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Abstract—The objective of this work is to design an analog
to digital converter to be implemented in a digitally controlled
DC-DC.

Emergent markets of portable devices push the demand for
very low power, high efficiency DC-DC converters, with a digital
control that requires an ADC. However, the design of an ADC
where the trade-off between speed and energy consumption is
well balanced is challenging.

The proposed solution is an asynchronous tracking ADC,
where power is minimized by following the input voltage using
a window with 5mV steps. This means that the output word is
processed only if the input voltage becomes higher or lower than
the limits of the sliding voltage window.

With the purpose of optimizing the ADC, different comparator
architectures were analyzed, and a digital calibration circuit was
also proposed. This digital calibration is required in order to
limit mismatch while using minimum size transistors, with the
purpose of maximize speed and reduce power consumption. The
ADC operation also requires a robust DAC with considerable area
in order to limit the impact of process and mismatch variations.

The proposed tracking ADC is able to operate at 8MHz,
with a continuous time differential amplifier chosen after the
evaluation of the comparators, as well as a binary weighted DAC.
The obtained results for the ADC comply with its specifications,
in normal operation the power consumption is 30.20µW with
a response time of 154ns, and in ultra-low-power a 10.23µW
power consumption is achieved with a response time of 1.29µs.
The design was implemented in UMC130nm technology and it
was validated with Monte Carlo, process, temperature and power
supply corner analysis.

I. INTRODUCTION

From analog to digital, from big to small, technology
hasn’t stopped evolving around us. Were once was a massive
analog computer, filling a whole room, now is a smartphone
smaller than our hand that can process hundreds of times more
information. Back when ideas had to travel with people who
took years to gather resources and knowledge to foster their
project, and a lifetime to accomplish it, only a handful of them
dreamt of a better way of communication, but could never
fantasy today’s world.

Digital circuits brought a new era, ideas can now travel the
world in seconds and information is everywhere, dreams pros-
per and our life is changing. Men and machine communicate,
circuits achieve non-visible sizes, and are a part of our daily
lives and wearables. Smartphones, laptops and smart watches
are intrinsic in our routine and they need to perform and be
able to do everything we desire, while having a battery that

lasts for at least a day of use, meaning that they need to have
low energy dissipation and a good battery performance.

In order to improve the usage time between charges, a
simple solution is to increase the battery size, which would
lead to more stored charge and higher autonomy. This is a
straight brute force solution, and at the same time a non-
applicable one. Electronic systems tend to be smaller, light
weighted, and increasing the battery size wouldn’t benefit
neither of this.

An eloquent solution is to increase the power efficiency
of these electronic circuits. There are a lot of challenges to
perform this, being one of those the power management unit
that transfers the energy from the battery to each block at
the appropriate voltage level. This is where DC-DC converters
come in.

DC-DC converters are particularly challenging since they
need to provide a constant supply voltage during all the battery
cycle. In a world that is changing everyday, electronic systems
need to be able to adapt. Analog DC-DC converters have
advantages such as relative design simplicity, however, they are
very susceptible to noise and their porting to different technolo-
gies requires a significant effort. Digital DC-DC converters, as
the one presented in Figure 1, have the advantage of having
a digital control which is programmable and accurate, able to
communicate with other systems, and easy to transfer from
one technology to another.

Both analog and digital DC-DC converters can achieve high
efficiencies, and be designed as linear or switched, the first
being only able to reduce the voltage while the second can
reduce or increase it.

Digitally controlled DC-DC converters require an analog to
digital converter, which is a key component to sample the
feedback signal and convert it into the digital domain to be
used by the controller.

The design of an analog to digital converter presents chal-

Fig. 1. Digital DC-DC converter with a highlight of the ADC.
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lenges from the starting point, where an architecture must be
chosen and adapted for a specific application. This architecture
must be fast to sample the DC-DC’s output voltage every
cycle, it needs to have enough resolution to provide accuracy
in the feedback block and low energy consumption in order
not to compromise the efficiency of the whole circuit. This
brings a new challenge, the non-trivial design of a high speed,
low consumption ADC for a high efficiency integrated DC-DC
converter.

II. ANALOG TO DIGITAL CONVERTERS

A. Introduction
Analog to digital converters are vastly used since they are

the link between the analog and digital world. New emerging
technologies are pushing the boundaries of the semiconductor
industry, influencing the converters’ course, demanding higher
speed and resolution while decreasing the consumed power,
since they are commonly used in a system-on-chip.

