shows that the comparator works well at
50MHez.

4.4 SHA

SHA block is tested in Cadence Spectre simulator at a clock frequency of
50MHz. The input voltage is a ramp signal where Vinp is ramped from
350mV to 850mV and Vinn is ramped from 850mV to 350mV. Figure 4.7
shows the schematic of the SHA used in this thesis whereas the test bench
is shown in figure 4.8 with a load capacitor of 2pF. According to simulation
results in figure 4.9, SHA is working well at 50MHz clock.
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Figure 4.7 SHA Schematic
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Transient Response
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Figure 4.9 Simulation Results of SHA
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Figure 4.10 Simulation Results of SHA for few clock cycles

Figure 4.10 shows SHA results after zooming in the transient response in
figure 4.9 for few clock cycles. SHA is accurately sampling and holding at
correct time intervals. During P1d input is sampled correctly. During P2d it

is correctly holding the value of previous input.
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4.5 Sub ADC

Each pipeline stage has a 1.5-bit sub ADC block consisting of two
comparators. Figure 4.11 shows the test bench schematic of the sub ADC
block. Two thresholds at 125mV and -125mV are set by the reference
voltage by setting Vrefp to 662.5mV and Vrefn to 536.5mV. Vinp is
ramped from 350mV to 850mV and Vinn is ramped from 850mV to
350mV (-500mV to 500mV) differential. Figure 4.12 shows the simulation
results of a sub ADC block. The sub ADC works well at 50MHz clock

frequency.
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Figure 4.11 Sub ADC test bench
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Figure 4.12 Simulation Result of Sub ADC

Input crosses the lower threshold (-125mV) at 385ns. Comparator output
DO transition from 0 to 1 at the falling edge of clock. Comparator output D1
transition from 0 to 1 when the input crosses the upper threshold (125mV)
at 625ns and DO transition from 1 to O at falling edge of the clock. A 1.5-bit
sub ADC must produce three different bit combination (00, 01, 10) which
can be seen in figure 4.12.

In figure 4.12 D1 is the comparator output for upper threshold (125mV) and
DO is the comparator output for lower threshold (-125mV).

4.6 Sub DAC
In this section sub DAC is tested. Figure 4.13 shows the test bench
schematic of a sub DAC block. Two square wave inputs at a clock

frequency of 50MHz are applied. Figure 4.14 shows the simulation results
of the sub DAC. The designed sub DAC works well at 50MHz.
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Figure 4.14 Sub DAC model Transient Response

4.7 1.5-bit stage

4.7.1 System Modeling

Figure 4.16 shows the test bench schematic of a 1.5-bit stage pipeline ADC
system model which is tested at 50MHz. The differential input is from -
500mV to 500mV with inp ramped from 350mV to 850mV and inn ramped
from 850mV to 350mV. The 1.5-bit stage is simulated successfully at 50
MHz and the corresponding residue plot is shown in figure 4.15 which is
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what expected from a 1.5-bit stage according to the transfer curve of 1.5-bit
MDAC as shown in Figure 2.8. As the sub ADC transitions from 00 -> 01 -
>10, the transfer curve changes states.
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Figure 4.15 Residue Plot from a 1.5-bit stage System Model
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4.7.2 Transistor Level Simulation

Figure 4.19 shows the test bench schematic of a 1.5-bit stage pipelined
ADC which is tested at 50MHz. The differential input is ramped from -
500mV to 500mV with Vinp ramped from 350mV to 850mV and Vinn
ramped from 850mV to 350mV. The 1.5-bit stage is simulated successfully
and the corresponding residue plot is shown in figure 4.17.
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Figure 4.17 Residue Plot
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Figure 4.18 Residue Plot at first sub ADC transition

Figure 4.18 shows the residue plot after zooming in Figure 4.15 near the
first sub ADC transition (00 -> 01). It is clear that the Op-amp is fast
enough at a clock frequency of 50MHz. Output is settled completely at the
point circled in red. Once the settling requirements are fulfilled at 50MHz
clock, a 6-bit pipelined ADC is assembled and tested in next section.
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4.8 Five Stage Pipelined ADC test
4.8.1 System Modeling

