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ABSTRACT
Integral nonlinearity and differential nonlinearity are the two main performance
parameters for a high speed flash analog-to-digital converter, which determine the accuracy of the
converter. Analog-to-Digital Converter (ADC) circuits are designed to achieve ideal performance
- zero linearity. However, the linearity is unavoidable due to the process variation, operating
temperature variation, and power supply voltage variation when the data converters are
manufactured and used in non-ideal environments. We present the new and improved transistor
sizing algorithms for the Threshold Inverter Quantization (TIQ) flash comparator circuit design
software package, the sizing algorithm that will results in minimal linearity for the TIQ ADCs
after they are manufactured and used in non-ideal environments. In comparison to the previous
algorithms, the proposed new transistor sizing algorithms reduce the worst-case linearity by 80%
or more. In the future, when implementing ADC circuits with below-30nm CMOS FinFET
technology, the TIQ flash ADC is the first candidate because only two transistors are present
between the power supply rails, and the transistor sizing is based on the discrete count of fins.
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Chapter 1
Introduction
Despite the many concerns of technology speculators, the Moore's law still holds true, as
it has been for the last 50 years. As of 2016, the 10 nm devices are still under commercial
development. Commercial release is expected to commence in 2017. Moore's law is anticipated to
be sustained through the year 2021 or 2024. However, the analog circuit development is many
years behind the digital circuit development in keeping up with ever continuing Moore's law.
Now with very low supply voltage and discrete size of FinFET, implementing a precision analog
circuit may no longer be feasible. We feel it best to always keep the signal not in analog form but
in digital form. Nevertheless, analog signals are unavoidable because they are inherent in nature.
With this background, we present the Threshold Inverter Quantization (TIQ) flash Analog-toDigital Converter (ADC) circuit based on the digital logic inverter circuit and its two improved
transistor sizing algorithms to design an N-bit TIQ ADC, which will minimize the linearity after
it is manufactured and used in non-ideal environments.

1.1 Challenges in Designing Threshold Inverter Quantization (TIQ) flash ADCs
The TIQ flash ADC is expected to be successfully implemented with below-30nm CMOS
FinFET technology, however, it has three major barriers that must be improved: large linearity
errors, heavy dynamic noise, and high power consumption. There are reasonable solutions for the
noise and the power consumption, for example, using a low-power CMOS inverter comprised of
four transistors in series connection as a comparator instead of a normal CMOS inverter

2
comprised of two transistors in series connection. However, there is no solution to resolve the
large linearity error issue. Thus, we focus on the reduction of the linearity errors in this thesis.
One of the most important performance specifications of the ADC is linearity errors,
Differential Nonlinearity (DNL) and Integral Nonlinearity (INL) errors, which affect its accuracy.
The linearity errors of the TIQ ADC are low enough to sustain the accuracy in typical CMOS
circuit fabrications. However, they become too large in the worst-case fabrication process
variations called the four process corner variations. The main component in the TIQ ADC that
determines the linearity errors is its voltage comparator circuit. We want to develop new
comparator circuit design methods that hold the linearity errors low enough not to decrease the
accuracy, not only in typical CMOS circuit fabrication, but also over the process corner variations.

1.2 Thesis Overview
This thesis is organized into five chapters. Chapter 1 introduces the challenges in
designing TIQ flash ADCs. Chapter 2 provides the necessary ADC background knowledge.
Chapter 3 explains the existing TIQ comparator sizing algorithms and describes the proposed
algorithms. Chapter 4 compares the proposed algorithms to the existing algorithms in simulation
results and introduces the future work. Chapter 5 summarizes the work completed in this thesis.
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Chapter 2
Analog to Digital Converter Background
This chapter provides background knowledge of ADCs, TIQ technique for designing a
flash ADC comparator circuit, and four process corner variations.

2.1 Analog to Digital Converter
Analog signals, such as sound, temperature, humidity, pressure, light, etc., are processed
using digital electronic equipments. Converting analog signals into digital signals is a very
important and necessary step to process information with digital equipments. Figure 2-1 shows
the basic steps in analog-to-digital conversion. The conversion process has three steps in general:
sampling, quantizing, and encoding as shown in Figure 2-1 [5].

Figure 2-1. Basic steps in analog-to-digital conversion (Encyclopædia Britannica, Inc.) [5]
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Sampling is the process of recording an analog (continuous) signal over equally spaced
intervals of time. The outputs of this step are still analog values. The quantizing step maps a large
and uncountable set of the analog values – the outputs of the sampling step – to a smaller and
countable set of digital values. For example, converting the set {6.5, 5.0, 4.4, 3.7, 3.3, 2.5, 2.2,
2.0, ...} to the set {7, 6, 5, 4, 3, 2, 1, 0} as illustrated in Figure 2-1. Finally the encoding step
converts the output codes of the quantization to binary numbers, e.g., {7, 6, 5, 4, 3, 2, 1, 0} to
{111, 110, 101, 100, 011, 010, 001, 000} as illustrated in Figure 2-1. An Analog to Digital
Converter (ADC) is an electronic circuit performing the quantization step and the encoding step
that are shown in Figure 2-1. Accuracy of an ADC is measured with a number of bits in the
output code. For example, Figure 2-1 shows the 3-bit ADC steps, because the output is a 3-bit
binary number. In general, an N-bit ADC outputs N-bit binary number corresponding to its
analog signal input.

2.2 ADC Architectures
The ADC has a wide variety of structures. One might broadly say there are four different
architectures: successive-approximation (SAR), sigma-delta (Σ-Δ), pipelined, and flash. They are
classified mainly by how quantizing and encoding are implemented. For example, the SAR ADC
has only one comparator and an internal N-bit Digital-to-Analog Converter (DAC), and they
process the sampled analog input in N comparison periods by using the binary search algorithm
[6]. Whereas, the N-bit flash ADC has 2N ‒ 1 voltage comparators in parallel, and they process
sampled analog signal inputs in one comparison period, simply by comparing the input with the
2N ‒ 1 reference voltages. For encoding, the basic N-bit SAR ADC has an N-bit register and a
logic circuit, and they play together the role of the encoder. The quantization and the encoding
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operate in sequence to produce each digit of the output code [6]. On the other hand, in the N-bit
flash ADC, the encoder is a combinational circuit and it generates an N-bit output code at once
after quantization is finished. As we can see in the examples, there are various implementations
of both comparator and encoder, and they determine the resolution, speed, power consumption,
temperature range, etc. of an ADC. In this thesis, we only present the flash architecture where the
TIQ ADC belongs. The TIQ ADC is a flash ADC whose comparators are designed by TIQ
technique. The TIQ technique is described later in Section 2.3.

