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English Abstract

Time-based Analog-to-Digital Converter (T-ADCs) have gained most
of researchers’ interest recently for their higher performance than other
analog-to-digital converters in terms of operation speed, input dynamic
range and power consumption. However, T-ADCs suffer from serious
drawbacks which are the output delay non-linearity and the limited
dynamic range of the input signal. In this research, two proposed 5 bits
voltage-to-time converters are presented for T-ADCs at which the input
voltage signal is connected to the body terminal of the starving
transistor rather than its gate terminal. These proposed converters
exhibit better linearity which is analytically proven in the thesis. The
maximum linearity error is reduced to 0.4%. In addition, the input
dynamic range of these converters is increased to 800mV for a supply
voltage of 1.2V by using industrial hardware-calibrated TSMC 65nm
CMOS technology and the proposed ADCs operate at a clock
frequency of 500MHz. Moreover, a 3-bit highly linear Time-based
Analog-to-Digital Converter (T-ADC) is proposed. This proposed ADC




exhibits high linearity, simple design and low power which make it the
best solution for the problems that limit the performance of the
Multiple-Input Multiple-Output (MIMO) systems. The proposed ADC
exhibits a maximum linearity error of 0.56%, a wide input dynamic
range of 800mV and a low power of 2.2mW. The supply voltage used
equals to 1.2V in industrial hardware-calibrated TSMC 65nm CMOS
technology. The proposed ADC operates at a clock frequency of 4GHz
and a maximum input frequency of 2GHz.
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Summary

Analog-to-digital converter (ADC) is considered the link between the
real world, represented by real-time analog signals and the digitized
world, represented by digital integrated circuits, microprocessors and
microcontrollers. ADCs are the key components in most recent electronic
devices especially in software-defined radio (SDR), biomedical devices

and low-power electronic devices.

Recent ADC architectures are facing many serious limitations due to
CMOS technology scaling. One of these limitations is the degradation of
the signal-to-noise ratio (SNR) due to the reduction of the supply voltage.
Moreover, the dynamic range of analog input signal is reduced as the
threshold voltage is not affected by the continuous scaling of CMOS

transistors.

These limitations led to the design of the time-based analog-to-digital
converter (T-ADC). In this ADC, the input voltage signal is converted to
a delay signal first where the delay is proportional to the input signal
value. Following that, this delay signal is converted to a digital code. This
allows the processing of the signal to be in the time domain. However, the
performance of the Voltage-to-Time Converter (VTC) circuit in the T-
ADC is limited by two major drawbacks. These drawbacks are the output

delay non-linearity and the limited dynamic range of the input signal.

In this Thesis, two proposed 5 bits voltage-to-time converters are
presented for T-ADCs at which the input voltage signal is connected to

the body terminal of the starving transistor rather than its gate terminal.
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These proposed converters exhibit better linearity which is analytically
proven in the thesis. The maximum linearity error is reduced to 0.4%. In
addition, the input dynamic range of these converters is increased to
800mV for a supply voltage of 1.2V by using industrial hardware-
calibrated TSMC 65nm CMOS technology and the proposed ADCs
operate at a clock frequency of 500MHz.

Thanks to their simple design, the proposed VTC circuits occupy a
small area of 26.67 um? for the first proposed VTC and 11.16pum? for the
second proposed VTC, while consuming very small power of 18uW for
the first proposed VTC and 15uW for the second proposed VTC. The
effect of PVT variations on the proposed designs is discussed. In addition,
calibration circuits are proposed to overcome the limitations in the VTC
circuits’ performance due to these variations. Moreover, Time-to-Digital
Converter (TDC) is proposed as the performance of the VTC is limited by
the design of the time-to-digital converter (TDC) circuit that follows it.
The TDC affects the linearity of the whole ADC and its performance
should be investigated. Differential non-linearity (DNL) and integral non-
linearity (INL) for the whole ADC are calculated as they are the most

important parameters that represent the linearity in the whole ADC.

Since the proposed designs are suitable for applications with limited
power budget, such as internet of things (IoT) and wearable devices, the
proposed VTC circuits can be applied for low-resolution ADCs for
wireless communication receivers in Multiple-Input Multiple-Output
(MIMO) systems as the power consumption is a much more important

factor than resolution.
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Hence, a 3-bit highly linear Time-based Analog-to-Digital Converter
(T-ADC) is proposed. This proposed ADC exhibits high linearity, simple
design and low power which make it the best solution for the problems
that limit the performance of the MIMO systems. The proposed ADC
exhibits a maximum linearity error of 0.56%, a wide input dynamic range
of 800mV and a low power of 2.2mW. The supply voltage used equals to
1.2V in industrial hardware-calibrated TSMC 65nm CMOS technology.
The proposed ADC operates at a clock frequency of 4GHz and a

maximum input frequency of 2GHz.
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Chapter 1 Introduction

Chapter 1

Introduction

Analog-to-Digital Converter (ADC) is considered the bridge that
links the real world represented in real-time signals, which are analog
signals, with the digitalized world represented in modern digital
integrated circuits. Since all the input signals are analog in nature, ADCs
are found in all modern electronic devices such as microprocessors,

biomedical devises and all cellular devices.

ADC is the key metric that defines the performance of the whole

system in terms of the power consumption, resolution and output speed.

Technology scaling is considered the main problem that affects the
design of the ADC. With continuous technology scaling, the supply
voltage is reduced which reduces the dynamic range of the analog input
signal that is processed by the ADC. Moreover, reducing the supply
voltage results in degradation of the Signal-to-Noise Ratio (SNR) as the

thermal noise doesn’t scale with technology [1, 2].

1.1 ADC Design Trends

In order to improve power efficiency, speed and cost along with
technology scaling, there are three design trends for ADCs as shown
below [1, 3]:
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1.1.1. Minimalistic Design

The main goal in this approach is to simplify the analog sub-circuits
in the ADC to improve the overall power dissipation although this will
affect the accuracy in measuring the input voltage. An example of this
trend is to remove or simplify the op-amp blocks in ADC as in op-amp-
less implementation of pipeline ADCs [4] in which the op-amp is
replaced with open-loop amplifiers. Another example is to replace op-
amps with comparators in switched capacitor circuits as shown in Fig 1.1
and Fig. 1.2 [5].

V{QT“_ v s o
e RN Sari

Vem
f ¢|.‘\ VCM .

VCM

Figure 1.1. Conventional switched capacitor gain stage [5].
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Figure 1.2. Comparator-based switched capacitor gain stage [5].
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1.1.2. Digitally-Assisted Analog Design

In this approach, the main idea is to reduce the accuracy of
measuring the analog input signal in the analog circuitry while adding
digital calibration circuits to correct imperfections in the input analog
signal in the digital domain. This approach results in lower power

consumption and higher operation speed.

One example of this approach is the use of open-loop amplifiers in
pipeline ADCs while correcting the nonlinearities caused by open-loop
amplifiers in the digital domain [4]. Figure 1.3 shows the conventional
pipeline stage while Fig. 1.4 shows the usage of open-loop amplifier in
the pipeline stage [4]. Figure 1.5 shows the digital non-linearity
compensation circuit that makes the back-end conversion error (g;) very
small [4].

\I I
ADC Switches l
’I’ [

D +V

REF

Figure 1.3. Conventional pipeline stage [4].
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[

ADC )I’ Switches

Ty

[ 4
D £V REF

Figure 1.4. Pipeline stage with open-loop amplifier [4].
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Figure 1.5. Digital non-linearity compensation [4].
1.1.3. Time Domain Analog Signal Processing

The main idea of this approach is to convert the input signal from
voltage domain to time domain first before processing it because
processing the analog signal can be done using digital circuitry instead of
the analog one. Thus, this approach can benefit from the advantages of
technology scaling in reducing power consumption and the area at the

same time.

Many designs have been introduced as a result using this approach

such as the design of Time based Analog to Digital Converters (T-ADC).
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In T-ADC, the input voltage signal is converted to a delay signal first

before processing.

The analog input signal can be converted into frequency instead of
time using the voltage-to-frequency converter [6] or Voltage-Controlled
Oscillators (VCOs), where the VCO frequency is linearly proportional to
the analog signal amplitude. Then, frequency is converted to digital code

using phase detectors [7, 8].

1.2 Time-Based Analog-to-Digital Converters

The design of time-based ADCs has got more attention by
researchers as it is proven by recent studies that time-based ADCs can
overcome the limitations of technology scaling that were previously
stated.

In time-based ADC, the analog input voltage signal is converted to a
delay signal. This delay is proportional to the amplitude of the analog
input signal. Following that, this delay signal is processed by digital
circuitry and converted to a digital code. This allows reducing the analog
circuitry which minimizes the impact of technology scaling on the ADC
design. Moreover, processing the signal in time domain is an important
advantage due to the reduction of gate delay as a result of technology
scaling. This improves time resolution in nanometer-scale devices,

despite the reduction in supply voltage.

1.3 Problem Statement

Despite the significant improvement in performance of the time-

based ADCs, these ADCs are facing serious limitations which need to be

5
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taken in consideration and more research should be directed toward
overcoming these limitations. These limitations are the output delay non-

linearity and the limited dynamic range.

The output delay non-linearity results from the non-linear response of
the sub-circuitry that converts the analog signal into delay signals. This
non-linearity results in inaccurate conversion of the input signal to digital
code. More research should be done to design new sub-circuits to
maintain the linearity of the output delay response. Moreover, new digital
calibration algorithms may be implemented to reduce the non-linearity

error.

Limited dynamic range is considered a major drawback in the design
of time-based ADCs. This limitation appears as a result of reducing the
supply voltage while the threshold voltage of the CMOS devices is kept
unchanged. New design techniques should be done to reduce the effect of
the threshold voltage value on the input signal dynamic range.

1.4 Thesis Objectives

The main objectives of this thesis are:

e Design new circuits that can reduce the non-linearity of the output
delay signal at higher input values.

e Perform detailed analytical analysis for the proposed designs to prove
that the linearity has improved.

e A full performance analysis should be done using Cadence Virtuoso

simulator program to study the proposed circuits’ performance against
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second order effects such as process variations, supply voltage

variations, temperature variations, and jitter.

