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Abstract:

The main aim of this research is to study and develop new Ultra-Low Voltage (ULV)
and energy-efficient circuit techniques for low power iOT applications. In the digital
domain, ULV NP-domino logic technique is studied for relatively high-speed applications
while using a power supply as low as 300 mV and below. Semi-Floating Gate (SFG)
technique is used to increase the speed of the conventional domino logic circuits for both
single-rail and dual-rail NP-domino configurations. In the early stage of this research, a
chip prototype that includes SFG ULV inverter logic gates was also fabricated and
successfully measured. The intent was to study the practical challenges of the SFG ULV
logic. In the analog domain, energy-efficient circuit techniques are studied for the iOT
applications. For the high-performance LCD displays in 10T devices, a high-speed and
energy-efficient buffer amplifier is proposed. Finally, an energy-efficient, successive
approximation register (SAR), Analog to digital converter (ADC) is designed, fabricated
and measured during this research work, which is suitable for ultra-low-power iOT
applications. Several techniques have been used to reduce the power consumption of the
ADC, which operates with power-supply as low as 0.6 V. The proposed SAR ADC is
powered up by a simple energy harvester in the lab. Utilizing lower power supply voltages,
minimizing the static currents, designing circuits with different threshold voltages, sleep-
mode designing, and minimizing leakage currents were the techniques that employed in
this thesis to reduce the power consumption of the circuits.
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Chapter 1

Introduction

1.1 Motivation

Internet of Things (iOT) is revolutionizing human life by developing modern
devices which are able to sense, process and transmit information, captured from any
simple object in our environment [1-2]. The number of iOT devices is growing
continuously and hundreds billion devices are connected in the modern cities, buildings,
and homes [1-2]. These devices are becoming widely used for smart applications in
various industries including farming, transportation, and health care [2]. Fig. 1, shows a
typical information infrastructure of iOT system in the healthcare field (reproduced from
[1]). Most 10T devices have been developed by integrating two main technologies:
Micro/Nano-Electro-Mechanical technology (MEMS/NEMS), and application-specific
integrated circuits (ASIC) [1-2], [8]. Traditionally, the main challenges for industry
engineers and academic researchers in the iOT field are reduction of production cost,
device size, and power consumption all the while still improving performance.
Historically the power consumption was not very crucial issue for the wire-connected
systems, since a stable source of energy was often available. However, for modern 10T
devices minimizing the power consumption is one of the main challenges for the design
engineers, since these devices often utilize replaceable/rechargeable batteries. In addition,
if we continue to use only batteries as power sources for these devices the cost of battery
change, and recharge will become unreasonably high. Furthermore, batteries are often not
a viable solution for many health-related applications, such as implantable devices like a
battery-powered pacemaker, due to the short lifespans and size. Battery changes pose a
risk to patient because they require surgery. The body anatomy is also a limiting factor to
use larger batteries for these biomedical devices, and smaller commercial batteries are not
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Fig. 1. iOT in healthcare (reproduced from [1])

able to provide enough power for applications which need longer lifetime. For example, a
1 mm?® solid-state thin-film battery provides only 40 nW for a period of 1 year [3-4].
Energy harvesting from the environment is a promising solution for powering these
systems [3-7]. However, the amount of harvested energy is not large enough for many
applications. Improving their efficiency is a difficult challenge faced by researchers who
mainly utilize NEMS/MEMS technology. For instance, the power harvested from a 1
mm? vibration-type energy harvester that is attached to a running person is only 7.4 nW
[4-5]. As another example, the amount of harvested power from an endo-cochlear
potential that is in the inner ear of a guinea pig is in the range of 1.1-6.3 nW with
approximately 35-55 mV output voltage [6, P. 1241]. While the harvesting efficiency of
these energy harvesters needs to be improved, at the same time the energy-efficiency of
the sensors and integrated circuits, which consume the harvested energy, should be also
maximized. This can be handled by developing innovative solutions both in the
MEMS/NEMS based sensor technologies [8] and in the CMOS ASIC technology [4].
ASIC technology is key for implementing signal processing and data transceiver units
and plays an important role in iOT devices [4]. They often used to realize the efficient
analog and digital signal processing blocks for iOT devices, and normally utilized
microcontrollers, radio transceivers, data-converters (analog to digital and digital to
analog converters), as well as programable amplifiers and filters [4]. Further development
of high-performance ASIC systems is required, since most of the modern iOT
applications urgently require low-power circuit solutions to extend the lifetime of the
device [4]. Therefore, improving the energy efficiency of these circuits and whole
systems is one of the most important tasks for researchers.
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1.2 ASIC Design Challenges for iOT Devices

Fig. 2 demonstrates a typical ASIC system for iOT devices, which consists of
several analog, digital and mixed-signal sub-blocks such as amplifiers, filters, memories,
and data converters. The design strategy for these iOT ASICs, often is determined by the
available power-budget, signal bandwidth and accuracy, silicon area, required signal to
noise ratio (SNR), required dynamic-range, and available supply voltage. While CMOS
technology nodes continue to scale down, the operational speed of the circuits and
systems increases. All the while the power supply of these systems shrinks, which
minimizes the power consumption and relaxes the power density issue [9-12]. While the
power-supply voltage (VDD) scaling is a very useful technique to reduce the overall
power consumption of the digital/analog circuits, it is worth noting that the threshold-
voltage (Vth) cannot be aggressively scaled down, since the leakage-currents of the
whole systems may become significant parts of the overall power consumption [9-11].
This issue is one of the main speed limiting factors for the high-speed CMOS digital
circuits which require enough over-drive voltage for the transistors to have large enough
ON-currents [9-11][21][82]. The issue is even worse in the deep subthreshold region
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Fig. 2. A typical ASIC system for iOT devices.
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where the ratio of the “ON” current to the “OFF” current is not often large enough to
have stable and robust operation with enough noise-margin [9-10], [21]. The design
challenges in the digital domain will be discussed in Chapter 2 with more details.

In the analog/mixed circuits and systems design, normally the required signal to
noise ratio (SNR) and dynamic-range of the whole system is determined by the minimum
acceptable power supply voltage for the whole system [9-13]. In this field, ULV circuits
often suffer from the lower supply-voltages that reduces the available swing and
dynamic-range for the current-sources, active-loads, differential pairs, and amplifiers.
Each of those systems are widely used sub-blocks in many iOT devices for a large range
of applications. This issue will be discussed more in detail in Chapter. 3.

1.3 Circuit Solutions for iOT Devices

Portable iOT devices for wide range of application such as personal health monitoring,
environment monitoring and item detectors, requires an event base signal processing. In
these applications, the iOT devices often handle relatively low-frequency input signals
from the environment, or human body. Therefore, ASIC for these devices often operate in
low frequency mode and often utilizes an event-base structure. In this case the device
operates in sleep-mode a significant part of its clock cycle. This technique significantly
reduces the power consumption of the iOT devices. The concept of duty-cycling/power-
gating (or sometimes called sleep-mode operation) is also employed in the always-ON
sub-blocks such as reference-generators (see [4], [13]). This technique is a very effective
method to minimize the power consumption and is becoming more and more popular. As
an example, Bluetooth-low-energy (BLE) standard spends most of its operational time in
the sleep mode. This standard is developed for low power iOT devices. However, those
devices usually suffer from higher leakage currents while in sleep mode which results in
a lower battery lifetime for the devices [14]. Modern SAR ADCs also use the duty-
cycling technique extensively to minimize power [4][13].

As mentioned before, lowering the supply voltage is the most attractive solution to
reduce power consumption. However, lowering the supply voltage introduces several
difficulties to the designers, both in the digital and analog domain. As shown in Fig. 2,
10T devices utilize different type of sensors, a wide range of amplifiers, various types of
filters, data converters, and wireless transceivers to communicate with other devices or a
server. Depending on the required specification of the iOT device, different strategies are
used to design in sub-blocks. Most of these sub-blocks utilize amplifiers that are
challenging blocks to design in ULV domain, since there is not enough headroom for
transistors to keep performance. For example, sub-volt bandgap-references (BGRs) and
low-dropout regulators (LDOs), with a very tight power budget, can no longer utilize the
classical techniques in the amplifiers in which they require often higher VDD and
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demand higher power budget [13][15]. Realizing ULV and ULP reference circuits and
LDOs require innovative circuit techniques (see e.g. [15]).

Generally, reducing the number of transistors, lowering the power supply voltages
for both digital and analog circuits, and minimizing static and leakage currents in the
analog circuits such as amplifiers, buffer amplifiers, LDOs, filters, and BGRs, may
reduce the power consumption of the 10T devices.