2.2.1 Flash ADC
The flash ADC is suitable for applications that require very large bandwidth because it is
the fastest among all the ADC architectures [8]. This is because the quantization step in the flash
ADC is completed parallel in one comparison period. However, the flash ADC requires 2N ‒ 1
comparators, where N is the ADC's resolution. Figure 2-2 shows a block diagram of a
conventional N-bit flash ADC. Therefore, the flash ADC architecture is also called parallel ADC
architecture. The intermediate code in Figure 2-2 is called thermometer code, the number of '1s' at
the comparator output rise/increase as the ADC input voltage increase.
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Figure 2-2. Block diagram of a conventional N-bit flash ADC
When designing a 3-bit flash ADC, the number of the output cases of the ADC is 8 (=23)
and they are {000, 001, 010, 011, 100, 101, 110, 111}. Naturally, the number of the thermometer
code cases should be the same, 8. The eight cases of the thermometer code are {0000000,
0000001, 0000011, 0000111, 0001111, 0011111, 0111111, 1111111} which requires 7 bits for
each code. The output of one comparator is represented in a 1-bit binary number because the
output is either logically 'true' or 'false'. Then, in order to generate the 7-bit binary thermometer
code, seven comparators are required. In another words, seven comparators are necessary for a 3bit flash ADC, converting analog signal to a 3-bit binary number. In general, an N-bit flash ADC
has 2N ‒ 1 parallel comparators. This parallel structure of the comparators makes the flash ADC
the fastest in conversion speed. However, the number of the comparators in the flash ADC
increases exponentially as N increases. That is, increasing by one bit in resolution would double
the number of the comparators. Doubling the number of the comparators will also double the
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power consumption. This limits the resolution of the flash ADC to relatively low number. In
addition, this makes the price of the flash ADC relatively higher than the other ADCs.
The most important component in the flash ADC architecture is the voltage comparators,
performing the quantization. The accuracy of the flash ADC is determined by the comparators,
differentiating very small voltage levels - we call it 'quantization.' Reference voltage assignments
play also a key role for accurate quantization. As shown in Figure 2-2, each of the comparators in
the flash ADC has its own unique reference voltage (Vr). If analog input to a comparator is
greater than its reference voltage, the comparator outputs a '1'; otherwise, it outputs a '0'. In
traditional flash ADCs, the reference voltages are supplied by an external resistor ladder circuit as
shown in Figure 2-2. Each reference voltage differs according to its position in the resistor tap. In
summary, the traditional N-bit flash ADC consists of 2N ‒ 1 identical comparators, and a resistor
ladder circuit that generates 2N ‒ 1 different reference voltages.
Unlike the traditional flash ADC, the TIQ flash ADC eliminated the reference voltages
generated by the resistor ladder circuit. Each voltage comparator has its own reference voltage
internally, as part of the voltage comparator. In the next section, we explain TIQ technique used
for designing TIQ flash ADC comparators.

2.3 TIQ Technique for Designing Flash ADCs
The TIQ technique utilizes a CMOS inverter logic circuit as a voltage comparator [2].
The TIQ voltage comparator is the same as a CMOS inverter circuit. A flash ADC utilizing
CMOS inverters as its comparators is a TIQ ADC. Figure 2-3 shows the comparison of a TIQ
comparator and a differential comparator [1]. The Figure shows the voltage transfer characteristic
curves of a CMOS inverter and a differential comparator, and they are same. The main difference
between (a) and (b) of Figure 2-3 is the way to procure the reference voltages. The differential
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comparator receives the reference voltage from a resistor ladder circuit. Whereas, the TIQ
comparator has its own built-in reference voltage determined by the PMOS and NMOS transistor
sizes. We vary PMOS and NMOS transistor widths to determine the reference voltage that is also
called the inverter logic transition threshold voltage (Vth). More specifically the ratio of the
PMOS and NMOS transistor widths determines the inverter threshold voltage. The transistor
length is used to limit the current and speed, and all TIQ comparators are implemented with same
transistor length at present.

(a) TIQ comparator

(b) Differential comparator

Figure 2-3. The comparison of a TIQ comparator and a differential comparator [1]

Again, one TIQ voltage comparator is a CMOS inverter. The threshold voltage of the
inverter becomes the reference voltage. Each TIQ comparator has a unique size combination of
PMOS and NMOS transistors determining its unique threshold voltage. To design an N-bit flash
ADC, 2N ‒ 1 comparators are needed. That is, one must find 2N ‒ 1 different size combination sets
of PMOS and NMOS transistors. For an 8-bit TIQ ADC, one must need 255 TIQ comparators,
each with different threshold voltages. The threshold voltages need to be equally spaced among
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the 255 comparators. In order to find such transistor size sets, there are two previously published
algorithms. One is called Random Size Variation (RSV) algorithm and the other one is called
Systematic Size Variation (SSV) algorithm [1]. These algorithms are explained in detail in
Chapter 3.

2.4 ADC Performance Measurement Parameters
The ADC performance measurement parameters are used to compare and select the ADC
for a particular application. The parameters are categorized in two types: static parameters and
dynamic parameters. The dynamic parameters are signal-to-noise ratio (SNR), signal-to-noise and
distortion ratio (SINAD), effective number of bits (ENOB), total harmonic distortion (THD), and
spurious-free dynamic range (SFDR). The static parameters are offset, gain/full-scale error,
differential nonlinearity (DNL) error, and integral nonlinearity (INL) error. The static parameters
show the differences between the ideal/theoretical output plot and the actual output plot obtained
by an ADC. The dynamic parameters show the differences between the ideal/theoretical output
signal and the actual output signal, which contain noises. Sources of the noises may or may not
derive from the ADC itself [7]. In this section, we explain the linearity errors among the static
parameters, which derive from an ADC itself. The linearity errors cannot be removed by
calibration process unlike the offset and gain errors [7]. They show the absolute accuracy of an
ADC, so the static parameters are also called DC accuracy.

2.4.1 DC Accuracy
The DC accuracy describes errors between the actual output plot of the ADC and the
ideal/theoretical output plot of the ADC [7]. Figure 2-4 shows an output plot of an ADC (also
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called transfer function of a 3-bit ADC) to illustrate the DC accuracy. The X-axis is the analog
input voltage and the Y-axis is the ADC's output code. Vr-1 means the reference voltage of the
first comparator and Vr-2 means the reference voltage of the second comparator. In general, Vr-i
means the reference voltage of the i-th comparator. The i and the output code start at 1 and ends
at 2N – 1, where N is the resolution of an ADC.

Figure 2-4. Transfer function of a 3-bit ADC [4]

The black staircase plot depicts an ideal transfer function for a 3-bit ADC. In the ideal
plot, all the widths of the staircase are the same; it is the input step voltage, VLSB. The step voltage
VLSB is calculated by maximum input voltage (VMAX) – minimum input voltage (VMIN) / 2N. For
example, if VMAX is 5V and VMIN is 0V for a 3bit ADC, the VLSB will be 0.625V, that is (5 – 0) /
23. The output code increases by one LSB (least significant bit) when the input voltage increase
by one VLSB. The red points indicate these transitions. All the distances on the X-axis between
two consecutive red points are the same, VLSB. Connecting each red point by a line from the zero
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point makes all the red points to be on the same single straight line. On the other hand, the blue
staircase plot shows an example of actual transfer functions. The blue points indicate the
transitions, and no blue point stacks up exactly on any red point. The distances on the X-axis
between two consecutive blue points vary. Connecting each blue point by a line from the zero
point does not make all the blue points to be on a same single straight line. The DNL is the
distance on the X-axis between two consecutive blue points. The INL is the difference between
the corresponding red and blue points.

2.4.1.1 Differential Nonlinearity Error
The DNL describes deviation of the actual distance on the X-axis between two
consecutive points of the output plot from the ideal distance, VLSB. The following equation is used
for the DNL measurement.

(2-1)

,where V(i) means the reference voltage of the i-th comparator, and the i starts at 1 and ends at 2N
– 1, where N is the resolution of an ADC. If the distance on the X-axis between V(i – 1) and V(i)
is the same as VLSB, DNL(i) becomes 0 LSB. That means DNL(i) causes no missing output code.
Figure 2-5 shows a simple example of actual DNLs. There are two specified DNLs: DNL(3) and
DNL(4). DNL(3) is –0.5 LSB, which means the distance is half of the ideal distance, and yet in
this case, no missing code can be still achieved. However, DNL(4) is 1.5 LSB, more than 1 LSB.
That means the third comparator does not work at all. We cannot see "100" among the output
codes. In addition, we cannot expect which output code, "011" or "101, would actually
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correspond to the analog input voltage that is theoretically supposed to have "100" as its output
code. Then we have no choice but to doubt the accuracy of this ADC's output code.

Figure 2-5. A simple example of actual DNLs [4]

2.4.1.2 Integral Nonlinearity Error
The INL describes the distance between the actual point and the ideal point in terms of
LSB. The following equation is used for the INL measurement.