Over the past three decades, ADC trends have been studied.
In 1999, Walden published an overview for understanding the
performance trend evolution [1], which is continued in a more
recent article published in 2005 in IEEE Signal Processing
Magazine [2]. In this data collect studies, commercially avail-
able ADCs with structures such as flash, half-flash, folding,
pipelined, SAR and sigma-delta, are grouped and compared, so
that their segmentation can be easily perceived. This segmen-
tation is reflected by the converters specifications. Sampling
rate, power dissipation and resolution are the three universal
parameters, which present the general trade-off between archi-
tectures.

Analog to digital converters have a natural trend associated
with the sampling frequency. Its growth leads to a decrease in
resolution, going from sigma-delta’s high resolution to flash’s
shortage, and an increase in power consumption, evident in
the contrast between the 2N − 1 comparators required for a
n-bit flash converter, and the iterative, low power, successive
approximation register (SAR) converter.

While a simple analysis of the three global parameters,
sampling rate, power dissipation and resolution shows the main
difference between structures, each one has its own figures of
merit that create depth in the ADC study.

The successful implementation of an ADC requires an anal-
ysis of its specifications and a careful design of its components.
The main bottlenecks in each structure are directly related to
the comparator and DAC structures, limiting the response time,
energy dissipation and resolution.

B. State of the Art
Each ADC architecture has its main characteristics, that

generally define its purpose and thereby its application.
A wide range of studies were carefully chosen to present the

highest possible range of ADC architectures directly designed
for digital DC-DC converters. A resume of their modes of
operation and figures of merit is summarized in Table I.

It is important to notice that in the presented studies, not
all digital DC-DC converters are equally designed, running at

different frequencies and having different topologies. These
disparities produce different goals for the ADC. This isn’t a
bottleneck for the purpose of this analysis, being in some cases
an advantage since an insight on the most used structures is
showed.

Furthermore, in most of the research papers architectures,
susceptibility to process and parameter variation isn’t available,
being a major drawback in flash architectures, as well as
bandwidth, signal to noise ratio, supply voltage and ENOB.

III. TRACKING ADC DESIGN

The acknowledgment of the high consumption of the flash,
folding and pipeline architectures and the slow speed of the
sigma-delta, made these structures inadequate for the present
application, thus, for the present work, a tracking ADC was
chosen due to its constant update of the output word.

Previous studies [16] [17] have addressed several of the
tracking ADC structure issues. In these studies several com-
parators and DACs are used to create a window around the
tracked voltage in order to increase efficiency. While the
efficiency is increased the mode of operation is maintained,
continuing to provide a constant update of the output word
if the the tracked voltage variation is higher than the sliding
voltage window size.

The concept structure for the proposed tracking ADC and
its operation is presented in Figure 2. The control block is also
represented, it feeds the DACs with two binary words for the
window creation and error compensation. The control block is
not the main target of this work, nevertheless it is an important
block.

Fig. 2. ADC Block diagram and operation.

In order to address the excessive number of conversions
made in the basic tracking ADC structure two comparators
are used, these produce two control bits that are feed to the
control block, LSBP , the first comparator output, signals the
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TABLE I. ADC STATE OF THE ART.
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[3] Algorithmic Full Range 8 7.5 - 7.6 - - - -
[4] SAR Full Range 5 7.5 1.8 - 4 0.06 0.8µ -

[5] SAR Full Range
Window

10
5 1.2 1.8 9.1 16 26.7 0.00935 710µ F 25 W

15

[6] Tracking ADC Slow Mode Fast
Mode 6 5 1.4 4.33 12.5 50 0.08 42µ 84µ S 2.4 F

1.2
[7] Pipeline Full Range 5 4 1.5 7.87 12 0.3 4.5m 250

[8] Delay Line Full Range 4 3 - - 6.67 0.029 -

ADC
28
DAC
25

[9] Delay Line Full Range Pro-
grammable 4 10; 20;

30; 40 1.5 - 2.38 0.0582 0.57m 160

[10] Flash Window 5 20 - - 1 0.15 - 144

[11] Flash Full Range 4 22.5 3.3 - 200 0.034 20.79m 0.315

position of the tracked voltage relative to the top window limit,
and LSBN , the second comparator output, signals the position
of the tracked voltage relative to the lower window limit.