1.4 Thesis Organization and Summary of the Research Work

In this research work, several circuit techniques are studied for 10T devices both
in the digital and mixed/analog domain. In general, reducing the power supply voltage,
minimizing the static currents, minimizing the leakage currents and designing the circuits
and systems that can operate in sleep mode, were the main purposes.

In the digital domain, domino logic style is mainly investigated as alternative
technique to increase the speed of the logic gates in the deep sub-threshold ULV
operation, where the available power supply voltage is limited to 300 mV and lower, and
standard static CMOS is not fast enough. Domino logic generally utilizes lower number
of the transistors for the given logic function in comparison to the standard CMOS static
logic. Lowering the number of transistors in the domino logic style may lead to smaller
leakage currents for the 10T devices, which mostly operate in sleep mode. Domino logic
is commonly known for having higher speeds when compared to the static CMOS logic.
To further increase the speed in the domino logic style, the semi-floating gate (SFG)
technique is used to speed up the evaluation process of the logic style. This technique is
widely used in the bootstrap sample and hold circuits to increase the speed and linearity
of the circuits (e.g. [12], [54]). The main aim of this technique is to increase the gate
voltage of transistors to a value larger than power supply voltage (VDD), to reduce the
ON resistance of the device, and increase the logic speed (see [43]). The SFG
methodology is also used in implementing various analog and digital circuits such as
memories, amplifiers, and filters. In the ULV operation mode below 300 mV there are no
latch-up issues, so the feasibility of utilizing the bulk terminals is studied in this work for
further speed enhancement [85]. Furthermore, SFG technique is used in the dual-rail
domino logic style [86-89]. The design issues for utilizing SFG in dual-rail domino logic
is studied and a new keeper structure is developed to eliminate the sensitivity of the logic
style to the delayed input signal in large chain of logic [86-89]. While the feasibility of
utilizing the SFG technique in the ULV domino logic is investigated in many references
(e.g. [43]), applying the technique to the dual-rail domino logic and utilizing a new and
robust keeper structure have been done during this research work. A chip prototype
including n-type and p-type ULV7 [43], is also fabricated during this research work to
study the practical challenges of the ULV7 gate, using 90nm CMOS.
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Amplifiers, as one of the most widely used blocks in iOT devices, studied in this
thesis. Amplifiers are the key elements in many power-hungry analog blocks such as
LCD column drivers, LDOs, BGRs, power amplifiers, and filters. All of which are key
blocks in any 10T devices. The main issues for the modern amplifiers in the submicron
CMOS technologies are limited intrinsic gain of transistors, speed-gain tradeoff, and
static current consumption. In the iOT devices which utilize LCDs, the buffer amplifiers
used to drive the column pixels which normally have a heavy capacitive load around 1-10
nF. For these buffer amplifiers, a new energy efficient structure is proposed that reduces
the static current and power consumption, and in the same time, improves the speed [141].
Energy efficiency is very important for these LCDs, since they are one of the most
power-hungry part of these iOT devices. Furthermore, the proposed amplifier may be
used in any 10T applications with heavy capacitive loads, such as LDOs and ADC
reference generators.

In order to study the feasibility of powering a battery-free miniature iOT system
with an energy harvester, an ultra-low-energy ASIC is designed, fabricated, and tested
during last part of this research work. The ASIC includes a SAR ADC with an internal
clock generator. Data converters (ADCs/DACs) are commonly used sub-blocks in almost
any 10T devices. These converters have been used to digitize the analog signals which
are directly produced by the sensors. Several circuit techniques, including multi-Vth
design, sleep-mode operation, lowering supply voltage (VDD), leakage current reduction
techniques, are used to minimize the power consumption. The energy harvester is formed
by small commercial 0.69 mm? photodiode array, composed of three TEMD7000X01
photodiodes in series configuration. By connecting three devices in series, a supply
voltage of 0.6 V is generated to power up the ASIC chip. In this case the harvested
voltage is directly connected to the VDD pin of the ADC core, without any extra
regulator. Several techniques are used to minimize the power consumption of the
designed ADC. SAR ADC is chosen, since the topology provide an energy-efficient
performance. SAR ADCs are very attractive for these applications since they do not
utilize any analog block with static current consumption. In other words, all blocks in the
SAR ADC are dynamic circuits which utilize the clock signal to operate and avoid static
currents. When used for low speed iOT applications, the SAR ADC can operate with a
sub-volt supply voltage which minimizes power consumption. ADCs in these low speed
applications are often designed to operate in sleep mode for the majority of their clock
period to minimize power. In addition, such low power SAR ADCs usually utilize at least
one high-threshold-voltage transistors for any path from VDD to ground, in order to
minimize the leakage currents in the sleep mode. A new custom-made capacitor array is
designed to minimize the effects of routing parasitic capacitances on the accuracy of the
capacitor array and SAR ADC.
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The thesis is mainly based on a collection of published papers related to the ULV
and ULP digital/analog CMOS circuit design techniques for iOT applications. In addition,
a brief background information and simulation results related to the topic are discussed
throughout the chapters. During this research work two chip prototypes were also
designed and produced via EUROPRACRICE, and the details are discussed in Chapters 2
and 3. The thesis is based on the following published papers:

Paper I: “High-Speed, Modified, Bulk stimulated, Ultra-Low-Voltage, Domino Inverter”
Ali Dadashi, Yngvar Berg and Omid Mirmotahari. IEEE proceedings, ISVLSI 2015,
Montpelier, France.

Paper II: “An Ultra-Low-Voltage, Semi-Floating-Gate, Domino, Dual-Rail, NOR Gate”
Ali Dadashi, Omid Mirmotahari,and Yngvar Berg. IEEE Proceedings, ICECS 2015,
Cairo, Egypt.

Paper III: “Domino Dual-Rail, High-Speed, NOR Logic, with 300 mV supply in 90 nm
CMOS Technology” Ali Dadashi, Omid Mirmotahari, and Yngvar Berg. IEEE
Proceedings, ISCE 2016, Sao Paolo, Brazil.

Paper IV: “NP-Domino, Ultra-Low-Voltage, High-Speed, Dual-Rail, CMOS NOR
Gates” Ali Dadashi, Omid Mirmotahari, and Yngvar Berg. Circuit and Systems, 2016.
Paper V: “A High-Performance CMOS Modified Amplifier” Ali Dadashi, Yngvar Berg,
and Omid Mirmotahari, IEEE Proceedings, ISCE 2016, Sao Paolo, Brazil.

Paper VI: “Fast-Settling, Energy-Efficient, Amplifier for High-Resolution LCD
Displays” Ali Dadashi, Yngvar Berg, and Omid Mirmotahari. IEEE Proceedings, AM-
FPD 2017, Kyoto, Japan.

Paper VII: “Energy-Efficient, Fast-Settling, Modified Nested-Current-Mirror, Single-
Stage-Amplifier for High-Resolution LCDs in 90-nm CMOS” Ali Dadashi, Yngvar Berg,
and Omid Mirmotahari, Journal of Analog Integrated Circuits and Signal Processing,
2018.

In the papers I-IV, the ULV domino logic gates with SFG are studied [85-88].
Paper I present the design and simulation results of the bulk stimulated ULV7 (see [43])
inverters in 90 nm standard CMOS process [85]. The purpose of the research was
decreasing of the evaluation and pre-charge time of the ULV7 domino inverter. Paper II
III, and IV [86-88] present the design and simulation results of an ULV, SFG, Dual-Rail,
NOR Gate in 90 nm standard CMOS process. The purpose of the research was to
implement a new NOR gate in dual-rail domino logic to speed up the evaluation time of
the ULV domino NOR gate. Increasing the speed of the gate in lower supply voltages and
improving robustness against delay variations of the input signal were the main
advantages of the proposed gate in comparison to the previously reported domino dual-
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rail NOR gates. Paper IV [87] investigates the design and simulations of a new NOR gate
based on the ULVSFG dual-rail domino logic structure. A new keeper structure is
introduced which makes the SFG technique more robust against the delay of the input
signal. Thanks to the new keeper structure in the SFG technique, high-depth logic gates
are feasible to implement. This paper is a more complete version of paper II [86] and III
[88]. Paper V introduces a new cascode amplifier that is suitable for applications which
require high-gain amplifiers. Increasing the linearity of the structure was the main
purpose of the research. Papers VI and VII investigate the details of a buffer for column-
driver of high-resolution, liquid crystal display (LCD) panels, which are very widely used
structures in 10T applications. Both speed and dc-gain are improved while the power
consumption, gain-bandwidth product (GBW), noise, output voltage swing range, and the
phase margin of the structure are not affected to a great extent [141]. The technique may
be utilized in other blocks that drive large and wide range capacitive loads.