(2-2)

,where V(i) means the reference voltage of the i-th comparator, and the i starts at 1 and ends at 2N
– 1, where N is the resolution of an ADC. The DNL only deals with two adjacent actual points
not considering how far they are from the ideal points. On the other hand, the INL checks the
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distance between the actual point and the ideal point. Figure 2-6 shows a simple example of
actual INLs. We cannot see "100" among the output codes. We cannot expect which output code,
"011" or "101, would actually correspond to the analog input voltage that is theoretically
supposed to have "100" as its output code. In general, 0.5 LSB or ±0.25 LSB is the maximum
error tolerance for both DNL and INL, which does not downgrade the ADC's accuracy. All the
errors in this thesis are expressed as absolute values. It means an ADC loses accuracy if one of its
linearity errors is greater than 0.25 LSB.

Figure 2-6. A simple example of actual INLs [4]

2.5 Four Process Corner Variations
Measurement results obtained from integrated circuits (ICs) deviate from the ideal due to
variations occurring during the manufacturing process. Over the years the CMOS circuit
fabrication process has been studied and now the manufacturers supply to the circuit designer the
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worst process parameter variations named ‘four-corner’ SPICE transistor model files. Through
the model file, the circuit designers are able to improve the IC parameter measurement deviation,
caused by the process variations. The four process corner variations are denoted as fast-fast (FF),
fast-slow (FS), slow-fast (SF), slow-slow (SS), and typical-typical (TT) in NMOS and PMOS
transistors' speeds. In addition, the circuit designer must anticipate the worst-case operating
temperature variation and power supply voltage variations, for the circuit’s operation under nonideal environments. For a simple expression, the four process corner variations will be called the
"process corners" for the remainder of this thesis.
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Chapter 3
TIQ Comparator Sizing Algorithms
This chapter explains in detail TIQ comparator sizing algorithms, to find optimal the
reference voltages of the TIQ comparators. We present the TIQ comparator design procedure first.
Next, we scrutinize existing algorithms and describe our proposed algorithms.

3.1 TIQ Comparator Design Procedures for An N-bit TIQ ADC
Regardless of the kind of TIQ comparator sizing algorithms, the following design
procedures are the same for a TIQ ADC. A set of 2N ‒ 1 comparators are needed for an N-bit
flash ADC. To avoid confusion, let us specify a few terms. A TIQ ADC is generally comprised of
a comparator part and an encoder part. The comparator part consists of 2N ‒ 1 TIQ voltage
comparators, where N is the resolution of the TIQ ADC. We call the 2N ‒ 1 TIQ comparators an
N-bit TIQ comparator in this thesis. For example, a 6-bit TIQ comparator means 63 TIQ
comparators used for a 6-bit TIQ ADC. In addition, we use threshold voltage (Vth) instead of
reference voltage because they are the same in TIQ comparators. An N-bit TIQ comparator
design steps are:
● Step 1: Decide the ADC input voltage range, minimum and maximum voltage (VMIN
and VMAX respectively) limits.
● Step 2: Calculate the 2N ‒ 1 equal voltage step, VLSB, by (VMAX ‒ VMIN) / 2N.
● Step 3: Calculate 2N + 1 equal quantization voltages from the VMIN and VMAX, equally
spaced by VLSB. These are the ideal threshold voltages.
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● Step 4: Find 2N ‒ 1 actual threshold voltages (except the two outer voltages) which are
close to the ideal threshold voltages that are found in Step 3 above. This is the most
important step of the TIQ comparator design that results in varying degree of the linearity
errors. According to the method to find the 2N ‒ 1 actual threshold voltages, the degree of
the linearity errors varies. We call the methods TIQ comparator sizing algorithms.
● Step 5: Design 2N ‒ 1 comparators with the actual threshold voltages that are found in
Step 4 above.

Again, a CMOS inverter is a TIQ comparator. The threshold voltage is determined by the
sizes of its PMOS and NMOS transistors. Thus, for 2N ‒ 1 actual threshold voltages in Step 4, we
first find all the possible sizes of PMOS and NMOS transistors, and plot the threshold voltages.

Figure 3-1. 3D plot of threshold voltage (Z-axis) as the function of PMOS transistor width (Xaxis) and NMOS transistor width (Y-axis)

Figure 3-1 shows a 3D plot of threshold voltage (Z-axis) as the function of PMOS
transistor width (X-axis) and NMOS transistor width (Y-axis). The lengths of both PMOS and
NMOS transistors are uniformly fixed to a certain value. The threshold voltage plot forms a 3D
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surface shown in blue, and all the blue points are candidates for the threshold voltages. Then for
Step 4, we pick 2N ‒ 1 sets from the blue 3D surface area; ( WP(1), WN(1), Vth(1) ), ( WP(2), WN(2),
Vth(2) ), ... , ( WP(255), WN(255), Vth(255) ) for an 8-bit TIQ comparator, where WP and WN mean the
widths of PMOS and NMOS transistors respectively. For the selection of the 2N ‒ 1 transistor size
sets, there are two existing algorithms so far, and we present two new algorithms in this thesis.
Each algorithm has a different method for the selection, and the resulting linearity errors differ
according to the methods. Again, these algorithms are used for the selection Step 4 above, to
design TIQ comparators. Thus, an N-bit TIQ ADC designed by an algorithm means the
comparators of the N-bit TIQ ADC are designed by the algorithm presented in this thesis. We
present details of each algorithm in the following sections.

3.2 Existing Algorithms
The two existing algorithms, Random Size Variation (RSV) and Systematic Size
Variation (SSV), have been introduced in 2002 for designing TIQ comparators. The SSV is still
being used, whereas the RSV is no longer being used. The reason is as follows. TIQ ADCs
designed by the RSV algorithm result much lower DNL and INL than TIQ ADCs designed by the
SSV algorithm in the simulations [1]. However, when the TIQ ADCs are fabricated on the chip,
the TIQ ADC designed by the SSV shows much lower DNL and INL than the TIQ ADC
designed by the RSV. Such results are due to the process variations occurring during the CMOS
circuit fabrication process. That is, the DNL and INL of the TIQ ADC designed by the SSV are
lower than the DNL and INL of the TIQ ADC designed by the RSV. We will see the reason that
causes the difference in the following section.
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3.2.1 Random Size Variation (RSV) Algorithm
The RSV algorithm, the simplest, is also called zero-DNL algorithm. An N-bit TIQ ADC
requires 2N ‒ 1 TIQ comparators. All of the 2N ‒ 1 comparators are the CMOS inverters but the
threshold voltage of each comparator is different from each other. For example, a 3-bit TIQ ADC
requires seven threshold voltages. The seven threshold voltages must be different and need to be
equally spaced. The threshold voltage of a comparator is determined by the NMOS and PMOS
transistor sizes. Therefore, the TIQ comparator sizing algorithm selects a set of NMOS and
PMOS transistor sizes to design a comparator. The algorithm must select the 2N ‒ 1 sets of
transistor sizes for the comparators of all different threshold voltages. For a given ideal threshold
voltage of i-th comparator, the RSV chooses any set of transistor sizes from the full-range of
allowed transistor sizes. To illustrate this, the RSV selects a point on the 3D plot, shown in Figure
3-1, whose threshold voltage is the closest to the ideal threshold voltage. In fact, the 3D plot
shown in Figure 3-1 implies that there are many points corresponding to the ideal threshold
voltage, and actually, one can find a point whose threshold voltage is exactly same as the ideal
threshold voltage or very close to it. A point in the 3D plot means a set of transistor sizes for a
comparator. The RSV algorithm selects the 2N ‒ 1 comparator sizes that way and the threshold
voltages will be exactly separated by VLSB. Thus, both DNL and INL of the TIQ ADC designed by
the RSV algorithm become very close to zero! There is no relationship in transistor sizes among
the adjacent comparators. To sum up, the RSV selects any sets whose threshold voltages are the
closest to the ideal threshold voltages, not considering the relationship of the size change of the
consecutive comparators. This is the reason why this algorithm is named Random Size Variation.
Figure 3-2 shows two layout pictures of a 6-bit TIQ comparator. Figure 3-2 (a) is a layout of the
63 comparators designed by the RSV algorithm.
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(a) layout designed by the RSV

(b) layout designed by the SSV

Figure 3-2. Two layout pictures of a 6-bit TIQ comparator [1]