1.5 Thesis Organization

The rest of the thesis is organized as follows:

Chapter 2 introduces a literature review on the most common ADC
architectures and their performance. It provides a detailed discussion
about time-based ADCs especially the Voltage-to-Time Converter (VTC)
and Time-to-Digital Converters (TDC). Moreover, novel trends in the
design of VTC circuits are discussed in details.

Chapter 3 introduces the proposed VTC circuits providing a strong
analytical analysis to proof the improvement in the performance of the
proposed circuits in terms of the output delay non-linearity, power
consumption and dynamic range. Moreover, a discussion is included
about the effect of some important factors on the performance of the
proposed VTC circuits such as Process-Voltage-Temperature (PVT)

variations.

Chapter 4 introduces the Time-to-Digital Converter (TDC) circuit for the
proposed VTC as the TDC affects the linearity of the whole ADC.
Differential Non-Linearity (DNL) and Integral Non-Linearity (INL) are
also introduced.

Chapter 5 presents using the first proposed ADC in the Base Station (BS)
in Multiple Input Multiple Output (MIMO) systems.

Chapter 6 includes the conclusions and future work followed by the list of

references.
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Chapter 2

A Literature Review on Common ADC
Architectures

In this chapter, we discuss the most common ADC architectures
including the theory of operation and performance analysis. Moreover, a
detailed survey is presented on the common commercial ADC
architectures. The data in this survey are collected from major integrated
circuits companies such as Texas Instruments and Analog Devices for
about 1500 commercial ADCs. This chapter aims to help researches to
choose from the most common architectures the ADC that fits their

desired application.

Performance metrics and design specifications for the ADC are
discussed first. Then, a detailed description of ADC architectures is

discussed.

2.1 Performance Metrics

The overall dynamic performance of ADCs can be identified by five
important metrics as follows [9]:

2.1.1. Signal to Noise Ratio (SNR)

It is defined by the ratio between the signal power to noise power as

shown below:

SNR = 10 log,,[ 28nalPower ) (2.1)

Noise Power
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2.1.2. Total Harmonic Distortion (THD)

It is defined as the ratio between the signal power to harmonic

distortion power as shown below:

Signal Power ]

Distortion Power

2.1.3. Signal to Noise and Distortion Ratio (SNDR)

It is defined by the ratio between the signal power to the sum of

distortion and noise power as shown below:

(2.3)

SNDR = 10 10g1o [ Signal Power ]

Distortion Power+Noise Power

2.1.4. Effective Number Of Bits (ENOB)

It represents the actual resolution of the ADC when taking in

consideration the circuit noise as follows:

SNDR(dB)-1.76
6.02

ENOB = (2.4)

2.1.5. Figure Of Merit (FOM)

Figure Of Merit (FOM) is considered the reference parameter that
can be used to compare the efficiency of different ADC topologies
regardless of their design. There are two common equations that describe
FOM in terms of ENOB, sampling frequency and power consumption as

shown below [10]:
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DR? Fg

FOM1 = (2.5)

FOM2 = ——— (2.6)

ZENOBFS

Where DR is the input dynamic range, P is the power consumption

and Fs is the sampling frequency.

2.2 Design Specifications
There are important parameters that should be taken in consideration
during selecting the appropriate design of ADC for a specific application.

These parameters are:

2.2.1 Resolution

It is a measure of how accurately the ADC can detect very small
changes in the input signal. Resolution can better described as the
minimum required change in the input signal in order to change the
corresponding digital output by 1 Least Significant Bit (LSB) and can be

described as follows [9]:

LSB = Yinrr 2.7)

2N

Where N is the number of bits of the ADC and Vin_FR is the full
range of the input signal.
2.2.2 Dynamic Range

It represents the maximum range of the input signal that can correctly
detected by the ADC. It represents an important metric during the

appropriate ADC architecture for a specific application.

10
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2.2.3 Latency (Output Delay)

It represents the time required by the ADC to convert the analog
signal to the digital code. As the latency decreases, the ADC becomes
more efficient. Some applications requires high speed ADCs such as
pipeline ADCs at the cost of power consumption while other applications
requires lower power consumption at the cost of operation speed. These

applications are discussed later in details.

2.2.4 Power Consumption

Although reducing the power consumed is a main goal in all ADC
architectures especially in mobile devices, this power reduction comes at
the cost of higher output speed in specific applications. In sum, there is a
trade-off between the power consumption and the operation speed.
Choosing between power consumption and latency is decided based on

the type of application the ADC is used for.

2.3 ADC Architectures

In this section, the most popular ADC architectures are discussed in
details at which the input voltage signal is directly converted to a digital
code such as flash ADC, Successive Approximation Register (SAR)
ADC, pipe-lined ADC and sigma-delta ADC.

Other types of ADCs convert the input voltage signal to intermediate
signal (time or frequency signals) first before converting it to digital code
such as single slope ADC, dual slope ADC, Pulse Width Modulation
(PWM) ADC and a Voltage-to-Time Converter (VTC) circuit followed
by a Time-to-Digital Converter (TDC) circuit. These ADCs will be

11
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discussed separately in details as they represent the main interest of this

thesis.

2.3.1 Flash ADC

An N-bit flash ADC is shown in Fig. 2.1. It consists of 2" resistors
that form a ladder voltage divider in order to divide the reference voltage
into 2" equal intervals. This reference voltage represents the maximum
value for the input voltage signal. The 2" comparators compare the input
voltage with each value of the voltage intervals resulting in logic ‘1’ if the
input voltage value is greater than the reference voltage of the
corresponding bit. The output of these comparators is a thermometer code

that needs a decoder to convert it to a digital code.

This ADC does not need a clock. In other words, the conversion time

is set when accessing the comparators and the decoder.

The advantage of this design is its high speed as it is only limited by
the delay of comparators and the decoder [9, 11]. However, this
architecture has low resolution [9, 11]. For higher resolution, the speed of
the flash ADC is affected by the loading of the large number of
comparators. Moreover, the area and the power consumption increase due

to using many comparators.

12
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Figure 2.1. N-bit Flash ADC.

2.3.2 Successive Approximation Register (SAR) ADC

SAR-ADC is one of the most commonly used architectures because it
gives better resolution with no more silicon area or more consumed

power. This high resolution comes at the cost of the operation speed.

An N-bit SAR-ADC is shown in Fig. 2.2. It consists of a comparator,
N-bit DAC and SAR. Its theory of operation depends on iteration process
for the output bits starting from the Most Significant Bit (MSB) to the
LSB.

First, the MSB is initialized by logic ‘1°. Then, the input voltage after
being sampled is compared with the DAC output (Ve2) using the
comparator. If the input voltage is greater than the DAC output the output

13
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of the comparator will be “1”, the MSB remains “1”” and the next bit will
be executed by comparing the sampled input with the new DAC output (
VRrer/2 + Vger/4) at the next edge of the clock signal. Else, the output of
the comparator will be ‘0’ and the MSB will be set to ‘0’. Then, the
sampled input will be compared with the DAC output in this case at the
next edge of the clock signal to determine the value of the next bit. This
iteration process will be repeated until the LSB is executed and the End
Of Conversion (EOC) signal becomes ‘1°. The operation procedure of this

ADC is explained in the flowchart shown in Fig. 2.3.

“Toe EOC
Clock SAR
Dy Dne2 D1|Dy
‘]ref DAC

Comparator

Vin ————-| S/H >

Figure 2.2. N-bit SAR-ADC.
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Figure 2.3. Operation flow chart for N-bit SAR-ADC.

For further illustration, take the input voltage range equals to 1volt
(Vresf = 1), Vin = 0.6v and the SAR-ADC is a 4-bit ADC. The solution

procedure is as follows:

Since Vin > Vapc (Vret/2); (0.6 > 0.5), then the MSB (bit 3) is ‘1°.
Since Vin < Vapc + Vi /4; (0.6 < 0.5+0.25), then the next bit (bit 2) is
‘0’. Since Vin < Vapc + Vier 18; (0.6 < 0.5+0.125), then the next bit (bit 1)
is ‘0’. Since Vin > Vapc + Vi /16; (0.6 > 0.5+0.0625), then the next bit
(bit 1)is “1°.

15
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Hence, the final digital output that represents the input voltage of 0.6
volts is ‘1001’ which equivalent to 0.5 + 0.0625 = 0.5625V. This error
difference decreases by increasing the number of bits (increasing
resolution). Table 2.1, shows the voltage that corresponds to each bit.

Table 2.1. Equivalent voltage for each bit in SAR ADC.

Bit Voltage (V)
3 0.5
2 0.25
1 0.125
0 0.0625

2.3.3 Pipeline ADC

Its theory of operation based on obtaining higher resolution by
cascading many lower resolution ADCs together. This helps in reducing
the complexity of the circuit and reducing the chip area used. As an
example, when using 8-bit flash ADC, 255 comparators are needed. By
using Pipeline ADC of 4 stages each stage is a 2-bit flash ADC; we can

obtain the same resolution with only 12 comparators instead of 255 ones.

However, this simple architecture will be at the cost of latency. In
another words, the delay time of pipeline ADC equals the sum of the

delay time of each stage

Figure 2.4 shows a single stage of an (NxM)-bit pipeline ADC. First,
the input signal is sampled then converted to a digital code using an N-bit
ADC, then the N-bits digital code is reconverted into an analog signal
using an N-bit DAC. This analog signal is then subtracted from the

sampled input signal to produce the residue signal. This residue signal is

16
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amplified by a gain of 2" to convert it back to a full-scale signal to make
it available for the next stage ADC. The shown stage is one of M- stages

that form the (NxM) overall resolution.

-] Sample & hold »

Gain stage

N-bit
Digital
Code

DAC

Figure 2.4. An N-bit single stage of (NxM) bit pipeline ADC.
2.3.4 Sigma Delta (SD) ADC

Its idea is based on oversampling for the input signal and reducing
the error by the feedback system. Figure 2.5 shows a first order Sigma-
Delta ADC. It consists of a summing node, integrator, ADC and a DAC
feedback branch [12, 13].

First, the input voltage is summed with the output of the DAC
feedback branch. This summing can be represented by a switched
capacitor [12, 13].