The rest of this thesis is organized as follows: Chapter 2 presents a general
overview of the background information related to the ULV digital CMOS logic design
in the sub-threshold region and covers the basic principles and challenges in the low-
power and ULV CMOS SFG domino logic design. Additionally, design, fabrication
details and measurement results of the ULV7 SFG inverter logic, which were fabricated
in chip prototype I, are also discussed. Summary of the published papers in the domino
ULV logic field is provided in this chapter.

Chapter 3 presents a general overview of the background information related to
the ULV and ULP analog/mixed mode CMOS design and covers the basic principles and
challenges in the low-power CMOS design and ULV and ULP operation for energy
efficient 10T systems. Summary of the published paper are also provided in this chapter.
Chapter 3 also presents the design, fabrication, and functionality measurements of the
ULP miniature ASIC, including details about the SAR ADC, with internal clock
generator. The ASIC was fabricated in chip prototype IL.

Finally, in Chapter 4 the conclusions of this work, as well as suggestions for the
future research, are given.
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Chapter 2

ULV Digital Design

In this chapter the circuit design challenges in the ULV digital domain for the iOT
applications discussed. Section 2.1 briefly introduces the design challenges of digital modules in
the 10T devices. Section 2.2 addresses the sub-threshold operation of the transistor, which is an
attractive operation region for the ULV digital design. Section 2.3 discusses the challenges of the
designing high performance ULV domino logic. Section 2.4 discusses the SFG ULV logic
technique. Section 2.5 provides summary of the published paper related to this chapter. Finally,
section 2.6 provides a brief summary of the silicon fabrication of the ULV7 inverter logic gates.

2.1 Digital Design for iOTs

CMOS technology downscaling has been the main driving factor in the modern
semiconductor industry for at least few decades [20-22]. Smaller transistor size normally reduces
the parasitic capacitance of the devices, resulting in faster charging/discharging of the internal
nodes in the complex digital ICs. At the same time the power consumption related to the parasitic
capacitances reduces significantly. Technology scaling has enabled a tremendous signal-processing
density over specific amount of silicon die, and this often imposes a higher power-density [20-22].
Higher transistor density also helps to reduce the price for the consumer electronic. In addition,
pressures from consumers demanding low power, low cost, long-lasting, and portable iOT devices
increases the importance of the low-power logic styles in integrated circuit design [16-24]. This is
why there is an increasing demand for the novel ULV design techniques, and power consumption
becomes the most important design challenge for this energy restricted systems. Traditionally
reducing the supply-voltage is the most widely used technique for reducing the overall power
consumption (and power density) for these iOT applications. For these ULV systems with reduced
supply and threshold voltages, the leakage power becomes a significant part of the overall power
consumption. Overcoming this challenging task requires innovative design techniques for digital
integrated circuits and systems. It is considerable that, for the ULV systems, it is not often practical
to scale the threshold voltage down since it results in a significant increase in the leakage current
and reduction of the noise margins of digital gates [20-22]. This is especially important for the
duty-cycled iOT systems, where the device is mainly operating in the sleep mode. Duty-cycled
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10T systems are very attractive and widely used structures for the applications that uses batteries
and energy-harvesters. These duty-cycled systems are often event-based systems that normally
utilize a low-frequency clock with low duty-cycle. In the other hand, utilizing devices with higher
threshold voltages, in theses ULV systems, often lead to lower speed for the logic gates since the
gate-source voltage of the devices reduces.

While the conventional static CMOS logic is a widely used solution for the digital systems,
it does not normally provide fast enough solution for the high-speed ULV systems. For high-speed
applications, traditionally domino logic is utilized extensively, and high-speed processors often
utilize the domino logic to boost their operational performance. Domino logic is a fast logic family
that normally uses a low number of transistors to implement some digital function, making it a very
attractive architecture for portable iOT devices as they are energy restricted systems. Lower number
of transistors can lead to lower leakage currents and consequently lower power consumption in the
systems which are often implemented in the duty-cycled mode. In this thesis NP-domino logic is
investigated and SFG technique is used to further increase the speed of the NP-domino logic in the
ULV applications with a supply voltage as low as 300mV and below.

The rest of this chapter is organized as follow: section 2.2 provides basic information about
the subthreshold operation of the MOS transistor and related challenges, section 2.3 provides
background information about domino logic, section 2.4 discusses SFG ULV NP-domino logic and
related challenges, and finally the section 2.5 summarizes the published articles in this research
work. Section 2.6 provides details of the silicon fabrication of the ULV7 inverter logic gates.

2.2 Subthreshold Operation

Nowadays, designing circuits in the sub-threshold region is becoming more and more
attractive solution for the IC designers. In the CMOS technology, subthreshold region of a transistor
occurs when the gate-source voltage (V) of transistor is smaller than threshold voltage (Vi) of
that transistor. The Vg, of a transistor is not a constant value and depends on different parameters
such as temperature, oxide thickness, bulk-voltage, device dimension, substrate doping and so on,
in the given process (see [25] and [11, P.14]). As an example, the dependency of Vi, on the source-
bulk voltage (Vss) is given in (2.1) [11 P.24]. Where the Vo is the threshold voltage at V=0, « is
body bias coefficient, and @ is surface potential [11 P.24].

Vth=Vth0+C(. (\/|V53+®5| _\/lg)sl) (21)

In addition, in the given process some fabrication companies normally offer different types
of transistors with different threshold voltages, bringing extra freedom for designers to use in
different part of their design. As an example, standard Vi, Low-threshold (1vt), ultra-low-threshold
(ulvt), zero-threshold (native device), and high-threshold (hvt) are 5 different NMOS transistor
types which are available in the 90nm TSMC process.
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In the early days of the semiconductor industry, where the higher supply-voltage of 5 V
and Vu above 1V were in practice, the subthreshold region was often considered as “cut-off” or
“OFF” region, and device current was considered as “OFF” current (Ior) or leakage current. The
ratio of “ON” to “OFF” currents in those high supply-voltage and high-Vth processes were
normally high. However, with shrinking feature size, supply-voltage and Vu in the modern IC
industry, the ratio of “ON” to “OFF” currents are not often as large as before. Subthreshold current
(Isub-threshold) of an NMOS device can be simplified by [20]:

w _ —
ISub—threshold = Io- (T) . e(Vgs ven)/nvt ' (1 — € (Vds)/vt) (2- 2)

Where Vy is the gate-source voltage of the device, v¢ is the thermal-voltage (about 25 mV in the
room temperature), W/L is the device dimension, V, is the drain-source of the device, Vi is the
threshold-voltage, o is the technology-dependent subthreshold current extrapolated for V=V [20],
and 7 is the subthreshold factor (see [11][19][20]). The over-threshold (or above-threshold) current
of the MOS can be simplified as [11]:

=2 . Cor.(T ). (Vgs—Vth)? 2.3)

Where W/L is the device size, Cox is the gate oxide capacitance per area, and Ves, Vi are the gate
source and threshold voltages respectively. As it is shown in Equation 2. 3 the device current in the
above-threshold region, has quadric relation to the Vgs and Vih. However, as it is shown in Equation
2. 2, in the subthreshold region, the device current has an exponential relation to the Vgs and Vi,
and has therefore sharper dependency on those voltages, comparing to the above-threshold region.
This makes the subthreshold region very attractive for the Analog designers, since higher
transconductance and gain, is achievable for the given value of device current. That is the reason
the subthreshold region becomes more and more popular for wide range of the applications in the
modern analog design, specifically for the ULV and LP applications. However, in the subthreshold
region, as it shown in equation 2.1, the process, supply-voltage and temperature variations (PVT)
can have significantly larger effect on the overall performance of the systems, comparing to the
above threshold region, for both analog and digital design. This is the reason that often the design
engineers spend substantial amount of design time and energy to satisfy the required specifications
in the different PVT corners. Fig. 2.1 demonstrate the simulated current variations for different type
of minimum size NMOS devices, in different supply voltages (VDD), in a 90nm TSMC process.
In Fig. 2.1 (a) SPECTRE simulation results for “ON” current variation as function of different
VDDs, when Vgs=Vds=VDD, are shown. The results have good agreement with the theory presented
in Equation 2.1 and Equation 2.2. The current variation has larger slope for smaller VDD, where
the devices operating in subthreshold, for all type of the NMOS devices. In Fig. 2.1 (b) simulation
results for leakage current variations across different VDDs, when Vgs=0 and Vds=VDD are plotted.
The leakage current is smaller for the device with higher Vth, and also has relatively lower variation
across different VDDs for these high-threshold devices.
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Fig. 2. 1. Current variation versus different supply voltages (VDD), for minimum size NMOS in 90nm TSMC
process, for different type of transistors. (a) “ON” Current, Vgs=Vds=VDD (b) Leakage Current (“OFF”
Current), Vgs=0, Vds=VDD.