3.2.2 Systematic Size Variation (SSV) Algorithm
As we can see in the algorithm's name, the SSV algorithm keeps systematic variation in
size of the consecutive PMOS and NMOS transistors. For this, the SSV first fixes a specific
search range on the 3D plot, only considering transistor sizes. Then within the fixed search range,
the SSV selects sets of the PMOS and NMOS transistor sizes whose threshold voltages are the
closest to the ideal threshold voltages, following increasing or decreasing direction in size change
of the consecutive transistors. Figure 3-3 shows an example of how the SSV generates a set of
transistor sizes and selects the optimal sets. In Figure 3-3, the thick red lines indicate the fixed
search range which is less than 'WP + WN = (a given constant sum of WP and WN) + (a given
constant size tolerance (ST))' and greater than 'WP + WN = (a given constant sum of WP and WN) –
(a given constant size tolerance)'. In Figure 3-3, WP increases along the X-axis and WN decreases
along the Y-axis. All the bubbles on the search range are the candidates for the next set. The black
bubbles are the chosen sets among the candidates, whose threshold voltages are closest to the
ideal threshold voltages. The parameter ΔW in Figure 3-3 indicates a certain minimum width, for
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the maximum resolution of the given CMOS technology. Figure 3-2(b) shows a layout of a 6-bit
TIQ comparator designed by the SSV. Figure 3-2 shows the main difference between the two
algorithms at a glance. This systematic variation in size of the SSV is considered as the main
reason why the RSV using non-systematic variation is much more erroneous with process
variations than the SSV [3].

Figure 3-3. An example of how the SSV generates a set of transistor sizes and selects the optimal
sets[1]

3.3 Proposed Algorithms
Again, the SSV's linearity errors are much lower than the RSV's with the process
variations, and the systematic variation in size of the SSV is regarded as the main reason in
determining the robustness of the linearity errors against the process variations. Here, one can
question whether the main reason was not the systematic variation but the closeness in transistor
sizes among adjacent comparators. For more clarification throughout this thesis, we use a format
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to represent the i-th chosen comparator transistor size set on the 3D plot, which is S(i) consisting
of (WP(i), WN(i), Vth(i)), where i means the index of the 2N ‒ 1 comparators. The i begins at 1 and
ends at 2N ‒ 1.
To show an obvious drawback of the SSV in Figure 3-3, suppose the two left most black
dots are chosen as S(i‒2) and S(i‒1). The SSV is searching next the sets for S(i), and the blue
square has the exact same threshold voltage as the ideal threshold voltage, VMIN + ( VLSB * i ),
while the third black dot from the left does not. However, even though the blue square does not
only have the ideal threshold voltage but also keeps increasing in PMOS size and decreasing in
NMOS size from S(i‒1), the SSV has no choice but to select the third black dot because the blue
square is not on the search range fixed at the beginning. With a bigger search range, this scenario
can still happen.
To answer the question and remove the drawback of the SSV shown above, we present
two new TIQ comparator sizing algorithms: Close Size Variation (CSV) algorithm and INLOffset Close Size Variation (IO-CSV) algorithm. The IO-CSV algorithm is an enhanced version
of the CSV algorithm.

3.3.1 Close Size Variation (CSV) Algorithm
The first priority of the existing algorithms was on the closeness to the ideal threshold
voltage. Among all the candidates on the search range, the chosen set is a set whose threshold
voltage is the closest to the ideal threshold voltage. However, to the CSV algorithm, the closeness
to the ideal threshold voltage is not the first priority but the second priority. The CSV algorithm
puts the first priority on the closeness in transistor sizes of two consecutive comparators to find
the answer to the question brought up in the previous section. Also, in order to eliminate the
disadvantage of the fixed search range of the SSV, the CSV forms dynamic search ranges for
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finding 2N ‒ 1 comparator sets for an N-bit TIQ ADCs. The initial search range is the full range
of a 3D plot. Then the search ranges are renewed every time the CSV finishes selecting a set, and
the CSV finds the next sets only in the renewed search ranges. The search range will be
represented by SR(i) from now on, which means the i-th search range where the CSV finds S(i).
Again, the CSV first forms a new search range and searches a set within the new search
range to find the next set. The SSV that fixes its unchangeable search range at the beginning only
needs to consider the size changes of both PMOS and NMOS transistors. Whereas, the CSV
renewing its search range for each comparator set need to consider another parameter, threshold
voltage, in addition to the size changes of both transistors. The search range of the SSV is twodimensional but the search range of the CSV is three-dimensional. So the CSV has three
requisites to consider for the new search ranges, which are a given constant transistor size
tolerance (ST), a given DNL tolerance (DT) and a given INL tolerance (IT). The size tolerance is
used to limit the size changes of the PMOS and NMOS transistors, and the other two are used to
limit the changes of threshold voltages. Figure 3-4 shows examples of how the CSV's search
ranges change for the next sets of transistor sizes. The red squares represent the search ranges.
The black dots are chosen sets. The search ranges are formed as the squares with the block dots as
their centers. The side of the square is (2 * size tolerance). In comparison to Figure 3-3, Figure 34 does include more candidates for the next sets.
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Figure 3-4. Examples of how CSV's search ranges change for the next sets of transistor sizes

Suppose the CSV found S(i): (WP(i), WN(i), Vth(i)), where X-axis is PMOS transistor size,
Y-axis is NMOS transistor size, and Z-axis is threshold voltage. For the next set, S(i+1), the CSV
first forms SR(i+1) on the 3D plot. For the limit of the size change, the SR(i+1) ranges between
WP(i) ‒ ST and WP(i) + ST on the X-axis and between WN(i) ‒ ST and WN(i) + ST on the Y-axis.
For the limit of the threshold voltages, the SR(i+1) uses ((1 ± DT) * VLSB + Vth(i)) and ((i ± IT) *
VLSB + VMIN) to determine the minimum and the maximum values on Z-axis. For example, imagine
we are finding seven comparators for a 3-bit TIQ ADC whose minimum input voltage (VMIN) is 0
V, maximum input voltage is 5 V, size tolerance is 3um and both DT and IT are 0.01. The VLSB
becomes 0.625(=5 / 23) V. Suppose the CSV already selected two sets, and the S(2) is (22.5 um,
13.5 um, 1.25 V). Now it is about to search sets for S(3). Prior to this, the CSV forms its search
range, SR(3), on the 3D plot. The scope of the X-axis will be between 19.5(=22.5 ‒ 3) um and
25.5(=22.5 + 3) um due to WP(2) ± ST. The scope of the Y-axis will be between 10.5(=13.5 ‒ 3)
um and 16.5(=13.5 + 3) um due to WN(2) ± ST. The scope of the Z-axis will be between
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1.86875(=(1 ‒ 0.01) * 0.625 + 1.25 or =(3 ‒ 0.01) * 0.625 + 0) V and 1.88125(=(1 + 0.01) *
0.625 + 1.25 or =(3 + 0.01) * 0.625 + 0) V due to ((1 ± DT) * VLSB + Vth(2)) and ((2 ± IT) * VLSB
+ VMIN). As a result, there is no set on the new search range, SR(3), which does not satisfy the ST,
DT and IT at once. In other words, there is nothing wrong even when anything in the search range,
SR(3), is chosen for the next set, S(3). Here the CSV selects a set that has the shortest distance
from the most recently chosen set, S(2). The followings are the six steps the CSV algorithm uses:
● Step 1: Decide an initial search range by fixing minimum and maximum sizes of both
PMOS and NMOS transistors and ΔW, e.g., one must fix PMOS transistor from 4.5um through
45um, NMOS transistor from 2.7um through 27um, and ΔW as 0.15um. Then one needs to
simulate all the size sets of transistors within the limits to find all the threshold voltages. Here one
can obtain a 3D plot like Figure 3-1.
● Step 2: Decide the minimum input voltage (VMIN) and the maximum input voltage
(VMAX), the resolution (N) of TIQ ADC, the DNL tolerance (DT), INL tolerance (IT) and transistor
size tolerance (ST) between two consecutive comparators; e.g., 0V, 5V, 8-bit resolution, 0.01
LBS, 0.01 LBS and 4.5um.
● Step 3: Find the first comparator set, S(1), on SR(1) which is the 3D plot obtained in
Step 1, whose threshold voltage is the closest to VMIN + (VLSB * 1), where VLSB is calculated by
(VMAX ‒ VMIN) / 2N.
● Step 4: Form a new search range, SR(i), for the next set, S(i), using the ST, DT and IT,
where i means an index which begins at 2 and ends at 2N ‒ 1; fix the scope of the X, Y and Z axes
for SR(i) on the 3D plot.
● Step 4.1: Set the minimum and maximum of the scope of the X-axis, and fix WP(i‒1) ‒
ST and WP(i‒1) + ST respectively. Then set the minimum and maximum of the scope of the Yaxis, and fix WN(i‒1) ‒ ST and WN(i‒1) + ST respectively.
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● Step 4.2: Find the minimum and maximum of the scope of the Z-axis within the DT and
IT; here we obtain two different scopes, one is for DT and the other is for IT. Both scopes are
overlapped. The CSV only needs the overlapped area for SR(i) to make all the sets on SR(i)
satisfy DT and IT simultaneously. The CSV accomplishes that through the following.
- As the minimum of the scope of the Z-axis, fix the greater between the minimum
threshold voltage within DT and the minimum threshold voltage within IT; pick up greater
between ((1 ‒ DT) * VLSB + Vth(i-1)) and ((i ‒ IT) * VLSB + VMIN).
- As the maximum of the scope of the Z-axis, fix the less between the maximum
threshold voltage within DT and the maximum threshold voltage within IT; pick up less between
((1 + DT) * VLSB + Vth(i-1)) and ((i + IT) * VLSB + VMIN).
● Step 5: Compare WP(i‒1) and WN(i‒1) to the widths of all the sets on the new search
range, SR(i), and select a set as S(i), whose absolute distance from WP(i‒1) and WN(i‒1) is the
shortest.
● Step 6: Repeat Step 4 and Step 5 for 2N ‒ 2 times more by increasing i by 1 each time.