The voltage DACs receive two binary words from the control
block and generate two voltages, vREF+∆V and vREF−∆V ,
where vREF is the reference voltage of the DC-DC and ∆V is
the required offset for the window creation. The used criteria
in further representation of these voltages is, vREF + ∆V as
vREFIN and vREF − ∆V as vREFIN OFFSET .

The main structures in an ADC are its comparators and
DACs, which limit both speed, power consumption and area.
In this work the objective is to design a fast, low power ADC
with a main focus in its power consumption.

The proposed ADC operates at 8MHz, a frequency that
enables the study of additional comparator architectures that
can provide advantages in power consumption, and still have
enough speed to meet the desired specifications.

A. Comparators
Four comparator architectures, two latched and two differen-

tial pair based, are presented and studied in order to understand
their operation and capability to be implemented.

1) Latch Comparators: Latch comparators are widely used
for several applications such as data receivers, memory sense
amplifiers and most importantly, high speed analog to digital
converters [12] [13].

Conventional latch type comparators as the one presented
in Figure 3, have very high speed and large output swing.
This single tail latch is fully switched, therefore static current
doesn’t flow and power consumption is only dynamic.

When the latch is enabled and the clock signal is at one the
circuit is in reset mode. In this mode MN0, MN1 are on,
connecting vOP and vON to ground, while MP4, MP5 are
off. The previous output is maintained and the back to back
inverters input is set to zero.

When the clock signal goes to zero the comparison mode
is activated. MN0, MN1 turn off and MP4,MP5 turn on.

Fig. 3. Single Tail Latch.

The top part of the circuit in now on and the highest input of
the MP0, MP1 differential pair drives the slower transition.
This means that if vINP > vINN , MP0 pulls MP6 drain
faster than MP1 pulls MP7’s. Thus, the first inverter to turn
on is MP6’s, which forces vON to one, subsequently forcing
MN3 gate to one and vOP net to zero.
MP2 and MP3 transistors improve the unbalance created

by the differential input, adding robustness and improving the
transitions.

Speed and power dissipation are the main advantages of
this structure, nevertheless the input referenced latch has
high offset due to threshold voltage variations and current
mismatch. Kickback noise is also a major drawback, inserted
by fast variation in transistor nodes. This issues are commonly
addressed by the addition of a preamplifier preceding the latch
stage or clocked differential pairs [12]. Therefore, a single tail
latch comparator with a linear preamplifier is also studied in
this work, presented in Figure 4.

The latch structure maintains the same features presented
previously, as well as the same operation, while the pream-
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Fig. 4. Single Tail Latch with preamplifier.

plifier ads an additional inverting stage resulting in an output
swap.

Although offset drawbacks in this structure are diminished,
the preamplifier is a linear circuit, having static current flowing
and increasing the overall consumption.

Latch architectures are known for their noise due to high
current peaks (kickback noise), harmful to circuits that precede
or succeed them. In order to avoid this, an SR latch is used,
maintaining the output throughout comparisons, as well as two
inverters, used as buffers, regenerating both vOP and vON
outputs as presented in Figure 5.

Fig. 5. Regenerative Inverters and output SR Latch.

Previous studies [14] present in depth analysis of mismatch
in dynamic latched comparators, showing how theoretical
analysis is corroborated by simulation results.

Simplistic equations 1 and 2 show how the addition of the
preamplifier impacts mismatch. For the first latch structure the
total offset can be expressed as,

VOS = VOS,latch (1)

whereas for the second latch structure with preamplifier the
total offset can be expressed as,

VOS = VOS,pre +
1

AV
VOS,latch (2)

where AV represents the gain of the preamplifier [15].
In this second architecture, the preamplifier brings the

advantage of reducing the offset contributions of the latch stage
by the addition of gain. Therefore, the main offset voltage is
caused by the preamplifier.

In conclusion, latch comparators offer a high speed compar-
ison, with high offset, requiring additional cells to reduce this
bottleneck which add more consumption.

Fig. 6. Simple Differential pair comparator with a current mirror, a common-
source stage and a regenerative stage.

2) Differential Pair based Comparators: Differential pairs
are also commonly used as comparators, although they are
considerably less used than latch comparators for ADCs. This
is mainly due to their static consumption and slower response
time, disabling their usage in high frequency architectures such
as Flash ADCs. Nevertheless they provide several important
properties that can be an advantage.