22



300.0
I vth

" Mean = 394.038m
o Std Dev. =39.5041m
E- 200.0 1 Std Dev / Mean = 0.1
3]
N 150.0
[T
(-]
9 100.0-
4

50.0 -

00 Lo N - I e

250.0 300.0 350.0 400.0 450.0 500.0

Values (mV)

Fig. 2. 2. Threshold voltage variation for a standard-Vth, minimum size, NMOS in a 90nm TSMC process.
1000-run Monte-Carlo SPECTRE simulation utilized to extract and plot the data.

Fig. 2. 2 demonstrates Monte-Carlo simulation results, for threshold voltage variation of a standard-
Vth, and minimum size, NMOS device, in a 90nm TSMC process. 1000 run Monte-Carlo
SPECTRE simulation utilized to extract and plot the data.

To study the process variations effect on the performance of a simple static CMOS inverter
gate in sub-threshold and above-threshold, an inverter with minimum size NMOS device, and 2x
minimum size PMOS device, in a 90nm TSMC process, implemented and simulated with
SPECTRE. For both devices, standard-Vth transistors utilized for simulations. Fig. 2. 3
demonstrates the 200-run, Monte-Carlo simulation results for the rise-time (10%-90%) of the
inverter, when driving the similar-size inverter as load, at VDD= 0.2 V. In this low supply voltage,
the devices are in deep sub-threshold operation region, and the gate is relatively slow. In addition,
statistic data from Monte-Carlo simulation results, demonstrate that the gate is very sensitive to the
process variations. The standard-variation value is relatively high, and is close to the mean value,
and this prove substantial variation in the performance of the gate.

The same inverter has been simulated with higher power supply, VDD = 0.7 V, and statistic
results from Monte-Carlo simulations are given in the Fig. 2. 3 (b). This Figure demonstrates the
200-run, Monte-Carlo simulation results for the rise-time (10%-90%) of the inverter, when driving
the similar-size inverter as load, at VDD= 0.7 V. In this supply voltage, the devices are operating
in the above-threshold operation region, and the gate is relatively fast. In addition, statistic data
from Monte-Carlo simulation results, demonstrate that the inverter gate operating in above-
threshold is significantly robust against the process variations, comparing to the sub-threshold
region. The ratio of the standard-variation value to the mean value is relatively low comparing to
the previous case, where the gate was operating in deep sub-threshold region. The results have a
good agreement with the theory presented in the Equations 2.1 and 2.2.
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Fig. 2. 4. Rise-time (10%-90%) variation statistic (VDD=0.7 V), for an static CMOS INVERTER gate with
minimum-size NMOS (W/L=120nm/100nm), and 2x minimum-size PMOS (W/L=240nm/100nm) in a 90nm
TSMC process, with standard-Vth transistors.

2.3 Domino Logic

Domino logic is known as a high-performance circuit configuration which normally
utilizes clocking scheme and is embedded in the static-logic environment [21]. Domino CMOS has
become a popular logic family for high-performance and high-speed applications, and it is
extensively used to implement high-speed processors [16-24], since they provide advantages over
static-CMOS logic, including fast operation, and lower number of transistors (lower silicon area)
[21-22]. Fast operation of domino logic style is basically because of the lower noise margins of
domino circuits as compared to static CMOS gates. This property makes domino logic circuits
highly sensitive to noise as compared to the static CMOS gates [33-36]. As on-chip noise becomes
more severe with technology scaling and increasing operating frequencies, error free operation of
domino logic circuits has become a major challenge [31-36], [52-53].

Domino circuits are in function very similar to the clocked CMOS circuit. In Domino logic
a single clock is used to pre-charge and evaluate a cascaded set of dynamic logic blocks. The
drawback of domino CMOS is that it provides only non-inverting functions because of its
monotonic nature [21]. Dual-Rail Domino logic where both polarities of the output are generated,
provides a robust solution to this problem [21]. The penalty associated with dual-rail domino logic
is the increased power-dissipation compared to static-CMOS as well as dynamic-logic techniques
[21]. This type of domino logic is widely used in the high-speed applications like high-speed
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processors (e.g. 1-GHz 0.75W ARM Cortex A8 designed by INTRINSITY) and studied in detail
in many papers and books [16-38]. This type of logic operates in two different phase of “pre-charge”
and “evaluate”. Fig. 2.5 shows the conventional domino pre-charge to 1, single-rail and dual-rail
NOR gates which are studied and analyzed in detail in many references e.g. [21]. Domino logic has
two phases of operation, “pre-charge” and “evaluation” phases. In the pre-charge phase, all the
logic gates, become pre-charged (either 1 or 0, depend on the N-type or P-type) at the same time
and in a parallel manner. In the next phase (evaluation phase) which happen in the next clock phase,
the output logic is produced in a domino manner, based on the type of implemented digital function
and input signals. Since the evaluating of the data happens in a domino manner, the speed of the
overall implemented gate, limits by the speed of the gate in the “evaluation” phase, which is
normally slower than the pre-charge phase, which happens in a parallel manner [21]. Hence the
speed of the NP domino logic is determined often by the speed of the evaluation phase [21].

In this thesis domino logic style is investigated as alternative technique to increase the
speed of the logic gates in the ultra-low-voltage (ULV) operation, while the available power supply
voltage is limited to 300mV, and standard static CMOS is not fast enough. As mentioned before,
domino logic generally utilizes smaller number of the transistors for the given logic function
comparing to the standard CMOS static logic. Lower number of transistors in the domino logic
style, may lead to smaller leakage currents for the iOT devices, which often utilize duty-cycling
technique and operating in the sleep-mode most of their life-time.

2.4 Semi-Floating-Gate (SFG) ULV Logic

For further increasing the speed in the ULV domino logic style, the SFG technique is used to speed
up the evaluation process of the logic style [40-51], [68-76]. This technique is widely used in the

GND GND

(a) (b)

Fig. 2. 5. Conventional pre-charge to 1, dynamic NOR gates. (a) single-rail (b) dual-rail.
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bootstrap sample and holds, as shown in Fig. 2.6, to increase the speed and linearity of the sample
and holds [54-55]. The SFG technique is used in different structures including current to voltage
converters, digital to analog converters [57-58], filters, neuron MOS circuits [59-60] (shown in Fig.
2.7), amplifiers [56], and so on, to improve the performance of the structures [54-64]. As mentioned
before, the SFG technique is used to increase the speed of the evaluation phase of the domino logic,
as shown in different iteration of the ULV logic in Fig. 2.8 [43]. ULV7 was developed to minimize
the static current in the ULV gate, and minimize power
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Fig. 2. 8. different iterations of SFG ULV logic ([43]) (a) ULV2 INVERTER gates [43] (b) ULV3
INVERTER gates [43] (c) ULV5 INVERTER gates [43]. (d) pre-charge to 1, ULV7 INVERTER gates [43]
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consumption [43]. In the SFG technique, the main aim is to increase the gate voltage of transistors
to a value larger than available power supply voltage (VDD), to increase the speed in very low
voltage power supplies. The pre-charge to 1, NP domino Semi-Floating-Gate ULV (ULVSFG)
inverter, and NOR gates are shown in Fig. 2.9 respectively. Voltage increases at the SFG node, due
to a rising input signal can be calculated as:

Cin
CpartCin

MVspg = ( ) AV, (2.4)

Where Cpar is the parasitic capacitance of the SF node, and the Ciy is the input capacitance
of the gate.

As discussed in [43], the ULVSFG logic, operates significantly faster than conventional
static CMOS logic [43-47]. The ULVSFG logic gates can be operated at a clock frequency more
than 10 times than the maximum clock frequency of a similar complementary static CMOS gate
operating at the same supply voltage [43]. However, in the modern CMOS technology nodes, there
are significant leakage currents which undermine non-volatile SFG circuits [43]. SFG gates
implemented in a modern CMOS process require frequent pre-charging to avoid significant leakage
currents effect [43].