Figure 3-5 shows two examples of the CSV's threshold voltage selection, for 6-bit and 8bit TIQ ADCs. The longer red line indicates the sets chosen for 255 comparators of an 8-bit TIQ
ADC and the shorter black line indicates the sets chosen for 63 comparators of a 6-bit TIQ ADC.
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Figure 3-5. Two examples of the CSV's threshold voltage selection, for 6-bit and 8-bit TIQ ADCs

Figure 3-6 shows the size change of the transistors of a 6-bit TIQ comparator designed by
the CSV. The upper red line indicates the PMOS size change and the lower blue line indicates the
NMOS size change. In comparison to Figure 3-2(b) designed by the SSV, the PMOS width in
Figure 3-6 does not keep the increasing trend, while the PMOS width in Figure 3-2(b) does.

Figure 3-6. The size change of the transistors of a 6-bit TIQ comparator designed by the CSV
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The RSV among the three algorithms shows the lowest worst-case linearity errors with
the Typical &Typical (TT) process according to the simulation results [3]. However, the
simulation with the process corners, the RSV's worst-case linearity errors are the highest among
the three algorithms. In other words, the RSV's worst-case DNL and INL are exceedingly
different from the worst-case DNL and INL with the TT process. Throughout this thesis, we use
the terms, "deviate", "deviant" or "deviation", to refer to how much worst-case linearity errors
differ from the worst-case linearity errors when the comparators are simulated with the TT
process.
The SSV's worst-case DNL with the TT process is slightly higher than the RSV's, but the
worst-case DNL with the process corners becomes very close to the worst-case DNL with the TT
process, unlike the RSV's. However, the SSV's worst-case INL with the process corners still
deviate considerably from the worst-case INL with the TT process, though its deviations are
much less than the RSV's.
The CSV's worst-case DNL with the TT process is slightly higher than the SSV's, but the
worst-case DNL with the process corners becomes more close to the worst-case DNL with the TT
process in comparison to the SSV's. In particular, though the CSV's worst-case INL with the TT
process is still higher than the SSV's, the CSV's worst-case INL deviation is much lower than the
SSV's. In another words, the CSV's worst-case INL with the process corners is much lower than
the SSV's though the CSV's worst-case INL with the TT process is higher than the SSV's. Figure
3-7 shows the comparison of INLs with the process corners of 6-bit TIQ ADCs designed by the
RSV, the SSV and the CSV.
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(a) INL plot of the RSV [1]

(b) INL plot of the SSV [1]

(c) INL plot of the CSV
Figure 3-7. The comparison of INLs with the process corners of 6-bit TIQ ADCs designed by the
RSV, the SSV and the CSV

Table 3-1 shows the comparison of deviations of linearity errors with the process corners
over the TIQ comparator sizing algorithms. We will discuss specific numeric comparisons of the
simulation results in the next chapter.
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Table 3-1. Comparison of deviations of linearity errors with the process corners over the TIQ
comparator sizing algorithms
RSV
Lowest and
perfectly
acceptable

SSV
A little bit higher
than the RSV's
but still perfectly
acceptable

CSV
A little bit higher
than the SSV's
but still perfectly
acceptable

Worst-case
DNL deviation

Deviant
exceedingly and
totally not
acceptable

Deviant much
less than the
RSV's and
perfectly
acceptable

Deviant much
less than the
SSV's and
perfectly
acceptable

Worst-case
INL deviation

Deviant
exceedingly, and
totally not
acceptable

Deviant much
less than the
RSV's, but still not
acceptable

Deviant much
less than the
SSV's, but may or
may not
acceptable

0.52 and 2.3 LSB
in 6-bit and 8-bit
TIQ ADCs
respectively

0.12 and 0.54 LSB
in 6-bit and 8-bit
TIQ ADCs
respectively

DNL and INL
with TT
process

Worst-case
INL

3.3.2 INL-Offset Close Size Variation (IO-CSV) Algorithm
Again, the CSV shows much better performances than the SSV in terms of the worst-case
linearity error as well as the deviation in the simulation results. However, there is still an issue on
INL as seen in Table 3-1. With the process corners, the worst-case INL of a 6-bit TIQ ADC is
0.12 LSB perfectly acceptable, but the worst-case INL of an 8-bit TIQ ADC is 0.54 LSB. This is
not acceptable because it is greater than 0.25 LSB, the standard for determining whether the
linearity errors can sustain the accuracy of ADCs. The INL-Offset Close Size Variation (IO-CSV)
algorithm has been invented to redeem this weakness of the original CSV revealed in simulations
results. More detail of the simulation results will be discussed in Chapter 4.
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Figure 3-8. DNL and INL plot with process corners, of an 8-bit TIQ ADC designed by the CSV
There may be many ways that one can think of to lower the INL deviations. Figure 3-8
shows DNL and INL plot with process corners, of an 8-bit TIQ ADC designed by the CSV. In the
INL plot of Figure 3-8, the overall shapes of the errors with the process corners look very similar
to the TT process' case except the altitude. The changes of all the deviations also form certain
shapes. For example, up to some points in the middle, the errors with the FF and FS processes are
getting farther away from the TT process' error along the index of the comparators while
decreasing the rate of the deviation increase. From the points toward the end, they are getting
closer to the TT process' case while increasing the rate of the deviation decrease. Thus, we
thought simply that the following scenario would happen if we minimized INL almost as close to
zero with the TT process. The INL plot would form an approximately straight line for the TT
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process on zero, two convex-upward arcs for FF and FS cases above zero, and two convexdownward arcs for SS and SF cases below zero. Then the worst-case INL would be lower
automatically. We call this algorithm Zero-INL Close Size Variation (ZI-CSV) algorithm because
it tries to make TT process' INLs close to zero all the time. However, the ZI-CSV was expected to
cause a different issue and it would require modifying a large part of the current program
developed already for the CSV. Therefore, we tried a different way, the IO-CSV algorithm, in
this thesis. The detail will be discussed shortly.
For the realization of the renewed CSV algorithms, the ZI-CSV and IO-CSV, we picked
up an idea from another INL equation, which is Equation 3-2, proved by the followings. DNL(i)
and INL(i) mean the i-th DNL and the i-th INL respectively from now on.