Second, an integrator is used to add the present output value of the
summing node with the previous value obtained at the previous
integration step. After that a comparator converts the integrator output to
a logic bit. The output of the comparator is “1” if the integrator output
voltage is greater than or equal zero and vice versa. If the input signal is
increasing, the comparator generates a greater number of "1" and vice

versa if the input is decreasing [12, 13].

17
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Finally, the 1-bit DAC at the feedback branch produces “+Vef” value
if the output of the comparator is “1” and “-Vf” value otherwise. The
loop is executed many times which results in high resolution but at the
cost of latency. Further details about SD ADCs and their different

architectures can be found in [14, 15].

Vin '\E J >nes @;
r
DAC (e
I
Vet

Figure 2.5. First order Sigma Delta (SD) ADC.

2.4  Performance Analysis

A study is made on about 1500 commercial ADCs to compare the
performance of different architectures of ADCs in terms of sampling
frequency, resolution, SNR, power consumption and FOM. These
commercial ADCs are from the most popular integrated circuits’

companies such as Texas Instruments and Analog Devices.

Figure 2.6 shows the resolution of ADCs versus the sampling
frequency. It is obvious that sigma delta ADCs offer higher resolution
than the other architectures while flash ADCs have the lowest resolution.
Moreover, pipeline ADCs can be used for applications that need high

sampling rates.
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Figure 2.7 shows SNR of ADCs versus the sampling frequency. It is
obvious that sigma delta ADCs have the highest SNR value. Figure 2.8
shows the power consumption of ADCs versus the sampling frequency. It
can be concluded that pipeline ADCs consume higher power compared
with other ADCs. Figure 2.9 shows FOM for ADCs. It indicates that SAR

ADCs have the worst performance while pipeline ADCs have the best

performance.

Resolution (bits)
- ) )
o =) 2

-
(=]
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+ SD ADC

W HE A
+
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Sampling Frequency (dB sps)

Figure 2.6. Resolution versus sampling frequency.
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Figure 2.7. SNR versus sampling frequency.
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Figure 2.8. Power versus sampling frequency.
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Figure 2.9. FOM versus sampling frequency.

Table 2.2 shows performance comparison for the commercial ADC
architectures in terms of sampling rate, resolution, SNR, power
consumption and FOM. It is concluded from the previous analysis that
sigma delta ADCs have a promising performance in terms of resolution,
SNR and power consumption. However, they suffer from low sampling
frequencies. In the other hand, pipeline ADCs have high sampling rate but

consume high power and have low SNR values.

Each of the previous four architectures has the best performance that
fits specific application. In other words, sigma delta ADCs can be used
for low power applications that require high precision at high latency
while SAR ADCs can be used for low power, high speed applications.
Moreover, pipeline ADCs are the most popular ADCs for applications
that need high sampling rates but at the cost of power consumption and

latency.
21
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Table 2.2. Performance Comparison for the recent commercial ADC architectures.

. Sampling . Power
Architecture rate Resolution SNR consumption FOM
Flash M(;]?Srr]ate Low Low High Moderate
SAR Low Moderate M%?Saate Low High
SD Low High High Moderate | Moderate
moderate
Pipeline High Moderate Low High Moderate
P g moderate g

2.5 Time-Based Analog-to-Digital Converters
Time-based Analog-to-Digital Converter (T-ADC) has gained
researchers’ interests nowadays as it represents an effective solution to

the limitations that resulted from technology scaling.

In time-based ADC, the conversion process of the analog signal to a
digital code is done in two steps. First, the input voltage signal is
converted to a time signal which is proportional to the input signal value.
Then, this delay signal is converted to a digital code. This conversion
procedure helps the processing of the analog signal to be done in the time
domain which is a great advantage because as a consequence of
technology scaling, time resolution has been improved in nanometer-scale

devices due to the reduction of gate delay.

Moreover, the delay signal can be processed using digital circuitry
instead of the analog circuitry which results in reducing the area and the
power consumption significantly. As an example, one of the most
common time-based ADCs, the Voltage to Time Converter (VTC) based

T-ADC, does not need a sample and hold circuit for the input voltage
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signal which results in reducing the overall power consumption and the

chip area by a great amount.

2.5.1 Time-Based ADC Architectures

The most common time-based ADC architectures are integrating
ADC, Voltage-Controlled Oscillator (VCO) based ADC, Pulse Width
Modulation (PWM) ADC and Voltage to Time Converter (VTC) ADC.

These architectures are discussed below in details.

2.5.1.1 Integrating ADC

In this type of ADC, the input signal is integrated in time domain and
a ramp signal is generated at the output terminal of the integrator. A
counter is used to count the ramp signal edges and stops counting when
the ramp signal goes to zero. Integrating ADC can be a single slope ADC
[1] or a dual slope ADC [9]. Figure 2.10 shows a single slope integrating
ADC. Although this design is robust, it operates at low speed and

consumes high power.

Vun[\f\, S&H j‘:_/ Comparator
c fres J—
T Stop
Sto
_I_P Start —{S Q—_»|

I_—- Enable ::>

T Counter

Figure 2.10. Single slope integrating ADC [1].
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2.5.1.2 Voltage-Controlled Oscillator (VCO) Based ADC

In this ADC, the input analog signal is converted to a frequency
signal using a VCO at which its output frequency is controlled by the
input signal amplitude. Then, the frequency signal can be converted to a
digital code using numerous techniques [16-19] such as using a counter
and D-flip flops for the conversion [1]. Figure 2.11 shows a simple model
of VCO-based ADC. The main advantage of this ADC is that digital
circuits can be used along with the VCO and no analog circuitry required.
However, this design faces two challenging limitations that affect its
performance. These limitations are the VCO non-linearity and the
sensitivity of this design to Process, Voltage and Temperature (PVT)

variations [1, 9].

V. Frequecyto  f——3 Digital

FYCO Digital Converter [ > Code

Figure 2.11. VCO based ADC.
2.5.1.3 Pulse Width Modulation (PWM) ADC

In this ADC, the analog input signal is pulse width modulated to a
time domain signal. Then the time signal can be quantized using a counter
[20]. The non-linearity of the PWM results in a distortion in the time
signal. This distortion can be reduced by using a modulating frequency of
at least eight times the bandwidth [21]. Figure 2.12 shows a simple block
diagram of PWM ADC.
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Figure 2.12. PWM ADC [20].

2.5.1.4 Voltage to Time Converter (VTC) Time Based ADC

VTC based T-ADC consists of two stages as shown in Fig. 2.13. The
first stage is a Voltage to Time (VTC) converter that converts the input
signal to delay pulses. The delay in each pulse is proportional to the input
voltage signal value. The second stage is a Time-to-Digital Converter
(TDC) that converts these delay pulses to a digital code. The VTC theory
of operation is discussed below and the recent research that is done to

improve its performance specifically increasing the output linearity.

' Digital

Voltage
Domain : Domain

Domain

_______________________________

Figure 2.13. VTC based T-ADC.
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A. Voltage to Time Converter (VTC)

There are numerous circuits that convert the voltage signal to delay-
time signals. One of these circuits is the Ramp-and-Comparator-Based
VTC explained in [9]. But, the most common circuit used is the current
starving inverter circuit shown in Fig. 2.14. It consists of a CMOS
inverter with an NMOS starving transistor connected to the driver branch

which is controlled by the analog input signal (Vin) [22].

M3
Voke— o Vout
M2

]

Vino_ M1

.

Figure 2.14. The current starving inverter circuit.

The input signal which is connected to the gate of the starving
NMOS transistor controls the current of the driver branch during fall
time. In other words, the fall time of the output voltage of the inverter is
proportional to the input voltage signal. When the value of the input
signal increases, the fall time of the output signal increases and vice
versa. Figure 2.15 shows the fall time of the inverter for different input

voltages. The rise time of the inverter output can be also controlled
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instead of the fall time by connecting a PMOS transistor with the load

branch of the inverter as shown in Fig. 2.16 [2].

1.2
11
1.0
0.9
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0.6
0.5
0.4
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0.2
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0.0

Vout (V)
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0 02 04 0.6 08 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Time (ns)

Figure 2.15. Fall-time of the output voltage of the conventional VTC for input voltage
range from 0.7V to 1.2V at supply voltage of 1.2V.
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Figure 2.16. Rise-time current starving inverter VTC.
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B. VTC Performance Limitations

The current starved inverter VTC suffers from severe limitations that
affect the conversion process of the input signal. These limitations are

listed as follows:

1. Limited Dynamic Range

The input signal can’t have small values because it is connected to
the gate of the starving NMOS transistor. Thus, its value must be greater
than the threshold voltage of the transistor for the transistor to be ‘ON’ to
create a path for the output to ground.

In order to overcome this problem, a weak transistor (with small
aspect ratio) is connected in parallel with the starving transistor at which
its gate is connected to the supply voltage [2, 23]. This weak transistor is
always ‘ON’ to guarantee that there is a path for the output to ground
even for small values of the input voltage. Figure 2.17 shows the addition

of a weak transistor M4 for the VTC to operate at small input values.

M3
Veik o=t :|—o Vout
M2

=

[ M4 V][ M1

4

Figure 2.17. VTC with weak transistor M4.
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Moreover, the upper limit of the dynamic range is limited as it affects
the linearity of the circuit response. In other words, the fall time of the
output signal becomes more non-linear with respect to the input signal
when the value of the input voltage increases. This point will be discussed

below in details and how to overcome it.

2. Non-Linearity Effects

One of the biggest challenges in the design of VTC circuit is the non-
linearity that appears in the fall time delay of the output response for high
input values [23]. It is obvious from Fig. 2.15 that when the input voltage
increases, the delay curves for the output becomes more non-linear which

results in inaccurate conversion of the input signal to digital code.

This non-linearity happens because during the fall time of the output
signal, the starving transistor will be operating in saturation mode with a

current of:

Kr w
Ip = X (Vgs — Vin)? (2.8)

Where Vgs = Vin, WI/L is the aspect ratio of the transistor, k’ is a
constant and Vy, is the threshold voltage of the starving transistor.