Fig. 2.9 (a) shows the pre-charge to 0 (p-type), ULV7 Inverter gate using SFG technique
[43]. The N-type ULVSFG domino NOR and NAND 2 input gates (pre-charge to 1), are shown in
Fig. 2.9 (b) and (c). The clock signals are used both as control signals for the recharge transistors
RP and RN, and as reference signals for NMOS evaluation transistors EN. These kind of ULV logic
gates, operate in two different phase called “pre-charge” and “evaluate” and follow the sequences
in the normal NP-domino logic style [21&38]. When CK is low (0), the logic gates become in the
pre-charge phase. During this phase, RP transistors turn on and recharge the gate of the EN
transistors to VDD [43]. Meanwhile RN transistors turn on and recharge the gate of EP transistors
to 0. Thus, EP transistors turn on and pre-charge the output nodes to VDD [43]. The keeper
transistors, KN and KP, are inactive during this phase as the output node is pre-charge to VDD,
and input signals are in the low (0) level since the gates follow the NP-domino logic [43]. In the
evaluation phase, in both inverter and NOR/NAND gates shown in Fig. 2.9, when clock signal CK
switch from 0 to 1, both recharge transistors RP and RN switch off which makes the charge on the
gate terminals (Vp and Vn) become semi-float [43]. The output nodes remain at high level until an
input transition occurs [43]. The input signals (IN) must be monotonically rising to ensure the
correct operation for the N-type domino logic [43]. This can only be satisfied if the input signal
(IN) is low at the beginning of the evaluation phase, and if IN only makes a single transition from
0 to 1 in the evaluation phase [43]. When this transition happens (IN goes from 0 to 1), the voltage
of the SFG (VN) increase above VDD, based on a capacitive coupling from input node to SFG
node, and this increases the current of EN devices in the evaluating phase and speed up the
evaluation process [43]. In this case the keeper transistors KN will be turn off and the elevated SFG
voltage will be stable. Also, the keeper transistors (KP) will be turned on and will increase the gate
voltage of the Ep transistor and eventually turn the Ep transistors off. This helps to reduce the static
current which directly impacts on the noise margin and the power consumption of the logic [43].
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In the second scenario (when no change at the input), the output voltage should remain
high. In this case, keeper transistors (KN) will continue to reduce and discharge the voltage of VN
nodes and thereby turning the EN transistors off. The main necessity to have the keeper transistors
KN in the ULV7, is to turn off the EN transistors, and minimize the current dissipation during the
evaluation phase, when there is no raising input signals edge (input signals remain 0) [43]. This
reduces the static power consumption significantly [43]. As demonstrated in [43] there is a 10.000
times lower static power consumption due to the keeper transistors [43]. Fig. 2. 10. Shows a pre-
charge to 1, 3 input SFG ULV NOR gate. Fig. 2.11. (a) and (b) show 200 run Monte-Carlo, rise-
time (10%-90%) simulation results, for a P-type ULV7 (pre-charge to 0), ULV SFG inverter logic
and for a standard CMOS Inverter (with minimum size devices). Fig. 2. 12. Shows 200-run Monte-
Carlo, Fall-time (10%-90%) simulation results, with minimum size devices for a standard CMOS
Inverter and for an N-type ULV7 (pre-charge to 1), ULVSFG inverter logic at VDD=0.2 V.
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Fig. 2. 10. A pre-charge to 1, 3 input ULV7 NOR gate.
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2.5 Summary of Papers

In this section, the summaries of the papers included in this thesis and related to this chapter
are presented. Published papers related to this chapter are paper I, “High-Speed, Modified, Bulk
stimulated, Ultra-Low-Voltage, Domino Inverter” [85], paper 1I, “An Ultra-Low-Voltage, Semi-
Floating-Gate, Domino, Dual-Rail, NOR Gate” [86], paper 111, ” Domino Dual-Rail, High-Speed,
NOR Logic, with 300mV supply in 90 nm CMOS Technology” [88], and paper VI, “NP-Domino,
Ultra-Low-Voltage, High-Speed, Dual-Rail, CMOS NOR Gates” [87].

2.5.1 Paper I: “High-Speed, Modified, Bulk Stimulated, Ultra-Low-Voltage, Domino
Inverter” [85]:

In the paper I, “High-Speed, Modified, Bulk stimulated, Ultra-Low-Voltage, Domino
Inverter”, feasibility of utilizing the bulk pins, are studied. The main purpose was to increase the
speed of the logic by reducing the threshold voltages of the devices. Forward bias bulk technique
is used in many applications in both analog and digital domain.

New inverters logic circuits based on the ULV7 domino logic [43] structure, were
presented in which the bulk pins of the different devices in the original ULV7 domino logic inverter
structure, used to speed up the circuit’s operation. The bulk voltages of the transistors, in the
different topologies, manipulated and the threshold voltages of these devices are reduced to speed
up the circuits. The delay of the bulk manipulated ULV7 domino logic inverter is reduced more
than 40% in both pre-charge and evaluating phases [85]. Different FGULV domino logic inverter
topologies were considered, and advantages and disadvantages are studied. Higher speed in the
lower supply voltages and robustness against process variations are the main advantages of the
proposed approach in comparison to the conventional FGULV and other ULV methods.

In the ULV operation of below 300mV supply voltage, the possibility of the latch-up
reduces significantly. However, for the fare evaluating of the performance, in the bulk manipulated
ULV7, the silicon fabrications and measurement results should be considered for the further
studying of the technique.

2.5.2 Paper II “An Ultra-Low-Voltage, Semi-Floating-Gate, Domino, Dual-Rail, NOR
Gate” [86]:

In this research paper, a new SFGULV dual-rail NOR logic gate based on the SFG structure
is presented. Higher operational speed in the lower supply voltages was the main advantages of the
proposed approach in comparison to the previous domino dual-rail NOR gate. The simulation
results in a typical TSMC 90nm CMOS technology, using CADENCE software, show that the
proposed NOR gate is more than 20 times faster than conventional dual-rail NOR gate at the same
supply voltage of 300mV. This paper is discussed more in details in the journal version of the paper
[87].

2.5.3 Paper III “Domino Dual-Rail, High-Speed, NOR Logic, with 300mV Supply in

90 nm CMOS Technology” [88], and Paper IV “NP-Domino, Ultra-Low-Voltage, High-Speed,
Dual-Rail, CMOS NOR Gates” [87]:
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Paper IV “NP-Domino, Ultra-Low-Voltage, High-Speed, Dual-Rail, CMOS NOR Gates” [87] and
paper III, “Domino Dual-Rail, High-Speed, NOR Logic, with 300mV supply in 90 nm CMOS
Technology” [88], presents a new NOR gate based on the ULV SFG dual- rail domino logic. Paper
IV is a complete version of the paper II and paper III. The speed of the NP domino gate increased
significantly by applying the SFG technique to the conventional dual-rail NOR gate logic, at the
cost of increasing the complexity of the structure. The simulation results in a typical TSMC 90nm
CMOS technology show that the proposed NOR gate is more than 20 times faster than conventional
dual-rail domino NOR gate. Higher speed in the lower supply voltages and robustness against
process variations, are the main advantages of the proposed approach in comparison to the
conventional domino dual-rail NOR gate. In the paper III, “Domino Dual-Rail, High-Speed, NOR
Logic, with 300mV supply in 90 nm CMOS Technology” [87], a new ULVSFG dual-rail domino
logic NOR gate, designed with new keeper structure. The new keeper structure makes the SFG
technique more robust against the delay of the input signal in the large chain of NP domino logic
structures. Using the new keeper structure, high-depth logics are feasible to implement with the
SFG technique. The new keeper structure can be applied to any dual rail NP domino logic gates,
including multi input NOR/OR, NAND/AND gates, and flip-flops utilizing SFG technique. For
further evaluating of the performance of the proposed technique, the silicon fabrication of a
relatively large chain of logic gate (including clock drivers) should be implemented, and
measurement results should be considered for the further studying and improving the proposed
technique.

2.6 Fabricated ULVSFG Domino (ULV7) Logic Inverters

To study the effectiveness of the ULV SFG domino inverter logic on silicon, and study the
practical challenges of the ULV7 logic, a test chip including different type of ULV7 with different
feature sizes were designed and fabricated using TSMC 90nm CMOS process. In order to compare
and evaluate their speed, their equivalent standard CMOS inverters also fabricated in the same chip.
The N-type and P-type versions of the ULV7 SFG domino inverters, shown in Fig. 2. 8 (d) and Fig.
2.9 (a), were designed and scaled to drive the capacitive load of a test setup which was estimated
to be around 20pF. This capacitive load is due to a combination of parasitic capacitive of
oscilloscope probe, PAD and PCB trace. The fabricated N-type and P-type domino inverter are
shown in Fig. 2.8 (d), and Fig. 2.9 (a) with utilized feature sizes shown in Table. 2.1 and Table. 2.2.
Low-threshold devices chosen for the PMOSs, and NMOSs are standard devices. The theoretical
functionality and details of ULV7 is discussed in section 2.4 and [43]. Input capacitor (Cin) of 890
fF was chosen for both inverters.