by Equation 2-2

by Equation 2-2

by Equation 2-1
Therefore,
(3-1)

by Equation 2-1

by Equation 2-2
by Equation 3-1
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(3-2)

The INL is the accumulation of the DNLs according to Equation 3-2. As already shown
above, DNL(1) is equal to INL(1). INL(2) is equal to INL(1) + DNL(2) by Equation 3-1. For the
ZI-CSV, in order to make INL(2) close to zero, we just need to find a set whose DNL, DNL(2),
has the same absolute number as but the opposite sign to INL(1)'s. Then INL(2) will be almost
zero though it may not be zero exactly. For the next sets, we repeat the same process until the end.
However, a problem occurs here. If the process is repeated i times, it will actually become the
process that finds S(i) whose DNL(i) is almost zero. Suppose INL(i-2) is 0.01 LSB. Then the ZICSV will try to find S(i-1) whose DNL(i-1) is ‒0.01 LSB, and there is no set whose DNL is ‒0.01
LSB but a set whose DNL is the closest, ‒0.009999 LSB. If this set is chosen, INL(i-1) will
become 0.000001 (=0.01‒0.009999) LSB by Equation 3-1, and the ZI-CSV will try to find S(i)
whose DNL(i) is ‒0.000001 LSB. The more this process repeats, the more difficult it is to find the
next set whose DNL is almost zero within the limit of the size tolerance. If we increased the size
tolerance to have enough candidates for the next set, it might make the size differences among the
adjacent sets chosen by the ZI-CSV not become small or systematic but rather become large,
uneven or arbitrary like the RSV. Then the INL deviations of the ZI-CSV would not be lower
than the CSV's. With this negative anticipation and high time consumption to realize the ZI-CSV
in a computer program, we postponed its realization and arranged a compromise, the IO-CSV.
The IO-CSV is an intermediate algorithm toward the ZI-CSV. It does not make INLs
almost zeros but prevents INLs from going far away from zero in both positive and negative
directions. While the ZI-CSV needs S(i) whose DNL(i) has the same number but the opposite sign
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to INL(i‒1) for zero INL, the IO-CSV find S(i) whose DNL(i) just has the opposite sign to
INL(i‒1) not caring whether it has the same number. Then when INL(i‒1) is above zero, INL(i)
will be located between INL(i‒1) and zero or below zero. In addition, when INL(i‒1) is below
zero, INL(i) will be located between zero and INL(i‒1) or above zero. This limitation does not
allow INL(i) to be higher than INL(i‒1) when INL(i‒1) is above zero and to be lower than
INL(i‒1) when INL(i‒1) is below zero. Then the overall and the maximum absolute altitude of the
plot with the process corners would decrease. We could simply realize this algorithm only by
changing the CSV’s renewal method of Z-axis for a new search range as the followings. We
omitted the same repetitive parts and made the edited or added texts bold.
● Step 4.2 revised for the IO-CSV: ...
...
- As the minimum of the scope of Z-axis, fix the greater between the minimum
threshold voltage within DT and the minimum threshold voltage within IT considering the last
INL; if INL(i ‒ 1) is less than zero, pick up greater between (V + Vth(i-1)) and ((i ‒ IT) *
LSB

V + VMIN). Otherwise, pick up greater between ((1 ‒ DT) * V + Vth(i-1)) and ((i ‒ IT) * V
LSB

LSB

LSB

+ VMIN).
- As the maximum of the scope of Z-axis, fix the less between the maximum threshold
voltage within DT and the maximum threshold voltage within IT considering the last INL; if
INL(i ‒ 1) is less than zero , pick up less between ((1 + DT) * V + Vth(i-1)) and ((i + IT) *
LSB

V + VMIN). Otherwise, pick up less between (V + Vth(i-1)) and ((i + IT) * V + VMIN).
LSB

LSB

LSB

As seen in the revised texts, the strategy of the IO-CSV accompanied another change
regarding the size of the SR(i). Previously, in Step 4.2 of the CSV for instance, the minimum
threshold voltage of SR(i) can be ((1 ‒ DT) * V + Vth(i‒1)). However, in this algorithm, it can be
LSB

(V + Vth(i‒1)). That is, the size of the IO-CSV's SR(i) can become as small as (DT * V ) than
LSB

LSB
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the CSV's. In other words, that strategy decreases the number of candidates on SR(i) of the IOCSV. Then it will be more difficult for the IO-CSV to find S(i) than for the CSV to do so. In
order to increase the number of candidates on SR(i), like the case of the ZI-CSV though not that
much, we will end up increasing the size tolerance. Consequently, the strategy may cause average
difference in transistor size among adjacent comparators designed by the IO-CSV to be greater
than the CSV's case. The greater average difference in transistor size may adversely affect the
deviations. Thus, fixing size tolerance would be a major tradeoff in all the CSV-based algorithms.

Figure 3-9. DNL and INL plot with process corners, of an 8-bit TIQ ADC designed by the IOCSV

Figure 3-9 shows DNL and INL plot with process corners, of an 8-bit TIQ ADC designed
by the IO-CSV. As planned, there is no case in the TT process where INL(i) is higher than
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INL(i‒1) when INL(i‒1) is above zero and INL(i) is lower than INL(i‒1) when INL(i‒1) is below
zero. The slopes between two consecutive DNLs are usually moving back and forth between a
positive number and a negative number. Therefore, the overall plots of the DNL and INL with the
TT process seems more even in comparison to Figure 3-8. With each process corner, the overall
plot of DNLs looks closer to zero and the overall plot of the INLs seems more like arks than the
errors in Figure3-7.
The IO-CSV's worst-case DNL with the process corners is 0.13 LSB and the worst-case
INL is 0.45 LSB. The detailed numeric comparison between the CSV and IO-CSV will be
discussed in Chapter 4. Table 3-2 shows the comparison of the four TIQ comparator sizing
algorithms.
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Table 3-2. Comparison of the four TIQ comparator sizing algorithms
Search range
for the next
transistor size
set

Relationship
in transistor
size
among
adjacent
comparators
Priority
in selecting
the next
transistor size
set on the
search range

RSV
Full-range
of 3D plot

SSV
An unchangeable
rectangle on fullrange 3D plot,
determined by
WP, WN and a
constant sum of
both transistors
with a size
tolerance.

No relationship

Maintenance of
monotonicity,
increasing or
decreasing trend
in size difference

For zero DNL,
finds a set whose
Vth is the closest
to the ideal Vth

Finds a set whose
Vth is the closest
to ideal Vth

CSV
Changing
polygons on fullrange 3D plot,
determined not
only by WP, WN
and a constant
sum of both
transistors with a
size tolerance but
also by Vth within
DNL & INL
tolerances,
renewed every
time for the next
set
No intentional
increasing or
decreasing trend,
just close in size

IO-CSV
Same as the
CSV's, except
assigning a Vth
whose DNL is
equal to 0 as its
candidate for the
minimum Vth
when the last INL
is less than 0, and
vice versa.
Its size becomes
smaller than the
CSV's.

Finds a set whose
WP and WN are in
the shortest
distance from the
most recently
chosen set

Same as the
CSV's, but on top
of it, finds a set
whose DNL can
offset INL

No intentional
increasing or
decreasing trend,
just close in size
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Chapter 4
Simulation Results and Evaluations
This chapter is composed of two parts. The first part is the comparison between the SSV
algorithm and the CSV algorithm. The last part is the comparison between the CSV algorithm and
the IO-CSV algorithm. For simulation, scalable 0.25um CMOS technology was used for the
schematic design of the 6-bit and 8-bit TIQ ADCs. The scale factor lambda (λ) was set to 0.15um,
the minimum transistor size increment step ΔW was set to (½) λ, which is 0.075um. All transistor
lengths are fixed at 1.2um (drawn size). All the errors in the tables are expressed as absolute
values.