Also,
dv dav
Ip=C T ==> dt=C o (2.9)

Where C is the parasitic capacitance at the output node, dV is the
voltage change at the output during discharging from ‘1’ to ‘0’ and dt is
the delay fall time of the output.
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From the two previous equations we can conclude that the relation
between the input voltage and the output delay time is non-linear and this

non-linearity increases by increasing the input voltage.
C. Time to Digital Converter (TDC)

Time-to-Digital Converter (TDC) converts the delay signal that
produced by the VTC into a digital code for a complete analog to digital
conversion process. The performance of the TDC should be investigated
as it limits the performance of the whole ADC in terms of linearity,

resolution and power consumption.

The most important parameters that represent the linearity in the
whole ADC are Differential Non-Linearity (DNL) and Integral Non-
Linearity (INL). DNL is defined by the conversion step deviation from its
ideal value (1LSB) in ADCs. INL is defined by the deviation of the whole
transfer function of the ADC from its ideal value [24]. The maximum

value of DNL should not exceed 1LSB to avoid missing codes [24].

There are many TDC architectures that have been proposed to
improve the resolution without affecting the linearity of the ADC. The
most common types of TDCs are discussed below in details. The

advantages and disadvantages of each type are also discussed.
1. Delay Line Based TDC (Flash TDC)

Flash TDC architecture is shown in Fig. 2.18. It consists of cascaded
buffer stages with a delay unit before each stage [9]. The buffer consists
of a D-flip flop with two inputs; the start and the stop signals. The start
signal represents the input delay signal that comes from the VTC. The
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difference between the start and the stop signal represents the time range
of the input delay signal. Each delay unit has more delay than the
previous one by tq which represents the resolution of the TDC or LSB (the
minimum delay time that can be detected by the TDC).

The start signal which represents the input delay signal passes
through the buffer stages. It activates the number of flip-flops that
resembles its delay value. Then the stop signal arrives and the activated
flip-flops record logic ‘1’ as their current states. The output of the flip-
flops is a thermometer code which is converted to a digital code using a

decoder.

The most important drawback of this architecture is the trade-off
between the speed and resolution [9]. For higher resolution, the number of

buffer stages is increased (as tq decreases) which reduces the speed of

operation for the TDC.
START | ta . 4,[ Mt
LD Qf— LD Q fr L D Q=
D-FF D-FF D-FF
> Clk | Clk 3 Clk
stop_ {0+ 0 —_—
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Figure 2.18. Flash TDC.
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2. Vernier Delay-Line Based TDC

This architecture has solved the problem of having a small resolution
less than the minimum gate delay in the technology used. Its architecture
is shown in Fig. 2.19. Both the start and stop signals have delay units in
their path but with different values making the stop signal path faster than
the other. The difference between the delay units of the two paths equals
to the resolution of the TDC (LSB).

The stop signal comes after the start signal with a delay time chosen

to be equal to the maximum delay of the input signal ((M+1) x LSB).

As the start signal starts to pass through the buffer stages, the output
of the D flip-flop is set as “High” if the start signal comes before the stop
signal. Once the stop signal reaches the start signal, the output of the flip-
flops which is a thermometer code is converted to a digital code using a

decoder.

START [t P M A’{ Mty

1, ]
I—) D Q D Q= D Q—
D-FF D-FF D-FF
Clk Clk Clk
STOP [ -t"ll‘ > }'_M:l_) """""" "[“[ir
I_,.f'/ ']'/_, > o
Decoder
Digital code

Figure 2.19. Vernier delay-line TDC.
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Vernier delay-line TDC has the advantage of its high resolution that
can be less than the minimum gate delay in the technology used.
However, this architecture suffers from significant drawbacks such as
transistors’ mismatch, noise and delay line physical length [25]. Many
research is done [26-31] to achieve higher resolution that can reach 2ps
[31].

3. Hybrid TDC

In the Vernier Delay-line based TDC, we can only measure short
time range with high resolution. With the hybrid TDC, we can measure
large time range with high resolution. This can be achieved by using a
counter with the delay line to increase the time range used. The delay line
TDC is employed as a fine quantizer to resolve the residual error of the
counter measurement. More details about the structure and architecture of
hybrid TDCs are available in [32].

D. Novel Trends in VTC Design

Research now is focusing on improving the performance of the VTC
circuit rather than the TDC circuit as the non-linearity of the VTC is
much large and affects the linearity of the following TDC stage. Hence,

this thesis focuses on the novel trends in the design of VTC circuits.

A lot of research is done to improve the performance of the VTC
circuit. Circuits in [23], [33-41] and [6] are proposed to overcome the
previously mentioned limitations of the conventional VTC circuit. In [23],
a linearization circuit is proposed to achieve a maximum linearity error of

2%. However, it has a limited input dynamic range of only 200mV.
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A VTC circuit is proposed in [33] which operates at a high sampling
rate of 5GS/s but consumes high power of 3.6mW and has only 100mV
input dynamic range. The VTC proposed in [34] is a modification to the
VTC circuit in [33] in order to increase the input dynamic range to

140mV which is still insufficient.

In [35], the theory of operation of the proposed VTC circuit is
modified at which the input signal is compared with a voltage ramp
signal. This design has the advantage of low power consumption but
operates at a small sampling frequency of 1MHz. In [36], a differential
input is applied to the proposed VTC circuit to achieve a maximum
linearity error of 3%. However, the input dynamic range is still very small
(172 mV).

In [6], a Voltage-to-Frequency Converter (VFC) is proposed and a
3% maximum linearity error is achieved. However, this design suffers
from small input dynamic range of 320mV and consumes high power of
477uW. In [37], the linearity of the VTC is improved by adding track-
and-hold circuit, level shifter and a pulse shape restorer. However, the
improved linearity is not sufficient and the proposed VTC consumes high
power. In [38], a VTC with a two-step transition inverter delay line is
proposed which consumes 180uW of power. However, the proposed VTC

has very low sensitivity of 0.1ps/mV.

In [39], a current-to-time converter (CTC) is proposed which achieves a
maximum linearity error of 2.1%. However, the sampling rate is very
small (50MS/s). In [40], although the proposed VTC achieves a better

dynamic range of 400mV, the power consumption of this design is
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relatively high (3.35mW). In [41], a fully digital time-based ADC is
proposed to reduce the chip area at which the power consumption is
reduced to 380uW.
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Chapter 3

Proposed VTC Circuits

The theory of operation for the proposed circuits is based on the body
biasing technique at which the input signal is connected to the body
terminal of the starving transistor. The body biasing technique results in a
highly linear drain current with respect to the body-to-source voltage of

the starving transistors, as proven below.

The body biasing technique can be applied on a falling-time starving
inverter at which the starving transistor is NMOS. In addition, it can be
applied on a rise-time starving inverter at which the starving transistor is

PMOS. Both cases are discussed below in detail.

3.1 First Proposed VTC

The proposed circuit is introduced as shown in Fig. 3.1. The input
signal is applied to the body terminal of the NMOS starving transistor.
The output load capacitance C equals to 30fF (for FO4).

In this VTC, the threshold voltage of the starving transistor, V1, is a
function of the body-to-source voltage (which represents the input signal)

and is given by:

Ve = Voo +y<\/|2®f—VBS| —J|2¢f|) (3.1)
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Vcika ¢ E M2 % Co

B—) in

v
Figure 3.1. First proposed voltage-to-time converter (VTC) circuit.
Where V1, is the zero-bias threshold voltage, y is the body effect

factor, Vpgs is the body-to-source voltage and @; is the Fermi potential.

The following analytical proof shows that the body biasing provides
a linear relation between the drain current of the starving transistor (which
represents the discharging current of the output load capacitance) and the

body-to-source voltage. The proof is derived as follows:

Iy =2 (Vgs — Vr)? (3.2)
oy = 2 (Vas® = 2VesVr + Vr?) 33)
v Vp = VTO—yJ|2¢f| +yJ|2¢f—VBS| (3.4)
“Vp = VTO—yJ|2¢f| +y\/|2¢f|\/|1—‘2’7‘j]f (3.5)
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vAl+x= 1+ g , for x < 1(Taylor series expansion) (3.6)

o)

Ve = Vg —y\/|2®f| + V\/|2®f| (1 o 2|2E(€2)S

wVp = Veo = v 120 (72)

ﬂ2®f|
“Vr= V9o — Vgs
2 P@fl
. 2 ~ 2 Vroy
~ Vo= Vpo® — Ves
20|

Substitute (3.9) and (3.10) into (3.3):
o ID = Kl +K2 VBS
Where,

Kn
K, = ey (VGS - VTO)2

Kny
K, = (Ves — Vo)
2 5 |2(z)f| GS TO

From (3.11) and (2.9):

cadv
K1t K2VBs

dt =

Multiplying both numerator and denominator

(k1 — koVgs), the fall time delay will be equal to:

K,C dv K,C dV Vgs
K1*-K,?Vps®  K1*-K;*Vps®
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Since Vgs is dominant over Vgs® for values below 1, it is clear that
the fall time delay (discharging time) of the output signal is linearly
proportional to the input signal voltage which is applied to the body

terminal.

Adding more series-identical NMOS transistors to the starving
transistor helps in improving the performance of the circuit in two ways.
First, the overall (W/L) of the series NMOS transistors is decreased as
follows:

(D =D (3.6

total

Where N is the number of NMOS series transistors. This results in
decreasing the discharge current which means that the delay time for the
fixed voltage step of the input signal increases. Hence, the resolution of
the proposed VTC circuit increases. Second, adding more series NMOS
transistors decreases the gate-to-source voltage of the driver transistor
M1. This guarantees that the driving transistor is kept in saturation to
maintain linearity during all the discharging period of the output load

capacitor.

Figure 3.2 shows the output delay of the proposed VTC circuit for
different number of series starving transistors (N). It is obvious that when
the number of series starving transistors increases, the output delay range
increases and the sensitivity (the rate of change of the output delay with
respect to the input voltage) increases as well. The number of series
starving transistors cannot exceed six for a clock frequency of 500MHz as

the output voltage will not have enough time to go logic ‘0’. For more
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series starving transistors, the clock frequency should be reduced for

proper operation.