Now the performance of the pipelined ADC when five stages are cascaded
is analyzed to obtain a 6-bit converter. The first four stages are 1.5-bit
stages whose schematic is described in figure 4.16 and the last stage is 2-bit
flash ADC. The four stages, shift register, digital correction logic and the
DAC are connected together to form the pipelined ADC under test. Figure
4.20 show the schematic of a five stage pipelined ADC.

r f
S R
)
S R
q 191s16ay .
uius
o -] ped
d
B — .
—
s
3

Vg H.wzs
Cndlm—— g | g Vet
L o =
D<8>

‘ D<9> +§‘T3§v?
V475
L ——
e R
< a1 .. Vrefn
O H Vrefp

oo

<

f

oy .
2)
4._F; IT
|
<

o]
19ppY <06>uia
lind

as'T

IR
£l 5
AR
Bid
d
Zd
gl
[ w7l
TE +<
H
El s

NO o —m—o
140 M0:5>1n0g

> a;.—l

<@ <

Ef

= b
BN
N
3

<usj
[Pz
CIZ [P
t
g

ol o
2
R
ik
<
s
&
g

Figure 4.20 Five Stage Model Schematic
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4.8.1.1 ADC Linearity test
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Figure 4.21 shows the test bench setup for a five stage pipelined ADC
linearity test. The input ramp settings for the positive ramp are from
350mV-850mV and for the negative ramp from 850mV-350mV. So, a
differential input from -500mV-500mV was applied. A transient simulation
was run for 13us at a clock frequency of 50MHz. ADC output is followed
by a 6-bit DAC in order to generate a stair case output to see if the
converter is giving the correct output codes.

~—Ramp Input
—DACOUT
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"0 2000 4000 6000 8000 10000 12000
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Figure 4.22 Five stage ADC model Ramp test

Figure 4.22 shows the linearity test results. For a 6-bit converter, 64
different output codes are obtained with a step size of 1 LSB. Where 1 LSB
is 15.62 mV for a 6-bit ADC. The output tracks the input of the ADC very
well. As everything is ideal, so there is no missing code or glitch in the
output.

4.8.1.2 ADC Single-tone test

Figure 4.23 shows the test bench setup for a single-tone test with a transient
stop time of 48us. Simulations were performed at two different input
frequencies, 317.38KHz and 13.01MHz using Cadence Spectre transient
analyses. Figure 4.24 shows the simulation result for an input frequency of
317.38KHz at a clock rate of 50MHz. A sine wave can be seen at the
output.
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Figure 4.24 Single-tone test simulation result for input frequency of 317.38KHz

The output data is then exported to MATLAB using SampleToFile block to
check the SNDR and SFDR. SNDR is the ratio of fundamental signal
power to the total noise and harmonic distortion at ADC output spectrum
excluding dc when a sinusoid is applied as an input to the ADC. Better
SNDR ensures a good overall dynamic performance of an ADC. SFDR is
the ratio of the full-scale fundamental signal to the strongest spurious signal
in the spectrum from dc to fs/2. SFDR is an important performance
parameter because it tells how well the fundamental signal is distinguished
from the largest harmonic (spur) irrespective of where the harmonic falls in
the spectrum. 2048 data points are collected at the output for plotting FFT
spectrum. Figure 4.25 shows the ADC output FFT spectrum from dc to fs/2
after applying a differential sinusoid input of 317.38KHz. Theoretically,
according to equation 4.2 for a 6-bit ADC SNDR is 37.88dB.

SNDR = 6.02n + 1.76dB (4.2)

Where n is the resolution of converter.