4.1 The SSV Algorithm versus The CSV Algorithm
6-bit and 8-bit TIQ ADCs are designed by the CSV algorithm and simulated with process
variation parameters. The CSV's worst-case linearity errors are compared in four tables with the
SSV's of other works [3, 4]. Table 4-1 shows DNL comparison between two 6-bit TIQ ADCs of
the SSV and the CSV. The deviation column shows how much linearity errors with each variation
are shifted from the errors with the default Typical &Typical (TT) process, at 25 oC and standard
power supply voltage. In Table 4-1, for example, the worst-case DNL of the SSV in the process
corners is 0.0424 LSB. The TT process DNL is 0.0114 LSB. Then the worst-case error deviation
is computed by ((DNLSS ‒ DNLTT) / DNLTT) * 100, ((0.0424 ‒ 0.0114) / 0.0114) * 100, 271.93%.
We made them bold in the tables, the worst-case error and deviation in the process corners as well
as any errors greater than 0.25 LSB in the other variations. The worst-case DNL deviation of the
CSV with the process corners is 4.92% in Table 4-1 while the one of the SSV is 271.93%.
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Table 4-1. DNL comparison between two 6-bit TIQ ADCs of the SSV and the CSV
6-bit DNL
TT
FF
FS
SF
SS
‒40⁰C
80⁰C
Vdd ‒10%
Vdd +10%

SSV (LSB) [3]
0.0114
0.0414
0.0142
0.0158
0.0424
0.0459
0.0353
0.0169
0.0155

Deviation
0.00%
263.16%
24.56%
38.60%
271.93%
302.63%
209.65%
48.25%
35.96%

CSV (LSB)
0.0785
0.0816
0.0823
0.0803
0.0812
0.1082
0.0909
0.0847
0.0853

Deviation
0.00%
3.99%
4.92%
2.34%
3.45%
37.90%
15.87%
8.02%
8.72%

Table 4-2 shows DNL comparison between two 8-bit TIQ ADCs of the SSV and the CSV.
The worst-case DNL deviation of the SSV with the process corners is 110.86%, while the one of
the CSV is 10.04%. However, whether the worst-case error deviations are big or small relatively,
all the DNLs themselves with all the variations are perfectly acceptable because they are less than
0.25 LSB.
Table 4-2. DNL comparison between two 8-bit TIQ ADCs of the SSV and the CSV
8-bit DNL
TT
FF
FS
SF
SS
‒40⁰C
80⁰C
Vdd ‒10%
Vdd +10%

SSV (LSB) [4]
0.0396
0.0785
0.0393
0.0433
0.0835
0.0647
0.0593
0.0455
0.0461

Deviation
0.00%
98.23%
-0.76%
9.34%
110.86%
63.38%
49.75%
14.90%
16.41%

CSV (LSB)
0.1224
0.1347
0.1228
0.1218
0.1208
0.1489
0.1244
0.1183
0.1346

Deviation
0.00%
10.04%
0.36%
-0.49%
-1.31%
21.73%
1.67%
-3.33%
9.97%

Table 4-3 shows INL comparison between two 6-bit TIQ ADCs of the SSV and the CSV.
The worst-case INL deviation of the CSV with the process corners is 70.99% while the worstcase INL deviation of the SSV is 6243.37%. The worst-case INL of the SSV is 0.5265 LSB
greater than 0.25LSB, which lowers the ADC's accuracy. On the other hand, the worst-case INL
of the CSV is 0.1199 LSB less than 0.25LSB, which retains the accuracy. However, in the
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temperature variations, the INLs of both algorithms are greater than 0.25LSB. Thus, for a 6-bit
TIQ ADC, the comparator circuit designed by the CSV is perfectly suitable unless the ADC is
used in severely cold or hot environments, while the one by the SSV is very not.
Table 4-3. INL comparison between two 6-bit TIQ ADCs of the SSV and the CSV
6-bit INL
TT
FF
FS
SF
SS
‒40⁰C
80⁰C
Vdd ‒10%
Vdd +10%

SSV (LSB) [3]
0.0083
0.5265
0.1155
0.1164
0.4293
0.4330
0.4324
0.1306
0.1337

Deviation
0.00%
6243.37%
1291.57%
1302.41%
5072.29%
5116.87%
5109.64%
1473.49%
1510.84%

CSV (LSB)
0.0697
0.1177
0.0863
0.1199
0.1049
0.5627
0.3556
0.2348
0.2145

Deviation
0.00%
68.79%
23.87%
70.99%
50.52%
707.19%
410.09%
236.83%
207.72%

Table 4-4 shows INL comparison between two 8-bit TIQ ADCs of the SSV and the CSV.
The worst-case INL of the SSV in the process corners is 2.3330 LSB whose deviation is 2687.34%
whereas the worst-case INL of the CSV is 0.5404 LSB whose deviation is 347.87%. Though the
CSV shows much better performance than the SSV in the INLs and deviations, its worst-case
error is still too large to retain the accuracy. Thus, for an 8-bit TIQ ADC, the comparator circuits
designed by both algorithms are not suitable at all.
Table 4-4. INL comparison between two 8-bit TIQ ADCs of the SSV and the CSV
8-bit INL
TT
FF
FS
SF
SS
‒40⁰C
80⁰C
Vdd ‒10%
Vdd +10%

SSV (LSB) [4]
0.0837
2.3330
0.4805
0.5012
1.9656
1.8118
1.7988
0.5880
0.6106

Deviation
0.00%
2687.34%
474.07%
498.81%
2248.39%
2064.64%
2049.10%
602.51%
629.51%

CSV (LSB)
0.1207
0.5404
0.3224
0.3441
0.4850
2.3771
1.4767
0.8882
0.7998

Deviation
0.00%
347.87%
167.21%
185.20%
302.00%
1870.15%
1123.91%
636.18%
562.89%
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We could see that the CSV is better than the SSV, achieving 77% improvement (0.5265
LSB → 0.1199 LSB in 6-bit and 2.3330 LSB → 0.5404 LSB in 8-bit) of the worst-case INL with
the process corners. Yet, it is true that the SSV showed lower linearity errors than the CSV in the
other variations: ‒40⁰C and Vdd ± 10%. Thus, we can conclude that the fabricated TIQ ADCs
designed by the CSV is better in accuracy than the fabricated TIQ ADCs designed by the SSV
except when they are used in very cold places or environments, which change the Vdd. In
addition, we can conclude that the approach of the CSV (Close Size Variation) is more effective
than the approach of the SSV (Systematic Size Variation) for improvement of the linearity errors
with the process corners. In other words, the closeness in size of adjacent transistors plays a more
crucial role in determining the robustness of the linearity errors against the process corners than
increasing or decreasing variation in size of adjacent transistors. Then we need to find how the
closeness in size affects it in practice. In order for this, we designed three 8-bit TIQ ADCs by the
CSV algorithm, simulated them, and plotted the average size differences and the worst-case
deviations. Table 4-5 shows the relationship between average size difference of two consecutive
transistors and deviation of the worst-case linearity errors. We can come to a simple conclusion
from the table. The larger the average size difference between two consecutive transistors
becomes, the larger the overall deviation becomes in the CSV-based algorithms.
Table 4-5. Relationship between average size difference of two consecutive transistors and
deviation of the worst-case linearity errors
Avr. diff. of
PMOS (um)
0.33
1.16
5.06