The measured 1 to O transient (evaluation phase) of the fabricated N-type inverters are
shown in Fig. 2.13. The measurements show that the designed N-type ULV7 with given feature
size is more than 7 times faster than similar size conventional CMOS inverter in a 300mV supply
voltage. The P-type version was 2.5 time faster than similar size standard CMOS inverter. The
micrograph of the fabricated chip is shown in Fig. 2. 16. Cin capacitor (Cin= 890 {fF) implemented
by using standard CRTMOM capacitor type. To implement smaller capacitors (in the range of the
Femto Farad) in the SFGULYV logic, fringing parasitic capacitances similar to those of MDAC
capacitors in the SAR ADCs [154-157], can be used (see section 3.4 and [154-157]). Micrograph
of the packed chip including designed ULV7, with bonding diagram and with JLCC84 package is
shown in Fig. 2.15. CADENCE software is used to design and simulate the chip. After Schematic
and layout (shown in Fig. 2. 14) implementing of the circuits, DRC, LVS are done by CALIBRE
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tool. Chip production has been done via EUROPRACRICE program of IMEC in a TSMC 90nm
CMOS process. Bonding diagram and JLCC84 Packaging are also done by IMEC. PCB board
shown in Fig. 2. 17, designed with EAGLE software for chip measurements.

Table 2.1: Size of transistors used in the fabricated N-type ULV7 inverter gate

Device Wl Ly Device Wl Ly
EN 20/0.1 RN 3/0.1
KP 6/0.1 KN 0.4/0.1
EP 18/0.1 RP 6/0.1
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Fig. 2. 13. 1 to 0 transient of inverters (Evaluation phase), VDD=0.3V.

Table 2.2: Size of transistors used in the fabricated P-type ULV7 inverter gate

Device W/ Lym Device @ W/ Lym
EN 20/0.1 RN 3/0.1
KP 6/0.1 KN 0.4/0.1
EP 5.6/0.1 RP 6/0.1
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Fig. 2.15. Chip including designed ULV7, with bonding diagram and with JLCC84
package.
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Chapter 3

ULP and ULV Analog Circuit Techniques for iOTs

In this Chapter the circuit design challenges in the ULP and ULV analog domain for the
iOT applications discussed by reviewing the literature. Section 3.1 briefly discusses different
widely used sub-modules in the iOT devices and design challenges for these modules. Section 3.2
addresses some design challenges for the ULP and ULV reference circuits in iOT devices. Section
3.3 discusses the challenges of the designing high performance amplifiers in the ULP and ULV
domain. Section 3.4 briefly discusses the details of a fabricated ULV and ULP energy-efficient
SAR ADC, which was powered-up successfully with utilizing a simple energy-harvester in the lab
and functionality verified successfully. Finally, section 3.5 provides summary of the published
paper related to this Chapter.

3.1 Circuit Design Challenges for ULV and ULP iOTs

CMOS technology down-scaling is posing difficulties for analog circuit designers [92-93].
Leakage currents, and complexity of the device modeling are increasing while intrinsic-gain and
supply voltages are decreasing [91-96]. For the high-precision sub-blocks such as high-resolution
data-converters (ADCs and DACs) which intensively utilize switched-capacitor circuits,
decreasing dc-gain and supply-voltages, are increasing the difficulties of implementing a high-
precision charge-transfer operation in a negative-feedback loop [92-96]. For these types of
applications, one of the most important sub-blocks is amplifier. Amplifiers should have high open-
loop gain, low noise, and low power consumption, and at the same time should have higher speed
and stability in the negative-feedback configuration [92-96]. Satisfying these requirements often
poses difficult challenges for the designers and requires innovative techniques in the modern
technologies [91-96].

39



Fig. 3.1 shows different sub-blocks in a typical ASIC for wide range of the applications.
These ASICs normally utilize power managements blocks to provide required supply voltages to
different sub-blocks. The power management blocks in these systems normally consists of bandgap
references (BGRs), low-dropout-regulators (LDOs), dc-dc converters, ac-dc converters, and so on.
Energy sources for these systems are often batteries or energy harvesters. There is an increasing
demand to utilize energy harvesters in modern iOT systems. In the signal chain normally iOT
devices utilize pre-amplifiers to increase the signal swing range that can be detectable for the data
converters, and filters that normally used to suppress unwanted signals. Also, ADCs are important
part of this signal acquisition systems. ADCs are mainly needed since the information in nature,
and output signal of sensors are mainly analog, while our processors are mainly digital. Therefore,
ADC:s are needed almost in any signal chain, and they are often one of the power-hungry blocks in
the chain. SAR ADCs becoming more and more popular for these applications since they are
generally a power efficient topology as do not use blocks with static currents and are compatible
with new CMOS processes. In addition, different type of filters such as passive, or active
intensively used in any signal acquainting systems. Discrete time and continuous time filters such
as gm-C filters are developed for these types of applications [93].

Amplifiers are one of the widely used sub-blocks in these iOT systems. For instance, in the
power managements block, most of the BGRs, and LDOs require high-performance amplifiers to
meet their requirements. However, the requirements for these amplifiers are varies and often
depend on the application, available energy, and type of signal (speed and accuracy) that should be
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Fig. 3. 1. (a) Typical power management block (b) Typical signal acquisition/processing chain.
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processed by the iOT device. The main issues for the modern amplifiers in the submicron CMOS
technologies are limited intrinsic-gain of transistors, speed-gain tradeoff, leakage current, and static
current consumption [92-93].

For data transceivers in the commercial iOT devices, different standards and topologies are
proposed and utilized. Low-energy-Bluetooth, Zigbee, Low Power Wide Area Networks
(LPWANS), Wi-Fi, Radio Frequency Identification (RFID) are some of these technologies that
used based on the available power budget, required data and so on. However, these standards are
still power hungry and not suitable for applications with extremely tight power budget. Reducing
the leakage current in the sleep mode is a challenging task for these modules. All over the globe,
promising wireless communication solutions published in literature for next generations of the iOT
devices. For example, for the ultra-low data rate sensor applications, P.P Mercier, et. al, proposed
a sub-nano watt transmitter and antenna system, which achieves an average power consumption as
low as 78 pW [97]. The system operates at a duty-cycled data rate of 1 bit per second (bps) and is
fabricated in a 0.18 pum CMOS process [97]. The low complexity architecture, in combination with
aggressive power-gating techniques and device sizing optimizations, reduced the standby-power of
the transmitter to 39.7 pW at 0.8 V supply voltage [97]. The topology is suitable for low speed
applications such as body implants systems, processing very slow signals.

3.2 ULP and ULV Reference Circuit Design Challenges

The BGR circuit is one of the most popular reference generators that successfully utilized
in almost any high-precision systems. For example, BGRs are extensively utilized to generate a
regulated supply voltage for the different blocks in the iOT systems as shown in Fig.3.1 (a). As
another example, utilizing a BGR for an ADC reference generator circuit, is a must (see [102]).
The conventional BGR circuit is still popular in both industry and academic research [98]. The
output voltage of the conventional BGR is 1.25 V, which is nearly the same voltage as the bandgap
of silicon [98-99]. This fixed output voltage of 1.25 V limits the application range of the circuit.
The BGR proposed in [99] generates lower output voltage and successfully operated with sub-1-V
supply [99]. Stability, power consumption, area, functionality in lower supply voltages, power
supply rejection, noise and more specifically low frequency noise (Flicker noise), are challenging
factors that generally should be handled in designing any BGR circuit for given application. [98-
103].

Wi/l | Wall,
0.13pm| 3.3/60 | 1.5/60
0.18um| 7/20 | 8/20
65nm | 14/1.2 | 27/0.6

i o

Native NMOS Thick-oxide NMOS
(W/L in um)

Fig. 3. 2. (a) A 2T ULP, and ULV picowatt BGR proposed in [100]. (reproduced from [100])
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Fig. 3.2 shows a 2T BGR topology proposed in [100] for the ULV applications. This
topology is very attractive for the sensing systems such as biomedical implants, and infrastructure
monitoring systems, where the overall system consume only picowatts to nanowatts in standby and
active mode, respectively [100]. The fabricated prototype chips in 0.13 um, consumes only 2.22
pW and the lowest functional supply voltage is 0.5 V [100]. A comprehensive study about ULV
and ULP reference circuits are done in [100] and some energy efficient and ULV and ULP reference
circuits are also proposed in [100], which are suitable solution for iOT applications. However, the
value of output voltage in [100] is relatively low and boosting this small voltage to a higher voltage
require additional circuits which normally consumes significant power. BGR circuits are normally
located at the beginning of the reference generation chain. This means that the noise of these circuits
amplifies by the other blocks further in the chain. To suppress noise in the chain, very large
capacitors that are normally off-chip, are used (see [102]). Another technique is the chopping
method, which is very useful technique to suppress the low-frequency noise which is often the
dominant source of the noise at the output of the chain [102].

Fig. 3. 3 (a) shows a typical conventional LDO structure which is extensively used in both
industry and academic research [93-94]. Similar topology also often used to generate reference
voltages for the ADCs and DACs in both single ended and differential modes [93,94,102]. Size of
the power-PMOS (shown as MP in Fig. 3.3 (a)) and other devices change depending on the
application and availability of the power, and load requirements. Native transistors are also used
instead of the MP device to supply the required current of the load [93-94]. A comprehensive study
of the LDOs and their performance merits such as PSRR, noise, stability, is done in [94].