Simulation results shows that the proposed ADC achieves an SNDR of
37.4dB for a full scale sine input which is very close to the theoretical value
of 37.88dB and an SFDR of 52.26dB which is promising for a 6-bit
performance. Figure 4.26 shows the FFT spectrum for 13.01MHz input.
Proposed ADC system model achieved an SNDR of 37dB and an SFDR of
51.31dB. Measured SNDR and SFDR shows the system modeling is
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working well for both low and high input frequencies at a sampling rate of
50Msample/sec.

Spectrum of 6-bit Pipelined ADC Output
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4.8.2 Transistor Level Simulation

Five stages are cascaded together with a shift register and digital correction
logic to obtain a 6-bit converter to test the functionality of the pipelined
ADC at a clock of 50MHz. Figure 4.27 shows the schematic arrangement
for a 6-bit pipelined ADC. Two tests have been performed using Cadence
Spectre transient analyses to test the working function of pipelined
converter. In the first test, input is ramped from -500mV to 500mV and the
digital output is converted into analog using a 6-bit DAC. The output digital
codes are then compared with an analog input to test the linearity of the
converter. The second test is the single tone test to simulate the dynamic
performance of the pipelined converter like SNDR and SFDR.
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4.8.2.1 ADC Linearity test
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Figure 4.28 shows the test bench setup for testing the linearity of the
designed ADC. For the linearity test, input is ramped from -500mV to
500mV. Transient simulation has been performed with a stop time of 13us.
As seen from figure 4.29 the output is staircase with 64 different output
codes for 6-bit resolution. The step size in the staircase output is uniform
with a step height of 1LSB, where 1LSB = 15.62mV. Conversion is linear
with no missing code or glitch in the output transfer curve. The output
tracks the input which is a straight line with very little deviation.
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Figure 4.29 Five stage ADC Ramp test

4.8.2.2 ADC Single-tone test

A single-tone test has been performed in order to check the SNDR and
SFDR of the converter. Two tests have been performed for two different

input frequencies. First a sine wave input with fy;, = % * 50MHz has

been applied at ADC input where 13 is a prime number (bin number), 2048
is number of samples collected at the output, 50MHz is the clock

frequency. Second input frequency is a sine wave input with f;, = %

50MHz. Figure 4.30 shows the test bench setup for the single-tone test.
Two voltage controlled voltage sources are used to generate the differential
input for the pipeline converter from a single vsin source. The output data is
saved in a file for further processing in MATLAB. The SampleToFile block
is used to save the output data samples.
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Figure 4.31 Single-tone test Transient response for input frequency of 318.38KHz

Figure 4.31 shows the ADC output after performing a single-tone test for an
input frequency of 317.38KHz. A sine wave can be seen at ADC output.
The output data is exported to MATLAB to measure the ADC SNDR and
SFDR. Output spectrum is plotted by taking 2048-point FFT with an input
frequency of 317.38KHz and 13.01MHz at 50Msample/sec sampling rate.
SNDR and SFDR is calculated using two functions in MATLAB (adcfft
and adcperf). Figure 4.32 shows the ADC output FFT spectrum for sine
input at 317.38KHz. Simulation results shows that the proposed ADC
achieves an SNDR of 37.1dB which is very close to an ideal SNDR of
37.40dB whereas the achieved SFDR is 47.47dB which is promising for a
6-bit ADC performance. Figure 4.33 shows the FFT spectrum for
13.01MHz input. Achieved SNDR and SFDR is 36.83dB and 46.73dB. The
proposed ADC works well for both high and low input frequencies at a
sampling rate of 50Msample/sec.