Avr. diff. of
NMOS (um)
0.25
0.36
1.49

Avr. diff. of
Both (um)
0.58
1.52
6.56

Worst-case DNL
deviation.
1.94%
4.35%
40.85%

Worst-case INL
deviation.
282.31%
402.65%
830.50%
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4.2 The CSV Algorithm versus The IO-CSV Algorithm
Two 8-bit TIQ ADCs are designed by the CSV and the IO-CSV algorithms respectively
and simulated with process variation parameters. For the precise comparison based on the
conclusion from Table 4-5, we selected the two comparator circuits whose worst-case DNL and
INL with the TT process are similar; around 0.12 LSB. In addition, the average size difference of
PMOS and NMOS transistors in the two 8-bit comparators is similar; around 1.5um (the
minimum transistor size increment step was 0.075um). The worst-case linearity errors are
compared in two tables below with the process corners. Table 4-6 shows DNL comparison
between two 8-bit TIQ ADCs of the CSV and the IO-CSV. The CSV's worst-case DNL deviation
is 10.04% while the IO-CSV's is 1.00%. The IO-CSV is better than the CSV in the deviation.
However, in number itself, the CSV's worst-case DNL is slightly lower than the IO-CSV's. All
the DNLs themselves with the process corners are perfectly acceptable.
Table 4-6. DNL comparison between two 8-bit TIQ ADCs of the CSV and the IO-CSV
8-bit DNL
TT
FF
FS
SF
SS
‒40⁰C
80⁰C
Vdd ‒10%
Vdd +10%

CSV (LSB)
0.1224
0.1347
0.1228
0.1218
0.1208
0.1490
0.1244
0.1183
0.1346

Deviation
0.00%
10.04%
0.36%
-0.49%
-1.31%
21.73%
1.67%
-3.33%
9.97%

IO-CSV (LSB)
0.1337
0.1351
0.1331
0.1291
0.1305
0.1499
0.1410
0.1446
0.1367

Deviation
0.00%
1.00%
-0.45%
-3.47%
-2.40%
12.06%
5.45%
8.13%
2.24%

Table 4-7 shows INL comparison between two 8-bit TIQ ADCs of the CSV and the IOCSV. The CSV's worst-case INL with the process corners is 0.5404 LSB whose deviation is
347.87%. The IO-CSV's is 0.4561 LSB whose deviation is 298.42%. Though both errors are not
acceptable for the ADC's accuracy, we can simply conclude that the IO-CSV algorithm improved
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the worst-case INL 16% (0.5404 LSB → 0.4561 LSB) in comparison to the original CSV
algorithm.
Table 4-7. INL comparison between two 8-bit TIQ ADCs of the CSV and the IO-CSV
8-bit INL
TT
FF
FS
SF
SS
‒40⁰C
80⁰C
Vdd ‒10%
Vdd +10%

CSV (LSB)
0.1207
0.5404
0.3224
0.3441
0.4850
2.3771
1.4767
0.8882
0.7998

Deviation
0.00%
347.87%
167.21%
185.20%
302.00%
1870.15%
1123.91%
636.18%
562.89%

IO-CSV (LSB)
0.1145
0.4561
0.2988
0.3448
0.4297
2.3088
1.4527
0.8353
0.7360

Deviation
0.00%
298.42%
161.02%
201.13%
275.35%
1916.63%
1168.82%
629.59%
542.92%

Figure 4-1 shows INL plots with process corners of 8-bit TIQ ADC designed by the two
proposed algorithms. Figure 4-1(a) plots the INLs of the TIQ ADC designed by the CSV and
Figure 4-1(b) plots the INLs of the TIQ ADC designed by the IO-CSV. As mentioned already,
both have the similar worst-case linearity errors with the TT process and the similar average size
tolerance. We can perceive which algorithm is more robust against the process corners by the way
we already explained in Section 3.3.2.

43

(a) INL plot of an 8-bit TIQ ADC designed by the CSV

(b) INL plot of an 8-bit TIQ ADC designed by the IO-CSV
Figure 4-1. INL plots with the process corners, of 8-bit TIQ ADCs designed by the CSV and the
IO-CSV
Through all the simulation results in this chapter, we come to three conclusions. First, the
CSV is better than the SSV in linearity errors against process corners and the IO-CSV is better
than the original CSV in linearity errors against all the variations. Second, the larger the average
size difference between two consecutive transistors becomes, the larger the overall deviation
becomes with the process corners in the CSV-based algorithms. The third conclusion came from
the first two conclusions. That is, it will be possible for the IO-CSV to find the sets whose worstcase INL is less than 0.25 LSB with the process corners if there are sets satisfying, for example,
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the following conditions based on the first row of Table 4-5. The worst-case INL of the
comparators with the TT process should be less than or equal to 0.065 LSB, and the average size
difference between two consecutive transistors should be less than or equal to 0.58um. Then,
because its worst-case INL deviation would be 282.31% according to Table 4-5, the worst-case
INL with the process corners would be 0.249 LSB (= (0.065 * 2.8231) + 0.065), which is less
than 0.25 LSB. However, it was very difficult to find the sets satisfying the assumption in the
current 3D plot like Figure 2-1. Therefore, we are going to expand the 3D plot by increasing the
limits of both PMOS and NMOS transistor sizes to have more candidates, and then we will search
the sets in the renewed 3D plot.
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Chapter 5
Conclusion
We presented new transistor sizing CSV and IO-CSV algorithms for the TIQ comparator
circuit design, the sizing algorithms that will result in minimal linearity for the ADCs after they
are manufactured and used in non-ideal environments. For the case of 6-bit TIQ flash ADC
design, the resulting DNL and INL of the CSV are less than 0.25 LSB over the process corners
and power supply variation. However, with the temperature variations, the INLs are 0.56 LSB
and 0.36 LSB. For the 8-bit TIQ flash ADC designed by the CSV, the DNL results are good
enough – less than 0.15 LSB. However, the INL results exceed 0.25 LSB, effectively losing
more than 1 LSB precision. In comparison to the previous algorithms, one of the proposed new
transistor sizing algorithms, the IO-CSV, still reduces the worst-case linearity by 80%. Both the
algorithms are based on the discrete transistor size changes, comparable to fin counts in FinFET
technology.
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Appendix
Standard HSPICE File Used in the Computer Program
.option post
.option ACCT=1 BRIEF=1
.option NUMDGT=8 MEASDGT=8 $ for output printing
.option runlvl=0
.PARAM LN = 1.2e-6 LP = 1.2e-6 WN = 1.35e-6 WP = 2.25e-6 Lmin = 0.25e-6
VVDD vdd! 0 2.50
Vin in 0 PWL 0.10NS
.MEASURE
DC
Vcross
FIND v(in) WHEN v(in)=v(out)
.DC Vin 0.00V 2.50V 0.00001V sweep WP 2.25e-6 45e-6 0.075u
.TEMP 25
.OPTIONg
* ARTIST=2
* INGOLD=2
* PARHIER=LOCAL
* PSF=2
m0 vdd! n6 out vdd! pch250 L=0.9e-6 W=7.35e-6 AD=2.75625e-12 AS=2.75625e-12
PD=5.175e-6 PS=5.175e-6 M=1
m1 n6 n5 vdd! vdd! pch250 L=0.9e-6 W=7.35e-6 AD=2.75625e-12 AS=2.75625e-12
PD=5.175e-6 PS=5.175e-6 M=1
m2 0 n6 out 0 nch250 L=0.9e-6 W=2.7e-6 AD=1.0125e-12 AS=1.0125e-12 PD=2.85e-6
PS=2.85e-6 M=1
m3 n6 n5 0 0 nch250 L=0.9e-6 W=2.7e-6 AD=1.0125e-12 AS=1.0125e-12 PD=2.85e-6
PS=2.85e-6 M=1
m4 0 in n5 0 nch250 L=LN W=WN AD='(3 * Lmin * WN)' AS='(3 * Lmin * WN)' PD='(6 *
Lmin + WN)' PS='(6 * Lmin + WN)' M=1
m5 vdd! in n5 vdd! pch250 L=LP W=WP AD='(3 * Lmin * WP)' AS='(3 * Lmin * WP)' PD='(6
* Lmin + WP)' PS='(6 * Lmin + WP)' M=1
.INCLUDE "models/250nm.sp"
.END