Figure 6 presents a simple differential pair comparator with
a current mirror, followed by a single transistor common-
source stage that has two back to back diodes connected from
its drain to gate in order to limit its output voltage swing,
improving the speed of the transition, and two inverters that
regenerate the output to a rail-to-rail voltage.

When the circuit is enabled and vINP > vINN , MP0
is driven harder than MP1, pulling MN2’s gate to ground
through MN1 turning it off, leading to a one output after the
regenerative states.

If vINP < vINN , MP1 is driven harder than MP0, pulling
MN2’s gate up and turning it on, leading to a zero output.

This structure has the advantage of having fewer transistors,
requiring less design effort and having less transistor capaci-
tance, improving its speed but deteriorating the offset caused
by small area. Its power consumption is also smaller than
several stage topologies which is an important specification
for the present circuit.

Another structure that benefits from low power consumption
and has higher gain is the folded cascode. A folded cascode is
presented in Figure 7, assembled with a PMOS differential
pair, a common-source stage with two back to back diodes and
two inverters that regenerate its output.

The folded cascode converts the input voltage to a current,
applied to a symmetric common-gate stage. There are several
folded cascode topologies, and this one was chosen due
to its similarity to the previously presented differential pair
comparator, which lead to a closer comparison.

Its operation follows the same principle than the previously
presented differential pair comparator, when it is enabled, if
vINP > vINN the current through MP0 is higher than MP1,
therefore the current through MN1 is dominant, turning MP4
on and leading to a one output. When vINP < vINN the
current through the MN1 is lower than MP3’s, pulling MP4
gate up and leading to a zero output.

The folded cascode structure has additional currents mirrors
which lead to a higher consumption, also translated to a higher
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Fig. 7. Folded Cascode with PMOS differential pair, a common-source
stage and a regenerative stage.

gain and capability to drive its load. Area also increases by
the addition of cascode transistors to allow enough margins
for proper operation and stability.

Differential pair based comparators trade their speed by a
constant update of the output voltage which translates to a
higher power consumption. Without a switched operation they
don’t suffer from kickback noise and input voltage offset is
greatly reduced when compared to latch comparators.

3) Comparators Low Power Mode: Comparators are a key
part in DC-DC converters operation, that can prove to be a
bottleneck in terms of power consumption, but also a gateway
to diminish it. Hence, an analysis of the proposed structures
compatibility with a low power mode, in which a slower
operation is traded for a greatly reduced power consumption
is required.

Latch structures have dynamic consumption thus, in com-
parison mode they require a considerable amount of current
to make the comparison. Inserting a low power mode in this
stage would cripple its operation and even prevent the latch
from working. The preamplifier preceding the second latch
structure can’t receive a low power mode also, since it would
diminish its speed, gain and ability to overcome kickback noise
feed by the latch.

In conclusion latch structures can’t have a low power mode
neither in the latch stage or preamplifier.

Differential pair based structures work differently from
the latch since they perform the comparison continuously,
requiring continuous current to operate. Inserting a low power
mode and reducing the current is then possible in this structures
with special attention to the comparison speed and ability to
withstand PVT variations.

B. DAC
While the chosen comparator limits the speed and accuracy

of the ADC response, the DAC occupies most circuit area,
with common architectures being capacitor or resistor based.

In the proposed ADC binary weighted DACs are used as
well as two comparators. The comparators role is to signal the
tracked voltage position regarding the created window, while
the DACs must generate this window voltages,by the addition
of an offset, ±∆V , and perform the convergence.

The chosen architecture is based on a resistor and a current
steering DAC presented in Figure 9.

The current steering DAC has a full transistor based, binary
weighted design as presented in Figure 8. The input binary
word is an eight bit signed word with its most significant bit
being a signal bit. This binary word was chosen to comply
with the desired specifications, where the true 7 bits create
128 steps, translating to up to 0.64V voltage swing for the
specified LSB of 5mV .

The presented full transistor DAC is designed to have the
best possible matching, which is one of the main challenges
in any design. In order to diminish mismatch, large areas are
used in most significant bits, being those the most affected.
Series and parallel associations are also used to maintain both
mismatch and area usage to a minimum.

Besides matching, another bottleneck is present in the cho-
sen architecture, which is the fact that it is only able to draw
current from its connected node. This bottleneck presents itself
when vFEED > vREF since it would be impossible for vREF
to converge to a higher voltage.