7
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Figure 4.33 FFT Plot for input frequency of 13.01MHz

4.9 INL and DNL

INL/DNL determines the static nonlinearity of the designed ADC. Static
nonlinearities tell if there is any missing code in overall ADC output.
Missing code is if certain digital output codes are missing and never appear
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at the ADC output. For an ADC to be linear having no missing codes
INL/DNL must be within £0.5LSB. INL is the deviation of the output
transfer curve from ideal straight line whereas DNL is a measure of
deviation of actual step height from ideal step value of 1LSB. INL and
DNL is measured using code density testing [32]. A text file is generated
from output transfer curve in Figure 4.26 and data is exported to MATLAB
for calculating and plotting INL/DNL. Figure 4.34 and Figure 4.35 shows
the DNL and INL plots for the designed ADC. Measured DNL is +0.15LSB
and -0.27LSB. Measured INL is +0.31LSB and -0.28LSB, which is
promising for a 6-bit performance.
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Figure 4.34 DNL Plot
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CHAPTER 5

5 Conclusions

The objective of this Master thesis is to design a 6-bit 5 stage high speed
pipelined ADC which will operate on 1.2 V power supply. The input to the
converter is -500mV to 500mV (600mV Common mode voltage) fully
differential input. All the requirements of the project have been fulfilled.
The converter is running well at 50MHz and consumes only 31.62mW.
Designed pipelined ADC shows good linearity as it achieves an SNDR of
37.1dB, SFDR of 47.47dB and INL/DNL < 0.5LSB. Measured SNDR is
close to the theoretical SNDR of 37.88dB for a 6-bit performance and
achieved SFDR is above 40dB which shows a good dynamic performance
for a 6-bit ADC. Measured INL/DNL is within £0.5 LSB with no missing
codes in overall pipelined ADC output.
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CHAPTER 6

6 Future works

Future work involves extending the number of stages to make it a high
resolution converter. Implementation of the pipelined converter using Op-
amp sharing and removal of the input sample and hold stage or through
digital calibration in digital domain. Further work also involves layout of
the whole design so it can be fabricated on a chip.

82



References

[1] Behzad Razavi, “Principles of Data Conversion System Design,” IEEE
press, 1995.

[2] Imran Ahmed, “Pipelined ADC enhancement techniques,”
Ph.D.thesis,University of Toronto, 2008.

[3] Franco Maloberti, “Data Converters,” Springer,2007.

[4] P. Gray, P. Hurst, S. Lewis, R. Meyer, “Analysis and Design of Analog
Integrated Circuits 5" Edition,”, Wiley, 2010.

[5] B.Razavi, “ Design of Analog CMOS Integrated Circuits,” McGraw-
Hill Science.

[6] Johns, David and Martin, Ken, “Analog Integrated Circuit
Design,” John Wiley & Sons, Inc.: New York, 1997.

[7] A.Abo, “ Design of reliability of low-voltage switched-capacitor circuits
,” Ph.D thesis, University of California, Berkeley, 1999.

[8] R.Jacob Baker, “ CMOS circuit design, Layout and simulation 3rd
Edition,” IEEE press 2010.

[9] Filip Oredsson, Imad Ud Din, “Tunable Multi-Band channel select
Filter for an LTE radio receiver,” Master’s Thesis, Lund University,
SWEDEN, 2006.

[10] O.Choksi and L.R.Carley, “ Analysis of Switched- Capacitor
Common-Mode Feedback Circuit,” IEEE TRANSACTIONS ON
CIRCUITS AND SYSTEMS —I1I: ANALOG AND DIGITAL SIGNAL
PROCESSING, VOL.50, NO. 12, DECEMBER 2003, pp. 906-917.

[11] P.Wu, R.Schaumann, P.Latham, “Design Considerations
For Common-Mode Feedback Circuits in Fully-Differential

83



Operational Transconductance Amplifiers with Tuning,” IEEE
International Symposium on Circuits and Systems, vol.3, June 1991,
pp. 1363 — 1366.

[12]http://www.eit.Ith.se/fileadmin/eit/courses/etiO63/datasheet09 extended
-pdf

[13] Katyal.V, Geiger, R.L, Chen D.J, “ A NEW HIGH PRECISION
LOW OFFSET DYNAMIC COMPARATOR FOR HIGH
RESOLUTION HIGH SPEED ADCs,” Circuits and Systems, 2006,

APCCAS 2006, IEEE Asia Pacific Conference on 4-7 Dec, 2006.