Figure 3.3 shows the sensitivity of the proposed VTC circuit versus
the number of series starving transistors (N). For N having the values of
four, five and six, the resolution of the proposed VTC will be 5 bits (for a
least significant bit (LSB) of 5ps). Four starving transistors are used for
the final architecture of the proposed VTC circuit as it has a lower
quantization error than having more starving transistors. Figure 4.3 shows

the final architecture of the proposed VTC circuit.
1000 . . .
900} N=
— N:

8oof N=
——— N=5
700} —— N=6

n !
2 |
k) —
2 600} ]
H
£ 500f ]
o

400} ]

300

20 . : .

2 -0.2 0 0.2 0.4

Vin (V)

Figure 3.2. Output delay for different number of series starving transistors (N).
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Figure 3.3. Sensitivity versus the number of series starving transistors (N).
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Figure 3.4. Final architecture of the first proposed VTC circuit.
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The Forward Body Bias (FBB) voltage is limited by the forward
biasing of the drain-bulk junction (the positive bound of the input voltage
connected to the p-Well in case of NMOS and the negative bound of it
below the supply voltage connected to the n-Well in case of PMOS). The
FBB is also limited by the sub-threshold leakage current [42]. Moreover,
the Reverse Body Bias (RBB) voltage bound is determined by the
junction leakage current. In case of NMOS, the RBB voltage bound is the
negative bound of the input voltage, connected to the p-Well, and the
positive bound of over the supply voltage, connected to the n-Well in case
of PMOS [42].

The upper limit of the FBB voltage is 0.6V for latch-up free
operation in 65nm CMOS technology with a supply voltage that ranges
from 0.9 to 1.2V [42-44]. SPICE simulations are done by sweeping the
FBB voltage of the PMOS transistor. These simulations show that the
upper limit of the FBB voltage equals 0.59V in order to prevent latch-up
triggering for the NMOS transistor. Thus, the maximum FBB voltage is
chosen to be equal to 0.4V to avoid latch-up in case of FBB voltage
fluctuations around 0.4V. Moreover, the RBB voltage is also selected to
be equal to 0.4V. Hence, the FBB and the RBB maximum body voltages
are chosen to be equal to +0.4V for NMOS devices and 1.2 + 0.4V for
PMOS devices [42, 45].

Thus, the input signal range is taken form —0.4 to 0.4V, resulting in a
full range of 800mV. The maximum value of the input signal is 0.4V to
avoid latching up [42, 45, 46]. In other words, a short circuit path occurs

between the supply voltage and ground when the body-to-source voltage
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exceeds 0.4V in BULK-CMOS technology. This leads to a high current to

pass, which results from parasitic bipolar devices in the CMOS circuits.

Latch-up can be avoided during the fabrication process by isolating
NMOS and PMOS devices using an oxide trench along with a buried
oxide layer. In addition, it can be avoided by increasing the spacing
between CMOS devices, although this reduces packing density.

3.2 Second Proposed VTC

The second proposed VTC circuit has the same theory of operation as
the first proposed VTC. However, the body biasing technique is applied
on a rise-time starving inverter at which the starving transistor is PMOS.
As it was proven before in the first proposed VTC, it is concluded that the
rise time delay (charging time) of the output signal is linearly proportional

to the input signal voltage which is applied to the body terminal.

Figure 3.5 shows the second proposed VTC circuit. Adding more
series-identical PMOS transistors to the starving transistor helps in
improving the performance of the circuit. The output delay of the
proposed VTC circuit for different number of PMOS series starving
transistors (Np) is shown in Fig. 3.6. The maximum number of series
PMOS transistors that can be used is four for a clock frequency of
500MHz. The sensitivity of the proposed VTC is shown in Fig. 3.7. For a
5-bit resolution VTC, four series PMOS starving transistors are used for

better sensitivity and lower quantization noise.
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Figure 3.6. Output delay for different number of series starving transistors (Np).
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Figure 3.7. Sensitivity versus the number of series starving transistors (Np).

Figure 3.8 shows the final architecture of the second proposed VTC
circuit. The input signal (Vi) in the second proposed VTC ranges from
—0.4 to 0.4V with an offset voltage of Vpp. This offset voltage is added as
the source of the starving PMOS transistor is connected to Vpp keeping
the body-to-source voltage (Vgs) equal to Vi,. This input dynamic range

ensures that the body-to-source voltage does not exceed 0.4V to avoid
latching-up [42, 45, 46].

There are several circuits that can be used to add the supply voltage
(Vpp) to the input signal (Vin). One of these circuits is the non-inverting
summing amplifier shown in Fig. 3.9. In this circuit, the input signal (Vi)
and the supply voltage (Vpp) are connected to the positive port of the
operational amplifier. The resistors used in this circuit are identical to
make the output of the amplifier equal to (Vin + Vpp). This circuit is
implemented off-chip on the PCB (Printed Circuit Board).
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Figure 3.8. Final architecture of the second proposed VTC circuit.
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Figure 3.9. Non-inverting summing amplifier circuit.

46



Chapter 3 Proposed VTC Circuits

3.3 Simulation Results

The proposed VTC circuits are simulated using Cadence Virtuoso
with industrial hardware-calibrated 65nm transistor device models
provided by TSMC. The simulation is performed using a supply voltage
of 1.2V. The Least Significant Bit (LSB), which is mainly dependent on
the TDC block, is assumed to be equal to 5ps, resulting in a resolution of
5 bits for the proposed VTC circuits. The clock frequency equals to
500MHz and the frequency of the input signal equals to 72.75MHz. The
size of all NMOS transistors used in the two proposed designs is identical
and equal to (120 nm/60 nm). This is the minimum allowable size to
achieve high output delay range for better resolution. The size of all
PMOS transistors is twice that for the NMOS transistor and equals to
(240 nm/60 nm). We are discussing below the simulation results for the

most important parameters that affect the performance of the VTC circuit.
3.3.1 Linearity

For the first proposed VTC, the fall time of the output delay is plotted
and compared with a perfectly linear slope as shown in Fig. 3.10a. The
linearity error percentage is shown in Fig. 3.10b. It is obvious that the
maximum linearity error significantly decreased to about 0.55% which

shows a great improvement in reducing the linearity error.

For the second proposed VTC, the rise time of the output delay is
plotted and compared with a perfectly linear slope as shown in Fig. 3.11a.
The linearity error percentage is shown in Fig. 3.11b. It is obvious that the
maximum linearity error significantly decreased to about 0.4% which is

the minimum reported linearity error up to the authors’ knowledge.
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Figure 3.10. (a) Output delay versus a perfect linear slope for the first proposed VTC;
(b) Linearity error percentage for the first proposed VTC.
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Figure 3.11. (a) Output delay versus a perfect linear slope for the second proposed
VTC; (b) Linearity error percentage for the second proposed VTC.
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3.3.2 Signal-to-Quantization Noise Ratio (SQNR)

SQNR is a very important parameter that affects the ADC performance
as it represents the effect of noise on how the input signal is correctly
processed. SQNR is calculated as follows:

1- A sinusoidal input signal (with a peak-to-peak voltage equals to the
input dynamic range) is applied to the VTC. The clock signal applied
represents the sampling frequency.

2- The output delay at the sampling points is calculated using cadence
calculator.

3- 1024 sampling points are taken and coherent sampling is applied to
evaluate accurate results.

4- An ideal TDC circuit is evaluated to convert the output delay to a
digital code using MATLAB program.

5- Then an ideal DAC circuit is applied to evaluate the output voltage
signal using MATLAB program.

6- Fast Fourier Transform (FFT) is applied to the output signal and SQNR

is calculated.

Figure 3.12 shows the SQNR for different input frequencies. It is
obvious that for the effective number of bits (ENOB) to be greater than
four, the maximum input frequency is equal to 105MHz for the first
proposed VTC and 95MHz for the second proposed VTC.
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Figure 3.12. SQNR for different input frequencies.

3.3.3 ENOB

Effective number of bits (ENOB) is calculated from SQNR using
Eq. 2.4 for an input sinusoidal signal at a frequency of 72.75MHz and
clock frequency of 500MHz. This specific value for the input frequency is
chosen to ensure coherent sampling is achieved for more accurate results
[22]. ENOB equals 4.1637 for the first proposed VTC and 4.1017 for the
second proposed VTC. The frequency spectrums of the first and second

proposed circuits are shown in Fig. 3.13.
3.3.4 Power Consumption

Figure 3.14 shows the power consumption for the proposed VTCs at
different input frequencies. It is obvious that the second proposed VTC
circuit exhibits lower power consumption than that for the first proposed
VTC circuit. The proposed circuit provides very low power consumption,
due to its novelty in using the body terminal as an analog input terminal
to improve the linearity. This is because usually, the body terminal carries

50



Chapter 3 Proposed VTC Circuits

very low current and accordingly, adds insignificant power consumption
[42, 45]. At an input signal frequency of 72.75MHz, the proposed VTCs
consume very small power of 18uW for the first proposed VTC and
15uW for the second proposed VTC.
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Figure 3.13. (a) Frequency spectrum for the first proposed VTC at F;, = 72.75MHz; (b)
frequency spectrum for the second proposed VTC at F;, = 72.75MHz.
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Figure 3.14. Power consumption for different input frequencies.
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3.3.5 FOM

Figure of merit (FOM) represents the efficiency of the VTC in terms
of the power consumption, sampling frequency and the input dynamic
range. It is expressed by Eg. 2.5 and Eq. 2.6. Table 3.1 shows a
comparison between the proposed VTC designs and other modified VTCs
[7, 8, 47-54]. It indicates that both proposed VTCs have the minimum
power consumption while having a wide dynamic input range and better
FOM values.

3.4 Process-Voltage-Temperature (PVT) Variations

PVT variations are considered the most important factors that affect
the performance of the proposed VTC circuits. These variations are

discussed below in details.

3.4.1 Process Variations

Process variations are very important factors that measure the
performance of the VTC circuit. They affect the output delay of the
circuit. Hence, the linearity of the VTC and ENOB are also affected. The
performance of the proposed circuits is investigated in terms of maximum
linearity error, sensitivity and ENOB for the three main process corners
TT, FF and SS. Figure 3.15 shows the change in the maximum linearity
error due to process variations for the proposed circuits and Fig. 3.16
shows the change in the output sensitivity of the proposed circuits. It is
obvious that the sensitivity at SS corner increases to 0.405ps/mV for the
first proposed VTC and 0.424ps/mV for the second proposed VTC.
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However, the maximum linearity error at SS corner increases to 1.3%
for the first proposed VTC and 0.961% for the second proposed VTC.