To overcome this its necessary to add the same capabilities
of vREF to vFEED. Thus, two DACs are added to vFEED
side and the window creation and convergence capabilities are
distributed, meaning that two modes of operation are available:

If vREF > vFEED, the voltage creating the window and
converging will be vREF and vFEED is the tracked voltage.
On the other hand if vFEED > vREF , the voltage creating
the window and converging will be vFEED and vREF is the
tracked voltage.

Figure 9 shows the complete block diagram, with all the
required DACs for the desired operation as well as the com-
parators and control block.

The represented feedback voltage denominations follow the
same pattern as the one used for the reference voltages.

As described there are two modes of operation and they
can’t overlap. To enforce this the signed binary words used in
each comparator are complementary. This means that only two
DACs are active in each mode, one in each comparator, and
there is only one window voltage converging and one tracked
voltage.

Each mode of operation is activated by the comparators
output bits, LSBP and LSBN , which have multiple purposes.
They start by signaling which of the two input voltages, vREF
or vFEED is the highest, triggering the binary word to enable
the DACs of the highest one, creating the window. This process
is followed by the convergence of the window to the tracked

Fig. 8. Full transistor DAC.
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Fig. 9. Complete DAC, Comparators and Control Block interface.

Fig. 10. DAC operation when vREF > vFEED .

voltage, in which LSBP represents the position of the tracked
voltage relative to the window top limit, and LSBN represents
the position of the tracked voltage relative to the window
bottom limit.

Let us assume for explanatory purposes the case presented
in Figure 10 were vREF > vFEED, thus, the tracked voltage
is vFEED, and the window is created by vREF .

Since the voltage creating the window is vREF , IDAC
1 and IDAC 3 are the ones that are active, generating the
two window voltages that are one LSB apart, vREFIN and
vREFIN OFFSET . IDAC 2 and IDAC 4 are disconnected and
vFEED = vFEEDIN = vFEEDIN OFFSET .

When the convergence starts, LSBP and LSBN bits are
continuously updated by the comparators and signal if the
tracked voltage is inside or outside the created window. Table
II shows how the window position affects LSBP and LSBN
bits, in the present analysis.

Typically, when the convergence starts both comparators
outputs are one since the convergence hasn’t finished. The
control block will generate binary words at each positive
clock flank until the convergence is finished. At this moment

LSBP will be one and LSBN zero, which signal the control
block that the convergence is finished and at the moment no
additional binary words are required.

When the convergence is finished the circuit continues to
operate since a variation might occur, and new binary words
might be required.

C. Full Structure

In the full structure comparator offset might present itself
as a decisive factor in the convergence stage. Due to this, a
calibration circuit is assembled into the full structure to be
used in the chosen comparator.

1) Digital Calibration: In the comparators section, offset
due to random mismatch was addressed as a major drawback
of latch structures, being less evident in operational amplifiers.
Nevertheless both structures might present a larger offset than
the desired.

Offset compensation has been studied in previous works
and several options are available in this process, input offset
storage, offset averaging and digital calibration [13].

A digital calibration was chosen, with a design very similar
to the DAC, and similarly assembled to both comparator
inputs. A resistor and a current steering circuit are used to
perform the calibration, as presented in Figure 11.

The objective of a calibration circuit is to introduce small
voltage steps into one of the comparator input voltages until
there is an output change. These small voltage steps are
generated in the 10kΩ resistance used in the DAC, which is
divided into 1.25kΩ resistances for the calibration DAC. The
proposed calibration circuit is presented in Figure 12.

The calibration is performed in one of the comparator
inputs, thus, only one calibration word and its complement
are required. This calibration word, calbit < 7 : 0 > has two
purposes: to activate the required calibration circuit by its Most
Significant Bit (MSB) and to activate the switches connected
to each of the resistance nodes.

In order for the calibration to be able to compensate a high
offset and at the same time have small steps, the binary word
was divided into two words:

The three least significant bits are feed into a decoder, which
generates an eight bit word, caldec < 7 : 0 >, connected to
each small resistance switch, providing small steps.

The remaining four bits are connected to the last resistance
node, and provide a constant voltage step.

Fig. 11. Digital Calibration block diagram for comparator 1, represented
with the control block.
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TABLE II. HOW INPUT VOLTAGES AFFECT THE CONTROL BITS LSBP , LSBN AND SUBSEQUENTLY THE BINARY WORD WHEN vREF > vFEED .