[14] Phillip E. Allen, Douglas R. Holberg, “CMOS Analog Circuit Design
Second Edition,” Oxford University Press ,2002.

[15] Pedro M. Figueiredo and Joao C. Vital, “Kickback Noise Reduction
Techniques for CMOS Latched Comparators,” IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS —II: EXPRESS
BRIEFS, VOL.53, NO.7, JULY 2006.

[16] http://ims.unipv.it/courses/Trash/PresentationNOO06.pdf.

[17] A.Yukawa, “A CMOS 8-Bit High-Speed A/D Converter IC,”
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. SC-20,
NO.3, JUNE 1985.

[18] P.Amaral, J.Goes , N.Paulino and A.Steiger-Garcao, “ An Improved
Low-Voltage Low Power CMOS Comparator to be used in High-Speed
Pipeline ADCs,” IEEE International Symposium on Circuits and
Systems, vol.5, May 2002, pp. v-141 - v-144,

[19] S.Sheikhaei, S.Mirabbasi, A.Ivanov, “A 0.35um CMOS comparator
circuit for high-speed ADC applications,” IEEE International
Symposium on Circuits and Systems, vol.6, July 2005, pp. 6134-6137.

[20] Professor Y.Chiu, “ Flash ADC,” Advanced Analog IC Design ECE
581 Fall 2009.

84


http://www.eit.lth.se/fileadmin/eit/courses/eti063/datasheet09_extended.pdf
http://www.eit.lth.se/fileadmin/eit/courses/eti063/datasheet09_extended.pdf
http://ims.unipv.it/courses/Trash/PresentationNO06.pdf

[21] H.Lee, ““ A 12-b 600 Ks/s digitally self-calibrated pipelined
algorithmic ADC,” IEEE J.Solid-State Circuits, vol. 29, no. 4, pp. 509-
515, Apr.1994.

[22] A.Yukawa, “ A CMOS 8-bit high-speed A/D converter IC,” IEEE J.
Solid-State Circuits, vol. SC-20, no. 3, pp. 775-779, Jun.1985.

[23] S.Sutarja and P.Gray , ““ A pipelined 13-bit , 250-Ks/s, 5-V analog-to-
digital converter,” IEEE J. Solid-State Circuits, vol.23, no.6, pp.1316-
1323, Dec.1988.

[24] G.Yin, F.Eynde, and W.Sansen , “ A high-speed CMOS comparator
with 8-b resolution,” IEEE J.Solid-State Circuits , vol.27, no. 2,
pp.208-211, Feb. 1992,

[25] P.Amaral, J.Goes, N.Paulino , and A.Steiger-Garcao , “ An improved
low-voltage low-power CMOS comparator to be used in high-speed
pipelined ADCs.” In Proc. IEEE Int. Sym. Circuits Syst., May 2002,
vol.5, pp.141-144.,

[26] K.Uyttenhove and M.Steyaert, “ A 1.8 V 6-bit 1.3 GHz flash ADC in
0.25um CMOS,” IEEE J. Solid-State Circuits, vol. 38, no. 7,
pp.1115-1122, Jul.2003.

[27]http://www.engga.uwo.ca/people/adounavis/courses/ece480a/notes/ece
480_chap5.pdf.

[28] P.K.Chan and J.Cui , “ A Precision CMOS Sample-and-Hold Circuit
with Low Temperature Drift for Integrated Transducers.” The 2004
47th Midwest Symposium on Circuits and Systems, vol.1, July 2004,
pp. | — 145-8.

[29] I.Mehr and L.Singer, “A 55mW, 10-bit, 40-Msample/s
Nyquist-Rate CMOS ADC,” IEEE J. Solid-State Circuits, vol.35,
August 2002, pp. 318-325.