Figure 3.17 shows ENOB of the proposed VTC circuits for the
process corners. The clock frequency used at process corners is reduced
to 400MHz as the output delay at SS corner exceeds 1ns. Moreover, the
input signal frequency is chosen to be nearly equal to 61.33MHz to ensure
coherent sampling is achieved. Coherent sampling guarantees that FFT
results are accurate for proper calculation of ENOB. ENOB decreases to
3.5bits at SS corner for the first proposed VTC and decreases to 3.6bits
for the second proposed VTC. As a result, calibration for the proposed
circuits is needed to improve the linearity and ENOB for the proposed

circuits at SS corner.

1.4

=i~ First proposed VTC
1.2} -l Second proposed VTC

Linearity error (%)

q’T FF SS
Process corners

Figure 3.15. Maximum linearity error versus process corners for the proposed VTCs.
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Figure 3.16. Sensitivity versus process corners for the proposed VTCs.
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Figure 3.17. ENOB versus process corners for the proposed VTCs.
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A calibration circuit for the first proposed VTC is proposed to
improve the performance of the VTC at SS corner. The first proposed
VTC and the calibration circuit are shown in Fig. 3.18. The calibration
circuit consists of a detection circuit and a stack of eight identical NMOS
transistors connected between the output node of the VTC and the ground
node. The function of the detection circuit is to detect the occurrence of

SS corner.

The detection circuit is shown in Fig. 3.19. It consists of two
inverters with different load capacitors and a D Flip-Flop (D-FF). The
values of the load capacitances are adjusted such that the START signal
edge comes before the STOP signal edge only when the circuit operates at
SS corner. In this case, the inverted output of the D-FF (Q-bar) will be
“1” (D-FF circuit is discussed in details in ch. 4).

— - Calibration circuit ____
’ . _L V ¢
’ ou
v _,_{ } _I ‘: ICL
CIk ! - |
| ]
+— : — E
_{ i Detection circuit : E
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— | — :
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Figure 3.18. The first proposed VTC with the calibration circuit.
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Figure 3.19. The detection circuit for calibration of the first proposed VTC.

The output of the D-FF activates the stack of NMOS transistors
which results in increasing the discharging current of the load capacitance
at the output node. This leads to a significant decrease in the output delay
range at SS corner to be near the range obtained at the nominal corner TT.
The value of the reference voltage (Vi) is set to —0.4V, which is the
minimum allowed voltage. This allows the stack to drive a small current

to keep the output sensitivity at acceptable levels at SS corner.

The detection circuit detects only SS corners and the inverted output
of the D-FF keeps its state at ‘0’ for TT and FF corners. Moreover, the
values of the load capacitances are adjusted such that the state of the
inverted output of the D-FF is ‘0" even if the circuit is subjected to
temperature variations. This can be easily achieved as the additional delay

produced from temperature variations is less than that at SS corner.
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Figure 3.20 shows the maximum linearity error calculated at process
corners before and after calibration for the first proposed VTC. The
maximum linearity error at SS corner improved after calibration to be
equal to 0.38% for the first proposed VTC. ENOB is also improved to be
equal to 4.38 at SS corner after calibration. Figure 3.21 shows ENOB for
the first proposed VTC at process corners before and after calibration.
Although sensitivity is decreased at SS corner after calibration as shown
in Fig. 3.22, it becomes near to that value at nominal process corner. The
value of the load capacitance C; equals to 30fF and the value of the load

capacitance C, equals to 55fF.

1.4

= First proposed VTC before calibration
—.— First proposed VTC after calibration

1.2}

0.8f

0.6}

Linearity error (%)

0.4}

0.2}

q’T FF Ss
Process corners

Figure 3.20. Maximum linearity error versus process corners for the first proposed VTC
before and after calibration.
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Figure 3.21. ENOB vs. process corners for the first proposed VTC before and after
calibration.
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Figure 3.22. Sensitivity versus process corners for the first proposed VTC before and
after calibration.
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The second proposed VTC circuit is calibrated by the same
technique. Figure 3.23 shows the calibrated second proposed VTC circuit.
The calibration circuit consists of a detection circuit and a stack of eight
identical PMOS transistors connected between the supply voltage and the
output node of the VTC.

Calibration circuit

____________________

/! — N
I‘ —l Vref |‘:
i 57
| | Detection circuit { :
_| 3 | :
1 I
[ 2] 5]
: et
+— ||\ —{ /: y
V, 1 "\ N .t g -L out
il Ta

Figure 3.23. The second proposed VTC with the calibration circuit.

Figure 3.24 shows the detection circuit. It has the same theory of
operation as in the detection circuit of the first proposed VTC. It detects
the occurrence of SS corner at which the output of D-FF will be 0’ at this
corner only. This activates the stack to increase the charging current of
the load capacitance at the output node. Similarly, the value of the
reference voltage (Vrer) IS set to 1.6V. This allows the stack to drive a

small current to keep the output sensitivity at acceptable levels at SS
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corner. The value of the load capacitance C,; equals to 60fF and the value
of the load capacitance C., equals to 30fF. The value of the reference
voltage (Vrero) is Set to 0.8V.

g
_|E"__] %CLI
STOP I ) Q
VClk-'—'1 " Vref)
D-FF
_|§q START| 1k 6_._
|
5
_|$ %CLZ

Figure 3.24. The detection circuit for calibration of the second proposed VTC.

Figure 3.25 shows the maximum linearity error for the second
proposed VTC before and after calibration at process corners. The
maximum linearity error at SS corner improved after calibration to be
equal to 0.26%. ENOB is also improved to be equal to 4.35 at SS corner
after calibration. Figure 3.26 shows the improvement in the values of
ENOB at process corners for the second proposed VTC. The sensitivity of
the second proposed VTC after calibration is shown in Fig. 3.27. It
becomes near to that value at TT process corner. All the NMOS
transistors used in the calibration circuits are identical to each other
having the size of (120nm/60nm). In addition, all the PMOS transistors

used are identical to each other having the size of (240nm/60nm).
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Figure 3.25. Maximum linearity error versus process corners for the second proposed
VTC before and after calibration.
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Figure 3.26. ENOB versus process corners for the second proposed VTC before and
after calibration.
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Figure 3.27. Sensitivity versus process corners for the second proposed VTC before and
after calibration.

3.4.2 Supply Voltage Variations

The supply voltage is one of the most important factors that affect the
performance of the VTC circuit. The VTC output delay is calculated for
different supply voltages for the two proposed VTC circuits as shown in
Fig. 3.28a and Fig. 3.28b.

As the supply voltage decreases, the output delay range increases
which results in increasing the sensitivity of the proposed VTC circuits as
shown in Fig. 3.29. However, reducing the supply voltage results in
degradation in the SNR that limits the performance of the whole ADC
circuit [2].
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Figure 3.28. (a) Output delay of the first proposed VTC for different supply voltages.
(b) Output delay of the second proposed VTC for different supply voltages.
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Figure 3.29. Sensitivity versus supply voltage for the two proposed VTC circuits.

3.4.3 Temperature Variations

Temperature variations have a significant effect on the operation
speed of integrated circuits. As the temperature increases, the current
driven by transistors decreases, causing additional latency to the output of
the circuit. The effect of temperature variations on the linearity,
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sensitivity and ENOB of the proposed VTC circuits is investigated for a
temperature range from —40 to 85°C. Figure 3.30 shows the maximum
linearity error versus temperature variations for the two proposed circuits.
It is obvious that although the maximum linearity error increases with

temperature, it does not exceed 1% for the given temperature range.

=i~ First proposed VTC
=i~ Second proposed VTC

0.8f

0.6f

0.4}

Linearity error (%)

0.2}

9% 20 0 20 40 60 80 100
Temperature (°C)

Figure 3.30. Maximum linearity error versus temperature for the proposed VTCs.

The sensitivity of the proposed VTC circuits shows a slight increase
by increasing the temperature, as shown in Fig. 3.31. Moreover, ENOB
for the proposed VTC circuits keeps its value at an acceptable level for
the given temperature range, as shown in Fig. 3.32. The input signal
frequency is chosen to be nearly equal to 61.33MHz at a clock frequency
of 400MHz. In sum, it is obvious that the two proposed VTC circuits
show immunity in terms of linearity, sensitivity and ENOB against
temperature variations and do not need calibration.
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Figure 3.31. Sensitivity versus temperature for the proposed VTCs.
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Figure 3.32. ENOB versus temperature for the proposed VTCs.
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3.5 Layout Design

The layouts for the proposed VTCs are designed using Cadence
Layout tool. Both areas for the proposed VTCs are very small compared
to other VTC circuits (as shown in Table 1) thanks to their simple design
(one-stage circuit). For the first proposed VTC, triple-well technology is
used in order to avoid connecting the Bulk terminal with ground while
controlling the voltage of the body terminals of NMOS devices. In other
words, a deep N-well layer is used to isolate the p-well from the p-
substrate. However, using triple well technology results in a higher layout
area. Figure 3.33a shows the layout of the first proposed VTC which
occupies a small area of 26.67um?. For the second proposed VTC, no
triple-well technology is needed for the PMOS body control. Thus, the
second proposed VTC occupies smaller area of 11.16pm? as shown in
Fig. 3.33b.
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Figure 3.33. (a) Layout of the first proposed VTC circuit; (b) Layout of the

second proposed VTC circuit.
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Chapter 4

Proposed TDC Circuits

The performance of the VTC is limited by the design of the time-to-
digital converter (TDC) circuit that follows it. The TDC affects the
linearity of the whole ADC and its performance should be investigated.

In this chapter, two 5-bit standard Vernier delay-line TDCs are used
in this work. They are most commonly used as they have the advantage of
having very high resolution that can be less than the minimum gate delay
in the technology used. The novelty in the design of these TDC circuits is
using body biasing technique to control the step delay difference between
the delay units of the delay lines in the TDC circuit.