Input Voltages LSBP LSBN Binary Word MSB (b < 7 >)
vREFIN > vFEED and VREFIN OFFSET > VFEED 1 1 0
vREFIN > vFEED and VREFIN OFFSET < VFEED 1 0 0
vREFIN < vFEED and VREFIN OFFSET < VFEED 0 0 0

Fig. 12. Digital Calibration.

The combination of these two words achieve a voltage step
for each LSB of 0.315mV when a current of 250nA is applied
and it is able to achieve up to 42.5mV of offset compensation.

2) Full Structure Assembly: All previous designed structures
are assembled together in the full structure as presented in
Figure 13. The full circuit of the ADC is divided intro three
parts, the calibration, the DACs and the comparators.

Fig. 13. Analog to Digital Converter Structure.

The ADC operation starts with the calibration, which in
order to be successful has to calibrate the comparators with
both inputs shorted. Two switches are added in the input, which
short vREF and vFEED when Cal signal is on, signaling the
beginning of the calibration period. In this period the DAC
switches are off and the control block only generates the
required binary words for the calibration. When the calibration
finishes, i.e., the outputs of the comparator change their signal,
the control turns the Cal signal off, and the circuit starts its
normal operation, in which the calibration word is maintained
until a new calibration period is launched.

The main focus of the ADC in normal operation is, firstly to
detect the highest input voltage, either vREF or vFEED. This

voltage will be the one creating the window and converging,
naming the other one the tracked voltage. The respective DACs
activate and receive the required binary words from the control
block to create the top and bottom part of the window. By the
successive increment of these two words the window voltage
will converge to the tracked one.

When this convergence is finished and the tracked voltage
is inside the window, the ADC control bits are, LSBP = 1
and LSBN = 0. Any variation in these two control bits will
trigger a new word from the control block.

If the circuit is operating in an idle moment for a long period
and the DC-DC converter requires lesser energy consumption,
the control block activates the low power mode, which will
only affect the comparators. Both the calibration and DAC
aren’t affected and the window and offset compensation remain
active.

IV. RESULTS

A. Comparators
In this sub-section, the performance of four comparator

structures is analyzed and compared. The same parameters and
test benches are used in order to make an accurate comparison.

In these simulations two different voltage ramps are used
as simulation stimulus. One voltage ramp is a 3mV fast slope
square wave, and the other voltage ramp is a 30mV triangular
wave with a slow slope. These waveforms were chosen since
they represent the main variations present in the DC-DC output
in normal operation.

PVT simulations are performed in both cases, where supply
voltage AVDD varies between [3.0; 3.6] with typical value of
3.3V , DVDD between [1.0; 1.32] with typical value of 1.2V ,
current variation is ±30%, temperature between [−40; 125]◦

with typical value of 25◦ and resistance variation.
The single tail structure is identical in both latch com-

parators in order to compare the impact of the preamplifier.
Its differential pair is designed to operate in subthreshold, to
improve the overall response to small input variations.

In the latch structures the dimensions were chosen after
theoretical design in order to guarantee that the circuit has
necessary margins for operation, while differential pair based
structures were submitted to a operating point analysis in order
for them to operate in saturation region. The obtained results
are presented in Table III

1) Comparative Analysis: The ADC design has two main
specifications: speed and energy dissipation, often chosen
based on the target application. In very high frequency designs
a single clock comparison might prove useful and latched
structures are applied due to their very fast response, while
their high input offset is mitigated by a compensation circuit.
This kind of design trades its high speed by higher power and
area.

Low energy dissipation ADC design follows different rules,
since they’re often implemented in circuits that have a slower
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TABLE III. OBTAINED RESULTS FOR ALL COMPARATOR ARCHITECTURES

Fast Slope (µs) Slow Slope (µs) Current (µs)
Structure Min Typ Max Min Typ Max Min Typ Max Monte Carlo (σ)

Simple diff. Pair 89 154 270 141 217 315 1.9 3.4 5.5 3.43
Folded Cascode 48 65 105 97 122 194 3.30 4.23 5.75 3.41

Single Tail Latch 127 128 130 3 4.6 6 1.59 1.89 2.67 ≥40
Latch with Preamp. 127 129 132 2.6 3.7 128 3.30 4.23 5.75 36.2 [18]

Low Power Mode
Simple diff. Pair 0.61 0.97 1.74 0.59 0.87 1.37 0.31 0.56 0.92 4.02
Folded Cascode 0.81 1.20 1.99 0.73 1.00 1.49 0.52 0.87 1.64 10.6

operating frequency in which differential pair based compara-
tors and ultra low power mode are a must, trading low power
by speed.