For the ULV and ULP BGRs and LDOs, that receive sub-volt supply from an energy-
harvester, designing error-amplifier is a challenging task [103]. As it discussed in [103] and shown
in Fig. 3. 3 (b), for the ULV error-amplifier (EA) with supply voltage of about 0.65 V, the reference
voltage from BGR, should be as low as 50 mV in order to keep the P-type differential pair of the
EA in the saturation mode. Producing such low value reference voltage is not normally easy and is
somewhat impractical to implement [103]. However, utilizing N-type differential pair in the error-
amplifier (at the cost of higher flicker noise), or utilizing bulk driven p-type differential pair (at the
cost of increased latch-up risk) in the error-amplifier may relieve this limitation. As a solution for
this limitation, Wei-Chung Chen et. al, proposed a current-mode and compact structure that
eliminate utilizing voltage-mode error-amplifier with an input differential pair, as shown in Fig. 3.
4. The topology merges the reference-generator with a simple LDO, resulting a compact structure
that operates with supply voltage as low as 0.65 V and produces a 0.6 V output voltage that supplies
a biomedical ASIC chip. A relatively short chain in this work may provide a low noise solution,
which is very attractive for both supply and reference generator for the high-precision data
converters.

While the reference circuits are known traditionally as always-ON blocks, recently duty-
cycling is used to further minimize the power consumption of these circuits [104,102]. For instance,
the duty-cycled reference generator circuit shown in Fig. 3.5 is proposed in [104] for the energy-
efficient SAR ADCs. At 0.8 V VDD, the measured power consumption is 38 nW and at the
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Fig. 3. 4. (a) A ULV LDO and reference generator proposed in [103] (b) Transistor level implementation
of the LDO and reference circuit in the [103] to supply regulated 0.6 V to biomedical system. (reproduced

from [103])
VDD= 0.8 V
| |
0.6V
RVG 0.4V Duty-Cycle | 0.4V LDO -
Vref block off-chip J_
Capacitor I

’ CLKA1
i IutrCyced ‘ Analog —>"4 o pit SAR
Duty-CycledCLK2 Input ADC | Dpout [9.0]

Fig. 3. 5. A duty-cycled, reference generator topology for ULP SAR ADCs proposed in [104]).
(reproduced from [104])
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minimum functional supply of 0.62 V, the measured power consumption is 25 nW. At 10% duty-
cycle of the reference generator, the power consumption reduced to only 3.7 nW from 0.8 V VDD,
which is far less than that of the ADC core [104]. Comprehensive information about sub-nanowatt
power management units and reference circuits provided in [106].

3.3 Design Challenges of ULV and ULP Amplifiers

In this section, design challenges of ULP and ULV amplifiers discussed since they are one
of the widely used sub-blocks in any iOT devices. For example, BGRs, LDOs, filters, LCD column
buffers, pixel readout circuits, ADCs, and transceivers require high-performance amplifiers to meet
their requirements. However, requirements for these amplifiers varies and often depend on the
application, available energy, and type of signal that should be processed by the iOT device. The
main issues for these ULV amplifiers in the submicron CMOS technologies are limited intrinsic-
gain of transistors, speed-gain tradeoff, leakage current, lower swing, and static current
consumption [91-96].

Fig. 3.6 shows some examples of the amplifiers in the closed loop and open loop
configurations. In the iOT devices which utilize LCDs, the buffer amplifiers extensively used in
the column driver of the LCD panels, in order to drive a heavy capacitive load, as it depicted in Fig.
3.6 (a). These buffers normally employ closed loop amplifiers to drive a heavy capacitive load
around 1-10 nF depending on the size and resolution of the display. Energy efficiency is very
important for this LCDs, since they are one of the most power-hungry parts of these iOT devices
[136-145]. As another example, Fig. 3.6 (b) shows an open loop amplifier (source follower) used
extensively in commercial image sensors to readout the pixel data and deliver the data to other
signal processing units, outside pixel arrays. In this case the gain of the source follower amplifier
is normally less than 1 (typically around 0.8) and at the same time the buffer imposes a dc-shift to
the input signal [109] and consequently it demands a relatively high supply. This limits the
minimum value for the supply voltage in the imager that also affects the dynamic range of the
image sensor. Nonlinearity of these buffers also limits the performance of the imagers [133-134].

Modern transceivers are also example of systems that require high performance amplifiers. The
industry need for high-speed transceivers has resulted in an increasing demand for high-resolution
and high-speed data converters such as delta-sigma and pipeline ADCs. Designing high-
performance switched-capacitor filters and OTAs for such applications is a challenging task in
modern CMOS technologies with limited intrinsic gain [91-96]. Traditionally, the speed-accuracy
trade-off is one of the most important challenges for the analog circuits. Fast settling needs both a
high unity-gain bandwidth (UGBW) and a high slew rate (SR), whereas accurate settling requires
a high dc-gain [91-96]. Compensated multistage OTAs and cascode structures, such as telescopic,
Folded cascode (FC), and triple FC, have been widely used to provide the required specifications.
High dc-gain amplifiers usually utilize cascoding and cascading techniques
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Fig. 3. 6. (a) A closed-loop buffer amplifier used in column driver of a LCD (reproduced from [108] (b) A
source follower buffer amplifier (formed by M1 and Mb devices) in commercial image sensors [109].

with long channel-length devices biased at relatively low bias current levels. On the other hand,
high-speed amplifiers often utilize single-stage (SS) designs with short channel-length transistors,
biased at high current levels to speed-up the circuit [93]. In cascading of gain-stages, each stage
normally produces a low-frequency pole and results in lower UGBW and instability (lower phase
margin) for the structure [93]. The triple-cascode amplifiers often provide higher dc-gain at the cost
of lower signal swing range, lower UGBW, and complexity of the bias generator circuit [92-93].
The gain boosting techniques presented in [110-112] are variations of the regulated cascode (RGC)
structure presented in [113] and [114] to enhance the Output Impedance (OI) of the cascode
structure. Extra gain-boosting amplifiers are used to boost the OI and dc-gain of the OTAs. While
the technique increases the OI and gain, it comes at the cost of increased power, area, settling time
(du to pole-zero doublet), complexity and noise. These challenges become more difficult to handle
in the modern CMOS technologies, in which a smaller intrinsic-gain imposes the utilization of
complex high-gain topologies for the auxiliary amplifiers.

To increase the dc-gain of the amplifiers, positive feedback technique is used in some
research works [116-121]. B. Nauta used the positive feedback (negative impedance) to increase
the gain of the simple inverter-based amplifiers and implement high-speed transconductance-C
filters [116]. The technique attracted many researchers to improve the performance of the structure,
since the structure provide fast operation. Laber and Mayer utilized the positive feedback concept
to increase the gain of the FC OTA [117] for the high-frequency, high-Q CMOS switched-capacitor
filters. Recycling FC [115] improves the performance of the FC at the cost of reducing the phase
margin and adding extra nodes to the FC topology, and the gain enhancement value is not sufficient
for high-precision applications.

Inverter-based amplifiers are used extensively in recent ULV systems, where the lower
supply voltage and consequently lower swing range of the structure prevents utilizing the
conventional differential pairs at the input stage of the amplifiers [122-125]. Inverter and cascode
inverter amplifiers, are used in ULV audio delta-sigma modulators, and often designed in
subthreshold region where the transistors has higher transconductance for given bias current [123].
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In order to overcome the limitation of the input swing range of the differential pairs in
amplifiers, native transistors are also utilized to increase the input common mode range at lower
supply voltages of 0.5 V (see [126]).

Recently, bulk amplification attracted many researchers to investigate the possibility of
utilizing bulk terminals of the transistor to increase the gain of the amplifiers. It is considerable that
the possibility of latch-up is reduced significantly for the supply voltages lower than 0.5 V [128-
129].

As mentioned before, the ULV systems, suffer from lower maximal input/output signal
swings in the analog circuits that lead to lower dynamic-range. The minimal detectable signal value
is normally determined by the integrated noise that normally do not improve with technology
downscaling. For these ULV systems, fully differential circuit topologies are very widely used
structures due to their larger signal swing and also better supply and substrate noise rejection
performance [9-10].