[30] W.Yang, D.Kelly, L.Mehr, M.T.Sayuk, L.Singer, “A 3-V 340-mW 14-

b 75-Msample/s CMOS ADC with 85-d B SFDR at Nyquist Input.”
IEEE J.Solid-State Circuits, vol.36, no.12, December 2001, pp. 1931 —

85


http://www.engga.uwo.ca/people/adounavis/courses/ece480a/notes/ece480_chap5.pdf
http://www.engga.uwo.ca/people/adounavis/courses/ece480a/notes/ece480_chap5.pdf

1936.

[31] Xi Long, “DESIGN OF A 9 STAGE 10 BIT HIGH SPEED
PIPELINE ANALOG TO DIGITAL CONVERTER,” Master thesis
University of Delaware Summer 2010.

[32] http://www-
inst.eecs.berkeley.edu/~ee247/fa08/files07/lectures/L12 f08.pdf

[33] S. H. Lewis and P. R. Gray, “A pipelined 5-Msamples/s 9-bit analog-
to-digital converter,”
IEEE J. Solid-State Circuits, vol. SC-22, pp. 954-961, Dec.,1987.

[34] Jipeng Li, “Accuracy Enhancement Techniques in Low-Voltage High-
Speed Pipelined ADC Design,” Ph.D.thesis, Oregon State University,
2003.

[35] K. Sockalingam and R. Thibodeau, “10-bit, 5mhz, pipeline
a/dconverter.” Report, July 2002.

[36] S. H. Lewis, et al., “10b 20Msample/s analog-to-digital converter,”
IEEE J. Solid-State Circuits, vol. 27, pp. 351-358, March 1992.

[37] Y. M. Lin, B. Kim, and P. R. Gray, “A 13b 2.5MHz self-calibrated
pipelined A/D converter in 3-um CMOS,” IEEE J. Solid-State
Circuits, vol. 26, pp. 628-636, April 1991.

[38] Matsuura, T., et al., “A 95mW, 10b, 15MHz low-power CMOS ADC
using analog double-sampled pipelining scheme,” Symposium on VLSI
Circuits Dig. Tech. Papers, pp. 98-99, Jun. 1992.

[39] C. S. G. Conroy, D. W. Cline, and P. R. Gray, “An 8-bit 85-MS/s
parallel pipeline A/D converter in 1-um CMOS,” IEEE J. Solid-State
Circuits, vol. 28, no. 4, April 1993, pp. 447-454.
[40] B. S. Song, M. F. Tompsett, and K. R. Lakshmikumar, “A 12-bit 1-
Msample/s capacitor error-averaging pipelined A/D converter,” IEEE
J. Solid-State Circuits, vol.23, no. 6, December 1988, pp. 1324 — 1333.

[41] M. Yotsuyanagi, E. Etoh, and K. Hirata., “A 10-b 50-MHz pipelined

86


http://www-inst.eecs.berkeley.edu/~ee247/fa08/files07/lectures/L12_f08.pdf
http://www-inst.eecs.berkeley.edu/~ee247/fa08/files07/lectures/L12_f08.pdf

CMOS A/D converter with S/H,” IEEE J. Solid-State Circuits, vol. 28,
no. 3, March 1993, pp. 292-300.

[42] C. W. Mangelsdorf, H. Malik, S.-H. Lee, S. Hisao, and M. Martin, “A
two-residue architecture for multistage ADCs,” in ISSCC Dig. Tech.
Papers, Feb. 1993, pp. 64-65.

[43] S. Hosotani, et al., “An 8bit 20MS/s CMOS A/D converter with
50mW power consumption,” |IEEE J. Solid-State Circuits, vol. 25, no.
1, February 1990, pp. 167-172

[44] T. Matsuura, et al., “An 8b S0MHz 225mW submicron CMOS ADC
using saturation eliminated comparators,” in Proc. IEEE Custom
Integrated Circuits Conf., May1990, pp 6.4.1-6.4.4.

[45] B. Razavi and B. A. Wooley, “A 12b SMSample/s two-step CMOS
A/D converter,” IEEE J. Solid-State Circuits, vol. 27, no. 12,
December 1992, pp. 1667-1678.