Integrated digitally controlled DC-DC converters frequently
operate in frequencies bellow 20Mhz in which differential pair
based comparators can operate. Their main focus is efficiency,
low power consumption and efficient tracking of its output
voltage. These specifications are the target in this work, and
to achieve them a circuit with low offset and ability to have
an ultra low power mode is required, thus, latch comparators
are not the appropriate choice.

Both differential pair based structures present advantages
and the compiled results show that the folded cascode is
approximately 50% faster to respond to both slow and fast
slopes, while consuming approximately 44% more current in
normal mode. Monte Carlo analysis shows that, for one sigma,
the simple diff. pair and folded cascode dispersion is similar.

Regarding low power mode, the simple diff. pair structure
is 19% faster to respond to a fast slope and 13% to a slow
slope, consuming 35% less current. In this mode the Monte
Carlo dispersion in the folded cascode is 63% higher than
simple diff. pair’s. This is due to the comparison in the folded
cascode being performed in current, which is highly affected
by its reduction.

Bottom line, in regular operation the folded cascode per-
forms better at the cost of power, but with a worst operation
in low power mode, while the simple diff. pair has less
consumption in both modes. The difference in monte carlo
simulation for low power is also a winning factor for the simple
diff. pair structure.

The simple diff. pair speed meets the required specifications
for the present ADC at the desired operating frequency, re-
quires less power and presents lower Monte Carlo dispersion.
Therefore, for the present specifications, the simple diff. pair
topology is chosen.

B. DAC

The presented DAC structure is assembled with current
mirrors and switches whose dimension must be analysed in
order to ensure that they operate in saturation and have enough
saturation margins in all PVT simulations.

A first operating point analysis was made in which the
current mirrors W

L ratio was chosen and margins of vDS −
VDSat > 140mV and VOD > 200mV were achieved in the
worst case, with all bits activated. In order to achieve this,
each switch area was thoroughly examined to allow the desired

current to flow, cascode transistors were also added for better
current mirror results.

For a thorough analysis several current mirror areas are
simulated, maintaining the same W

L ratio in order to make
an accurate comparison. These results showed that operating
point margins would improve with area increase, which would
also improve process and temperature variations. The areas
were chosen after this simulations as a trade-off between area
and Monte Carlo dispersion.

In Table IV, the Monte Carlo results are presented as well
as the area used for each current mirror. The sigma value is
converted to its percentage value. These results are obtained
from a measure that compares the current variation in each
current mirror related to a proportional increase of the current
generator diode.

TABLE IV. DAC SEVEN BIT MONTE CARLO SIMULATION AND
CURRENT MIRROR AREA.

Area (µm2) Bit Mean Sigma (σ)
8 Diode 1.000 0.00
8 Bit 0 1.000 1.45
16 Bit 1 1.000 1.19
8 Bit 2 0.986 1.31
16 Bit 3 0.986 1.12
32 Bit 4 0.986 1.03
64 Bit 5 0.986 1.00

128 Bit 6 0.985 0.96

The presented results show that the average obtained is very
close to the desired value of one, while the standard deviation
values show some dispersion which, as expected, diminishes
with the increase of area. The DAC operation is presented in
the full structure results.

C. Full Structure
1) Control Block: The design of the control block was not

included in the objectives, nevertheless, a basic comprehension
of its operation is required in order to interpret the ADC
simulation results since it provides binary words for both the
digital calibration and the DAC, as well as a bit to signal the
end of the calibration, calibrationend.

During the calibration process, the binary word used is
incremented by increasing one LSB at a time until the
comparators output changes, triggering the calibrationend bit.
On the other hand, the binary word used for the DACs has a
non-linear step in order to decrease the convergence time if
the two input voltages are far apart from each other. Figure
14 shows the non-linear step quantization for the first sixteen
bits.
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Fig. 14. Partial integral nonlinearity for the non-linear step quantization.

The image presented shows that each step increase is also
accompanied by an increase in the created window size, from
step 1 to 8 the window size is one LSB with a 1 LSB increase
in the binary word, and from step 8 to 16 the size of the
window size is two LSB with a two LSB increase in the
binary word. This operation continues for the non-represented
subsequent bits as follow: from step 1 to 8 the window size
is one LSB, from step 8 to 36 the size of the window is two
LSB, from step 36 to 72 the window size is four LSB and
from step 80 to 128 the size of the window is eight LSB. The
binary word increases accordingly. This is crucial to maintain
a coherence between each step and voltage drop.