4.1 TDC Circuit Design for The First Proposed VTC

For the first proposed VTC, an interface circuit is proposed after the
VTC in order to drive STOP and START signals to the TDC. Figure 4.1
shows the interface circuit that is used for the first proposed VTC. The
output of the VTC is inverted to produce the START signal while the
STOP signal is a delayed version of the clock signal. The delay unit for
the STOP signal is the VTC circuit with a reference voltage equivalent to

the maximum delay that can be produced from the VTC (Vs = —0.4V).
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Figure 4.1. Interface circuit for the first proposed VTC.

Figure 4.2 shows a 5-bit Vernier delay-line. The Delay Units (DUs)
are CMOS buffers which are controlled by controlling the body-to-source
voltage, as shown in Fig. 4.3. Each of the DUs at the STOP line provides
lower delay than that at the START line by an amount that is equivalent

to one LSB. This delay difference is obtained by applying certain voltages
to the bodies of the NMOS devices in the DUs.
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Figure 4.2. Vernier delay-line time-to-digital converter (TDC).
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Clk o——gp Vout

Figure 4.3. Delay unit for the first proposed ADC.

A timing diagram for the START and STOP signals is shown in Fig.
4.4. When the value of the input signal is minimum (-0.4V), the START
signal comes with the STOP signal at the same time. Thus, the START
signal comes after the STOP signal at all the D-FFs in the TDC and the
output of all the flip-flops equals 1°.

On the other hand, when the input signal value is maximum (0.4V),
the START signal comes before the STOP signal with a delay difference
of (A) which is equivalent to the maximum output delay range obtained
from the VTC. This makes the START signal to come before the STOP
signal at all the D-FFs in the TDC and the output of all the flip-flops
equals ‘0’. By varying the input signal, the output of the flip-flops will
also vary. The delay difference in the START signal for the whole input

dynamic range equals A.
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Figure 4.4. Timing diagram for the first proposed TDC.

The output of the flip-flops is an inverted thermometer code. The
thermometer code is first converted to a one-hot code using 01-generator

circuits [55]. The 01-generator circuit is shown in Fig. 4.5.

Vi | V2 |Vout
— 0o o
v, o—4 Vou o 1|1
— 1|of o
. 1| 1] o0

Figure 4.5. The 01-generator circuit.

Finally, a fat tree encoder [56] is used to convert the one-hot code to
a digital code. It is constructed using OR logic gates. The fat tree encoder
provides a high speed output. However, it consumes very large chip area.
The equations of the output digital bits (Do, D1, D2, D3 and D) are shown
below (where (Ay, .., Az1) represent the one-hot code):
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D4=AsstA17+A18+A 19+ A0t Ao1tAn+ A+ At Axs+Arst+ A+ A tAg
+Az0+Az1 (41)

D3=Ag+AgtA10tAr1+A+ A1+ At Arst A+ A+ At Azt AggtArg
+Az0t+Az; (4.2)

Do=As+AstAstAr+A+ A1zt A1+ AsH AT A TARTA AT A
+Az0+A3; (43)

D1=Ax+Az+AstAr+AptAr1+A1s+As AT A1g T AR+ A+ AT A
+Asz0t+As; (4.4)

Do=A1+Az+As+A7+AgtA11+ A3+ Arst A7+ A9+ A1 A+ As+ A7+ A
+As1 (4.5)

The TDC is manually calibrated by adjusting the biasing voltages for
the delay units. The values of the biasing voltages after calibration are
Vgo = 0.4V, Vg1 = 0.075V, VBO =0.39V and V|33 =0.2V.

Differential non-linearity (DNL) and integral non-linearity (INL) are
the most important parameters that represent the linearity in the whole
ADC. DNL and INL are calculated for the ADC with accuracy of 1mV
(800 points are calculated for 800mV input range). This means each
digital code has 25 calculated points (LSB = 25mV). Figure 4.6 shows the
DNL for the first proposed ADC while Fig.4.7 shows the INL for the first
proposed ADC. The maximum DNL equals £0.08LSB and INL equals
0.28LSB (maximum INL equals —0.44LSB).
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Figure 4.6. Differential non-linearity (DNL) for the first proposed ADC.
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Figure 4.7. Integral non-linearity (INL) for the first proposed ADC.
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4.2 TDC Circuit Design for The Second Proposed VTC

For the second proposed VTC, the interface circuit is modified, at
which the START and STOP signals are replaced by each other.
Moreover, the inverters are replaced by buffers as the output delay of the
VTC is a rise time. In addition, the reference voltage used equals 0.8V,
which is equivalent to the minimum output delay of the second proposed
VTC. The interface circuit for the second proposed VTC is shown in
Fig. 4.8.

The same TDC is used for the second proposed VTC and the delay
units are controlled by controlling the body-to-source voltage, as shown
in Fig. 4.9. The theory of operation is the same as previously discussed
for the first proposed circuit. After calibration, the values of the biasing
voltages are Vg, = 1V, Vg1 = 1.45V, Vo = 0.95V and Vg3 = 1.6V.

Clk

TDC ' __, Digial

code

-

Figure 4.8. Interface circuit for the second proposed VTC.

Figure 4.10 shows the DNL for the second proposed ADC while
Fig. 4.11 shows the INL for the second proposed ADC. They are
calculated with accuracy of 1mV. The maximum DNL equals +0.08LSB
and INL equals —0.08LSB (maximum INL equals 0.52LSB).
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In sum, the two proposed VTC circuits exhibit high performance
when implemented with Vernier delay-line TDC to construct the whole
ADC circuit. DNL and INL for the proposed designs are compared with
other modified designs as previously shown in Table 3.1 in Ch. 3. It is
obvious that the proposed designs have better DNL and INL results. All
the NMOS transistors used in the interface circuit and the TDC are
identical to each other, having the size of (120nm/60nm). In addition, all
the PMOS transistors used are identical to each other, having the size of
(240nm/60nm).

Vout

'-I—'"*—I

Clk omes

Figure 4.9. Delay unit for the second proposed ADC.

Figure 4.12 shows the layout of the two proposed ADCs. The layout
includes the two proposed VTCs, the calibration circuits, the interface
circuits and the TDC circuits. The first ADC occupies an area of
0.0092mmz2, while the second ADC occupies an area of 0.0067mmz2. The
first ADC occupies a higher area than the second ADCs due to using

triple-well technology (deep N-well layer) for the NMOS body control.
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Figure 4.10. Differential non-linearity (DNL) for the second proposed ADC.
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Figure 4.11. Integral non-linearity (INL) for the second proposed ADC.
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Figure 4.12 Layout of the two proposed ADCs.
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Chapter 5

Proposed ADC in MIMO Systems

Massive Multiple-Input Multiple-Output (MIMO) is considered a
promising technology for future wireless communications systems and
5G. However, using high resolution ADCs for the antennas at the Base
Station (BS) causes high power consumption and high cost. Reducing the
resolution of the ADCs at the BS causes severe non-linearity errors in the
received signals due to additional quantization noise [57]. Thus, the
demand for high linear, low power and low resolution ADCs arises for

high performance MIMO systems.

Many studies have been held to compensate between the non-
linearity of low resolution ADCs and the high power consumption along
with hardware costs of high resolution ADCs. Mixed-ADC architectures
are proposed in [58-60] at which some high resolution ADCs are used
along with low resolution ADCs. This results in enhanced Bit Error Rate
(BER). However, the complexity of the circuits at the receiver increases.
Other studies focus on improving channel estimation techniques to
overcome the non-linearity that results from using 1-bit ADCs in MIMO

systems [61].

Many studies are held to investigate the performance of MIMO
systems using low resolution ADCs [62-65]. These studies conclude that
low resolution ADCs can bring acceptable performance in terms of BER
and system throughput at low power levels.
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In [64], a study is made on BER performance of uplink massive
MIMO with low-resolution ADCs. Figure 5.1 shows the effect of low
resolution ADCs on the BER performance of uplink massive MIMO
systems versus SNR per bit (E,/Ng in dB) [64]. Two transmission
modulation schemes of QPSK and 16-QAM are employed by the K-users
and the BS uses Zero forcing (ZF) and Minimum Mean Square Error
(MMSE) detection techniques. Simulations are performed with 100
antennas at the BS while serving 10 users [64].
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Figure 5.1. BER versus SNR per bit (Ey/Ng) for M = 100, K = 10 and different ADC
resolutions (a) using ZF detector for QPSK; (b) using MMSE detector for QPSK; (c)
using ZF detector for 16 QAM; (d) using MMSE detector for 16 QAM [64].

In [65], a study is held for downlink performance in multi-user
massive MIMO with low resolution ADCs. Figure 5.2 shows the Mean
Square Error (MSE) performance of channel estimation versus SNR [65].
It is obvious that the performance of 4-bit ADC is close to that for full

precision ADC. Figure 5.3 shows the system throughputs of the downlink
81



Chapter 5 Proposed ADC in MIMO Systems

with the Block Diagonalization (BD) scheme [65] that proves that the 3-
bits ADCs can achieve 90% of the throughput realized by infinite
resolution at low signal power condition while increasing the ADC
resolution beyond 4-bits seems unnecessary [65].
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Figure 5.2. MSE performance comparison between infinite and low-resolution ADCs
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Choosing the appropriate design for the ADC is very crucial in order
to obtain high linearity with lower cost in recent technologies. CMOS
technology scaling has a significant effect on the design of ADCs. Due to
technology scaling, the supply voltage is reduced which causes
degradation in the SNR. Moreover, the threshold voltage remains constant
by the continuous scaling of CMQOS transistors. This results in reducing

the dynamic range of the analog input signal.

Due to these limitations, recent research is focused on the design of
T-ADC at which the input analog signal is processed in the digital domain
to reduce the analog circuitry. Reducing the analog circuitry decreases the
circuit complexity by a great amount. Hence, the power consumption and

hardware cost are significantly reduced.

In this chapter, a 3-bit VTC is proposed at 4GS/s and maximum input
frequency of 2GHz. The theory of operation of this VTC is based on body
biasing technique which is described previously in details in Ch. 3. The
maximum linearity error is reduced to 0.56% and the input dynamic is

increased to 800mV.