[46] M. Ishikawa and T. Tsukahara, “An 8-bit 50-MHz CMOS subranging

A/D converter with pipelined wide-band S/H,” IEEE J. Solid-State
Circuits, vol. 24, no. 6, December 1989, pp. 1485-1491.

87



List of Figures

Figure 1L FIash ADC .......covoiiieiece et 9
FIgure 1.2 SAR ADC ...t 10
Figure 1.3 Delta Sigma ADC ........ccooeiieieceesieee e 11
Figure 2.1 Pipeline ADC architeCture............ccoouvveieiienencne e, 16
Figure 2.2 1.5-bit Pipeling Stage.........ccoevveiiiiieie e 17
Figure 2.3 SHA SChEMALIC ........coviiiiiiiie e 18
Figure 2.4 Clock WaVEfOrmMS ........ccccveiieiiciesie e 19
Figure 2.5 1.5-bit Sub ADC SChematiC ...........ccevveiiereneieniceseeeeeeeee, 21
Figure 2.6 1.5-bit MDAC SChematiC.........cccovveveiiieiieiececeee e 22
Figure 2.7 Non-Overlapping CIOCKS...........cccoviiiiiiiii e, 23
Figure 2.8 Transfer Curve of 1.5-bit MDAC ..........ccccoeviiiieieeie e 25
Figure 2.9 Flash ADC transfer curve with defined threshold levels........... 26
Figure 2.10 2-bit Flash ADC schematic...........ccccccoveiiveiiiiieciecc e 26
Figure 2.11 Shift REGISTET .....ccviiiiiieiieie e 27
Figure 2.12 Digital combination of the bits for 1.5-bit/stage[3].................. 28
Figure 2.13 FUl AU ..o 28
Figure 3.1 Sample and Hold Circuit ............ccccoveveiieiieie e 29
Figure 3.2 Bottom Plate Sampling.........cccoooviiiiniiniiii e, 30
Figure 3.3 Fully Differential 0p-amp.......c.ccccviveiiiiciieicccceee e 31
Figure 3.4 A block diagram of a two stage operational amplifier [8]......... 32
Figure 3.5 Two stage fully differential operational amplifier with common

mode feedbaCk CIFCUIL [4] ......oiviiiieeeiee e 33
FIQUIE 3.8 CIMFB ...t 34
Figure 3.7 Common mode Detector............ccoviireeieiieie e 35
Figure 3.8 Common Mode Sense AMpPlifier..........ccovveiiiiciiiececc e 35
Figure 3.9 Basic Comparator Symbol................ccooiiiiiiiiiiiii.. 38
Figure 3.10 Propagation Delay Time [14] .....ccccooviiiiieiiiieceece e 39
Figure 3.11 Comparator transfer curve with hysteresis........................ 40
Figure 3.12 Comparator Block Diagram.................cooooiiiiiiiin, 41
Figure 3.13 Fully-Differential Pre-Amplifier.................ccooeeiiiiinni 42
Figure 3.14 Regenerative latch..................ooi 43
Figure 3.15 Comparator Schematic.................oooviiiiiiiiiiiiian.. 45
Figure 3.16 Output Buffer................oooiiiiii e 46
Figure 3.17 SR-Latch.........oooiiiii e, 46
Figure 3.18 Two Phase Non-Overlapping Clock ............................... 48
Figure 4.1 Simulation Results of CIOCK ..........cccccveiiiiiiiiiiiecc e, 50
Figure 4.2 Operational Amplifier Test Bench ..........ccccceveniiininiiicienen, 51
Figure 4.3 AC Gain and Phase RESPONSE .........ccceeiveiiieeiieiiieesieesiee e 52