2) ADC Results: The full structure operation starts with the
calibration. In the calibration simulation the obtained results
show an improvement of almost four times in process and
mismatch variations from the previous Monte Carlo analysis
performed in the comparators, where the offset was approxi-
mately 3.5mV and was reduced to 855µV .

The calibration mode is followed by the ADC normal
operation, where the DACs are feed with two binary words,
BW, representing the binary word and BWO, representing the
binary word with offset. In Figure 15 the ADC simulation is
presented, where a negative flank variation for vFEED voltage
is represented.

In this simulation vFEED input has a small slew rate,
representative of the DC-DC output variation. The circuit
operation started by the calibration, with a settled step value
of −3 for both comparators which represents a binary value
of 11111101.

In normal operation the first voltage to create the window is
vFEED, vFEEDIN voltage, in black, is the top of the window
and vFEEDIN OFFSET , in red, the bottom. When the higher
voltage is vREF , vREFIN , in blue, is the top of the window
and vREFIN OFFSET , in green, the bottom.

The circuit operation displays the undesired voltage peaks
due to the binary word transitions. A binary weighted DAC
was chosen and these peaks were expected, nevertheless they
don’t affect the circuit performance due to a fast recovery at
the comparator input voltages. LSBP and LSBN words are
the output of the ADC and signal the position of the tracked

voltage relative to the window.
In the performed simulation, at 85µs, the convergence to the

tracked voltage takes a few clock cycles to settle. This is caused
by the control block, which in most significant bit transitions
has difficulty in generating the required binary word. The
control block isn’t in the scope of this thesis and so this issue
couldn’t be addressed.

In Table V the main specifications and results for the
ADC and comparators operation are represented, with designed
theoretical (T.) values and simulated (S.) results.

TABLE V. ADC SPECIFICATIONS AND RESULTS.

Architecture Tracking
Number of Bits 8

LSB (mV) 5
Supply Voltage 3.3

Conversion Rate (MS/s) 8
Mode Low Power Normal Operation

Response Time Slow Fast
T. Comp. Consumption µW 1.25 7.80
S. Comp. Consumption µW 1.29 10.23
T. ADC Consumption µW 9.08 29.70
S. ADC Consumption µW 10.23 30.20

The results obtained comply with the desired specifications,
operating in two modes, normal operation, where there is
higher power consumption for a faster convergence and low
power mode for key moments of the DC-DC operations where
a very low power consumption of 10µW is achieved.

V. CONCLUSION

In this work, an analog to digital converter is proposed with
several design challenges associated to its operation such as
comparators, DACs and digital calibration. This ADC was
specified to be used in a digitally controlled DC-DC converter,
to be capable of following the variations of its feedback
voltage.

An important focus is given to comparators, which play
a significant role in the overall circuit as well as in its
power consumption. Nowadays, requirements for a low power
operation, in which a slower operation is traded for a greatly
reduced power consumption, also triggered an analysis of these
comparators compatibility with this mode.

The four comparator architectures proposed in this work are
mainly compared by their power consumption and response
time, simulated in equal conditions, and put through PVT and
mismatch simulations. These analysis showed that the simple
differential pair topology with a common-source amplifier is
the most appropriate for the present specifications due to its
power consumption, 10.22 µW in normal operation and 1.85
µW in low power mode, and a response time of 154 ns
and 0.97µs, respectively, for a fast slope variation. When
implemented in the ADC, operating at 8MHz, the comparator
performance is maintained and the digital calibration is simu-
lated, reducing the comparator standard deviation of 3.43mV
to 855µV . The calibration design allows it to have no power
consumption when no calibration is required or this block is
disconnected. The DAC power consumption is in line with
the other built blocks, with a power consumption of 1.65µW
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Fig. 15. ADC response to a negative variation of vFEED .

around the reference and able to follow the feedback voltage
variations up to 0.64V .

In the fully implemented ADC a power consumption of
30.2 µW in normal operation and 13.3 µW in low power,
is achieved.

The trade-off between power consumption and speed is
well known, where architectures such as flash and pipeline
prove to have higher power consumption and faster speed,
and architectures such as SAR and tracking have less power
consumption and speed.

The present specifications are met, and the designed ADC
presents a crucial power consumption improvement when
compared to similar architectures.
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