5.1 The Proposed Circuit Design and Analysis

5.1.1 Proposed VTC

The theory of operation for the proposed VTC is based on connecting
the input signal to the body terminal of the starving transistor instead of
its gate terminal as shown in Fig. 5.4. It is previously proven in Ch. 3 that
there is a linear relation between the body-to-source voltage (Vgs) of the

starving transistor and the fall-time delay of the VTC output.
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Figure 5.4. The proposed VTC circuit.

The value of the input signal can range from -0.4 to 0.4V resulting in
a wide input dynamic range of 800mV. Using values out of this range can
cause latch-up. The resolution of the proposed VTC is 3bits. The clock
frequency is chosen to be equal to 4GHz which is suitable for ultra-high

frequency ranges.
5.1.2 Proposed 3-Bit Vernier Delay-Line TDC

The TDC circuit converts the output delay signal from the VTC to a
digital code. The TDC circuitry is more complicated than the VTC and
consumes more chip area. There are several architectures for the TDC.
The most commonly used is the Vernier delay-line TDC for its high

resolution that can be less than the gate delay of the used technology.

A 3-bit Vernier-delay line TDC is introduced in order to calculate the
DNL and the INL. These parameters represent a measure for the linearity

of the whole ADC.
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Figure 5.5 shows the interface circuit that generates the START and
STOP from the output delay of the VTC. The START signal is an
inverted version from the output delay. The STOP signal is a delayed
version of the clock signal at which its delay is the maximum delay that
can be produced from the proposed VTC circuit (Vir=-0.4V). This delay
is generated by another VTC circuit as shown in Fig. 5.5. The interface
circuit ensures that the delay between the START and STOP signals is

zero when the input signals is at its minimum value (-0.4V).

DU _’ )
VTC 0.4V T D C Digital

code

:\Iﬂy

Figure 5.5. The interface circuit.

Figure 5.6 shows a 3-bit Vernier delay-line TDC. It consists of two delay
paths for the START and STOP signals, D flip-flops (D-FF), 01 generator
circuits and a fat-tree encoder. The DU circuit used in the delay paths is
shown in Fig. 5.7. Its output delay is controlled by the value of the bias
voltage that is connected to body terminal of the NMOS transistors.
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Figure 5.6. 3-bit Vernier delay-line TDC.
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Figure 5.7. The delay unit circuit.

The value biasing voltages is chosen such that the delay of the DU in
the START signal path is slightly greater than that in the STOP signal
path by 1 LSB (2.87ps). When the input signal is at its minimum value (-
0.4V), the START signal comes after the STOP signal at all the flip-flops
and their output is ‘1°. By increasing the value of input signal, the START
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signals starts to come before the STOP signal and the first flip-flop
produces a ‘0’ output. When the input signal is at its maximum value

(0.4V), the output of all flip-flops gives ‘0°.

The output of the seven flip-flops represents an inverted thermometer
code. In order to convert this code to a digital code, 01-generator circuits
are used to convert this thermometer code into a hot-one code. Then this

code is converted to a digital code using a NAND-NOR fat-tree encoder.

5.2 Simulation Results and Discussions

The proposed ADC is simulated using Cadence virtuoso with
industrial hardware-calibrated 65nm transistor device models by TSMC.
The clock frequency equals to 4GHz and the maximum input frequency is
2GHz. The input dynamic range equals to 800mV for a supply voltage of
1.2V. In the proposed VTC circuit, the size of the PMOS transistor equals
to (900nm/60nm). The size of each of the two NMOS transistors equals to
(360nm/60nm).

Figure 5.8 shows the output delay of the proposed VTC versus a
perfectly linear slope and Fig. 5.9 shows the linearity error percentage
versus the input voltage. It is obvious that the maximum linearity error

equals to 0.56% for an input dynamic range of 800mV.

ENOB is calculated for the proposed using FFT with 1024 samples to
calculate the SQNR. Coherent sampling is achieved for more accurate
results [22]. Figure 5.10 shows ENOB for the proposed VTC at different
input signal frequencies. The frequency spectrum of the proposed VTC at

an input frequency of 1.496GHz is shown in Fig. 5.11.
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Figure 5.8. Output delay versus perfect linear slope for the proposed VTC.
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Figure 5.9. Linearity error percentage versus input voltage.
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Figure 5.10. ENOB for the proposed VTC versus input signal frequency.
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Figure 5.11. The frequency spectrum of the proposed VTC at an input frequency of
1.496GHz.

The power consumption for the proposed VTC at Nyquist frequency
equals to 149uW while the overall power consumption of the ADC equals
to 2.2mW. Figure Of Merit (FOM) is one of the most important metrics
that measures the performance of the ADC. FOM for the proposed VTC
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is calculated and compared with other modified VTCs as shown in Table
5.1.

Table 5.1 Performance comparison for the proposed ADC in MIMO systems with
other low resolution ADCs.

Proposed
work [34] [52] [53]
Technology 65nm 90nm | 65nm 65nm
Supply voltage (V) 1.2 - 1.2 1.05
Dynamic range (mV) 800 140 600 360
Resolution (bits) 3 3 4 5
Sampling frequency
(GH2) 4 25 1.2 5
Maximum input
frequency (Nyquist) 2 1.3 0.6 25
(GHz)
ENOB at Nyquist
frequency (bits) 2.1247 2.1 3.1 4.1
Max. DNL (LSB) +0.07LSB | +0.04 | +0.54 -
INL/max. INL (LSB) | +0.28/+0.28 | -/+0.04 | -/+0.78 -
VTC power (at i
Nyquist)(mw) 0.148 6.4 4
Max. ADC Power (at
Nyquist) (MW) 2.219 13 2 21
FOM1 (x10%) 1.15 0.0038 | 0.216 | 0.031
FOM2(Pj/step) 0.127 1.1 0.196 0.17

Temperature and process variations are crucial factors that affect the
performance of the proposed VTC circuit in terms of linearity error and
ENOB. Figure 5.12 shows the effect of temperature variations on the
maximum linearity error for a temperature range from -40 to 85°C. It is
obvious that the maximum linearity error increases slightly with the
increase of temperature but at acceptable limits. The maximum linearity

error increases to about 0.67% at 85°C which is still at a low level.
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Figure 5.12. Maximum linearity error for the proposed VTC versus temperature.

The effect of temperature variations on ENOB is shown in Fig. 5.13.
It is obvious that the change in ENOB in the given temperature range is
negligible. ENOB is calculated at an input signal frequency of 1.496GHz
and clock frequency of 4GHz. In sum, the proposed VTC circuit shows

robustness against temperature variations.

The effect of process variations on the maximum linearity error for
the proposed VTC is shown in Fig. 5.14. The clock frequency is reduced
to 2.5GHz as the output delay increases at SS corner. The maximum
linearity error increases significantly at SS corner and equals to 1.2%.
Hence, calibration is required for the proposed VTC to reduce the
linearity error at SS corner. In contrast, the proposed VTC circuit shows
more robustness against process variations in terms of ENOB. Figure 5.15
shows ENOB for the main process corners at an input frequency of

0.9985GHez. It is obvious that ENOB is nearly constant.
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Figure 5.14. Maximum linearity error for the proposed VTC versus process corners.
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Figure 5.15. ENOB for the proposed VTC versus process corners.

DNL and INL are calculated after manually calibrating the TDC by
adjusting the values of the biasing voltages in the delay paths. The values
of the biasing voltages after calibration are Vg,=0.4V, Vg;=0.05V,
Vgo=0.4V, Vp3=0.3V. DNL and INL are calculated using a ramp input
signal with resolution of 1mV (800 points for the input dynamic range of
800mV). Each digital code has 100 calculated points as the LSB equals to
2.87ps. Figure 5.16 shows the DNL for the proposed ADC while Fig. 5.17
shows the INL. The maximum value of DNL equals to +0.07LSB while
INL has the value of +0.28LSB (which equals to its maximum value as

well).
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, two proposed VTC circuits were presented achieving
better linearity with wide input dynamic range. The input signal was
connected to the body terminal of the starving transistor instead of its gate
terminal. The maximum linearity error was 0.55% for the first proposed
VTC and 0.4% for the second proposed VTC, with an input dynamic
range of 800mV for a supply voltage of 1.2V. The proposed VTCs can be
used for a 5-bit time-based ADC at a maximum sampling frequency of
500MHz in 65nm CMOS technology.

Thanks to their simple design, the proposed VTC circuits occupy a
small area of 26.67um2 for the first proposed VTC and 11.16;,Lm2 for the
second proposed VTC, while consuming very small power of 18uW for

the first proposed VTC and 15uW for the second proposed VTC.

The effect of PVT variations on the proposed designs was discussed.
In addition, calibration circuits were proposed to overcome the limitations
in the VTC circuits’ performance due to these variations. Moreover, time-

to-digital converter (TDC) and the jitter effect were discussed.

The proposed VTCs suffer from low resolution and quite low
sampling frequencies. The proposed designs are suitable for applications
with limited power budget, such as Internet of Things (10T) and wearable
devices. In addition, the proposed VTC circuits can be applied for low-
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resolution ADCs for wireless communication receivers in multiple-input
multiple-output (MIMO) systems as the power consumption is a much

more important factor than resolution.

Hence, a highly linear VTC circuit was proposed that can be used to
increase the linearity of low resolution ADCs in MIMO systems. The
proposed VTC exhibits maximum linearity error of 0.56% with a wide
input dynamic range of 800mV. The supply voltage used equals to 1.2V
in industrial hardware-calibrated TSMC 65nm CMOS technology. The
maximum power consumption for the proposed VTC at Nyquist
frequency equals to 149uW while the overall power consumption of the
ADC equals to 2.2mW. The proposed VTC shows high performance
against temperature and process variations. The whole ADC exhibits
maximum DNL of +0.07LSB while having INL of +0.28LSB.

6.2 Future Work

Our future work in this research is to fabricate the proposed ADCs
and report measurement results. This was postponed due to lack of

funding.

Moreover, the future plan of this research is to use the proposed
ADCs in other applications that require very low power consumption at
quite acceptable resolution such as sensors in biomedical wearable
devices and electronic textiles [66] as this technology is emerging and

became the trend nowadays.
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