88



Figure 4.4 Common Mode Feedback Circuit Phase Margin.................. 53

Figure 4.5 Comparator Test Dench..........cccoevveii i 54
Figure 4.6 Simulation Result of differential Comparator ..............c.cccvnee. 54
Figure 4.7 SHA SChemMaLiC........ccoevvviieiieie e 55
Figure 4.8 SHA TeSt DENCN.......ociiiiiice e, 56
Figure 4.9 Simulation Results of SHA...........ccoooii i 57
Figure 4.10 Simulation Results of SHA for few clock cycles................ 58
Figure 4.11 Sub ADC testbench............ccooiiiiiiiiiiiiiiiiiiieee, 58
Figure 4.12 Simulation Result of SUb ADC ........ccooiiiiiiiiiiceeee, 59
Figure 4.13 Sub DAC model Test bench ..o 60
Figure 4.14 Sub DAC model Transient RESPONSE .........cccevvrvrerinveeennen, 60
Figure 4.15 Residue Plot from a 1.5-bit stage System Model .................... 61
Figure 4.16 1.5-bit Stage System Model.................coiviiiiiiiiiiin... 62
Figure 4.17 Residue plot........c.ooviniiii e, 63
Figure 4.18 Residue Plot at first sub ADC transition.......................... 64
Figure 4.19 1.5-bit stage Testbench................ccoooiiiiiiiiiii i, 65
Figure 4.20 Five Stage Model Schematic...............coceviiiiiiiiiiiininnn, 66
Figure 4.21 Five Stage Model Test bench..................ooooiiiiiiinnn, 67
Figure 4.22 Five stage ADC model Ramp test.................cocoeviiininnn. 68
Figure 4.23 Test bench setup for a System model single-tone test........... 69
Figure 4.24 Single-tone test simulation result for input frequency of

317 38KHZ. ..o 70
Figure 4.25 FFT Plot for input frequency of

B17.38KHZ. .ttt 71
Figure 4.26 FFT Plot for input frequency of 13.01MHz...................... 71
Figure 4.27 Five stage Schematic............c.coeuiiiiiiiiiiiiiie, 73
Figure 4.28 Test bench for a five stage pipelined ADC Linearity Test......74
Figure 4.29 Five stage ADC Ramp teSt .......ccccoveviiiciieie e 75
Figure 4.30 Test bench setup for a single-tone test............................. 76
Figure 4.31 Single-tone Test transient response for input frequency of
BL7.3BKHZ. ..o 77
Figure 4.32 FFT Plot for input frequency of

BL7.3BKHZ. .. 78
Figure 4.33 FFT Plot for input frequency of 13.01MHz...................... 78
Figure 4.34 DNL PIOt......ooeiiieiee e 79
Figure 4.35 INL Plot. ... ..o e 80

89



List of Tables

Table 1.1 Comparison Of Different ADCS............coooevviiiiiiininn... 8

Table 1.2 Pipeline ADC Specifications..............cccoovviiiiiiininnennn, 13
Table 2.1 Binary Representation...............ccoooeviiiiiiiiiiiiiin... 20
Table 3.1 Operational Amplifier

SPeCIfiCatioNS. ...ttt . 36
Table 3.2 Transistor DIiMensions............o.vvrivriinieneineenenennne, 37
Table 3.3 Pre-Amplifier Aspect Ratios.............oooivviiiiiiiniininn.s 42
Table 3.4 Regenerative Latch Aspect Ratios....................ccevennen. 44

90



List of Acronyms

ADC
SHA
DSP
DAC
MSB
LSB
HDTV
MDAC
GBW
SNDR
CMFB
Op-amp
INL
DNL
SFDR

Analog to Digital Converter
Sample and Hold Amplifier
Digital Signal Processing
Digital to Analog Converter
Most significant bit

Least significant bit

High definition television
Multiplying DAC
Gain bandwidth product
Signal-to-noise and distortion ratio
Common mode feedback
Operational amplifier
Integral nonlinearity
Differential nonlinearity
Spurious-free dynamic range

91



UNIVERSITY

Series of Master’s theses
Department of Electrical and Information Technology
LU/LTH-EIT 2016-549 http://www.eit.Ith.se