Switch-capacitor techniques, such as correlated double-sampling (CDS) and correlated
level shifting (CLS) are used to decrease errors from finite OTA gain [130-132]. As mentioned
before, in the modern technologies with lower supply voltages, lower amplifier dc-gain and lower
output swing range, are two limitations for the ULV analog circuits. These limitations are more
challenging at lower supply voltages where limited headroom prevents the utilizing of cascode
structures to improve the dc-gain [131-132]. Gain variation across output voltage swing is another
challenge for this ULV amplifiers. These limitations are discussed in detail in [131]. The problem
is illustrated in Fig. 3. 7 for a two-stage amplifier in a 0.18um process. The circuit has a closed-
loop gain of two, but it falls short because of the finite dc-gain of the amplifier. The open-loop gain
of this amplifier is approximately 36 dB. When configured for a closed-loop gain of 2, the overall
loop gain is about 30 dB. This loop gain decreases dramatically when the output is near the rails as
the driven second stage device enters the linear region, as it is shown in Fig. 3.7 (a). Fig. 3.7 shows
that with a loop gain of 30 dB the closed loop gain is only 1.95 and this poor gain is maintained
only over a small output range [131]. This structure is expected to have a 5 bit performance with a
useful swing of 0.6 V [131]. However, with CLS technique the performance can be better than 10
bits over most of the supply range as discussed in [131] in details.
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Fig. 3. 7. (a) Output voltage with and without CLS technique [131] (b) Dc-gain comparison. (reproduced
from [131])
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3.4 Fabricated Energy-Efficient ASIC for iOT and Energy Harvesters

This section briefly explains a fabricated nano-watt ASIC that designed during this
research work. To study the feasibility of powering a battery-free miniature iOT system with an
energy harvester an Ultra-low-energy ASIC including a charge redistribution SAR ADC with
internal clock generator is designed, fabricated and measured during this research work. ADCs are
vital sub-blocks in almost any iOT devices. These blocks used to digitize the analog signals which
usually produces by sensors. Several circuit techniques are used to minimize the power
consumption. The utilized energy harvester formed by small-size commercial 0.69 mm?2
photodiode array, composed of TEMD7000X01 photodiodes in series (see [157]). By connecting
three devices in series connections, a supply voltage of 0.6 V is generated to power-up the ADC
chip. Several techniques are used to minimize the power consumption of the designed ADC. A
capacitive charge redistribution SAR ADC is usually used for the energy limited applications in
10T devices [157]. SAR ADCs are very attractive for these applications since they do not utilize
any analog block with static current consumption. All blocks in the SAR ADC are dynamic circuits
which utilize the clock signal to operate and avoided any static current. These ADCs for low speed
iOT applications usually utilize sub-volt supply voltages to minimize power consumption. SAR
ADC:s for these applications use heavily clocked cycled structure with a sleep mode lasting over
90% of the clock cycle in order to minimize power consumption.

3. 4.1 Summary of the Fabricated SAR ADC

In this section the summary of an energy-efficient asynchronous 10-bit resolution SAR
ADC with a 0.6-V supply and with an internal clock generator, is presented which was designed,
and fabricated during this research work. The prototype is designed and fabricated in a 65-nm
TSMC CMOS process. All timing signals are generated internally. Also, the designed SAR ADCs
utilized at least one high-threshold-voltage transistors for any path from VDD to ground in order
to minimize the leakage currents in the sleep mode [154-157]. A custom-made capacitor array,
shown in Fig. 3. 9, that is similar to those presented in [54] and [154-157], is also designed which
minimizes the effects of routing parasitic capacitances on the accuracy of the capacitor array and
SAR ADC. The ADC applies a self-oscillating comparator (similar to that of [154-157]), a custom-
made capacitive DAC with 250 aF unit elements (shown in Fig. 3. 9) and utilize static CMOS logic
for SAR logic, as shown in Fig. 3. 8. Long channel, and high-Vth transistors are used in the logic
design to minimize the leakage currents. Furthermore, to demonstrate the ultra-low-power
consumption property of the designed system, and to study the feasibility of powering a miniature
size system by energy harvesters, the supply of the ADC core is directly provided by a 0.69 mm?2
photodiode array (as energy harvester), composed of three tiny TEMD7000X01 photodiodes in
series, as shown in Fig. 3. 12 ([157]). In indoor office lighting conditions, a single TEMD7000X01
photodiode has an open circuit voltage around 0.2 V. By connecting three devices in series, a supply
voltage of 0.6 V is generated for the chip core (excluding the supply for the pad drivers).
Decoupling capacitors, and SMA (Sub-Miniature version A) cables are used to furthermore
suppress the supply, and external noise. While simulation results show a 1 kHz clock frequency for
the ADC sampling clock, the measurements results show the frequency of the sampling clock is
around 2.4 kHz. Higher sampling clock frequency indirectly shows that the utilized devices in the
current-generators-block for the internal oscillator have relatively larger leakage currents than what
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simulation shows. Fig. 3. 10 and Fig. 3. 11 show the ADC layout and silicon die. Further
measurements reveal that the ENABLE signal for the internal comparator does not function
properly and comparator internal clock (self-oscillation), oscillates for longer time than what it
designed to be. This is caused mainly because of the higher leakage currents in the fabrication
process, and consequentially wrong signal transition in the last flop-flop in the SAR logic which is
responsible to generate the ENABLE signal for the comparator. This does not affect the
functionality of the SAR ADC. Higher leakage currents for the MOS devices, higher frequency for
the clock generator (ADC’s sampling clock), and longer oscillation for the comparator internal
clock (self-oscillation loop around comparator [153]), resulted in relatively higher power
consumption for the chip, comparing to the simulation results. At 2.4 KS/s the measured current
for the ASIC, including ADC core and internal signal generators, was approximately 105 nA at 0.6
V supply. Higher leakage current of the utilized process was the main reason of the higher measured
current consumption. At 1KS/s simulated current was smaller than 10 nA in the typical process
corner. All 10 ADC samples were measured for functionality, and all the sample were functional.
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Fig. 3. 10. ADC Layout
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Fig. 3. 11. Die photo of the ADC in 65 nm TSMC.
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Fig. 3. 12. PCB with designed chip and three tiny TEMD7000X01 photodiodes in series, as energy harvesters.
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Fig. 3. 13 (a) Measurement set-up (b) Input differential ramp signals (blue ramp) and digitized 10 bit output
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Fig. 3. 14 Static performance of the ADC.
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Fig. 3.14 shows the measured static linearity using the code density test with full-swing, using
very slow differential ramp signal (sub-Hz), while the internal clock generator had a 2.4 kS/s sample
rate. The peak DNL and INL are 0.95 LSB and 1.5 LSB respectively. Using thermometer-encoded
for 3 MSBs in CDAC can minimize the INL error, significantly [154-157]. For CDACs with
fringing capacitors array, the large errors in the INL often cause by the systematic layout mismatch.
These systematic errors, often causes by the parasitic capacitances of the asymmetric capacitors
wiring (routing metals), the non-uniform metal density around the capacitors (even though Dummy-
Exclude layer was used heavily over the custom-made capacitors), or an insufficient amount of
dummy elements around capacitors array in CDAC structure [154-157]. 10 sample were measured
and only one sample showed a missing code in the 511 code. 2 samples were functional with supply
voltage as low as 450 mV. Fig. 3.13 shows the measurement set-up and 10 bit ADC output data, for
a slow fully differential ramp input signal. According to the simulations with CADENCE, the ADC
core was functional with supply voltages as low as 300 mV at some process corners. The sampling
frequency of the ADC reduces significantly with reducing supply voltage. The main restriction for
utilizing ADC in lower power supply is the leakage currents of the flip flops in the SAR logic.

3.5 Summary of Papers

In this section, the summaries of the paper included in this thesis and related to this Chapter
are presented. The paper contributions related to this Chapter are the Paper V: “A High-
Performance CMOS Modified Amplifier”, Paper VI : “Fast-Settling, Energy-Efficient, Amplifier
for high-Resolution LCD Displays” [160], and Paper VII ”Energy-efficient, fast-settling, modified
nested-current-mirror, single stage-amplifier for high-resolution LCDs in 90-nm CMOS” [141].

3.5.1 Paper V [161]: “A High-Performance CMOS Modified Amplifier”

A new operational transconductance amplifier (OTA) based on the conventional triple
folded cascode (TFC) topology is proposed in this research work. Applying the proposed positive
feedback method, the dc-gain of the amplifier enhanced significantly, similar to other positive
feedback structures reported in [116-121]. The simulation results for the designed OTA in a typical
0.35um CMOS technology show more than 20dB dc-gain enhancement while bandwidth, output
voltage swing range, and the phase margin characteristics are not affected to a great extent. The
main aim in this research work was to increase the functionality range of the positive feedback
technique across wider output signal swing range, which is a well-known issue for the topologies
utilizing the positive feedback technique in the amplifiers [116-121]. The technique can be utilized
in other cascode structure such as folded cascode and telescopic amplifiers. A silicon
implementation, fabrication, and measurements of the OT As can give more reliable results to study
the effectiveness of the technique.

3.5.2 Papers VI, VII [160], [141]: “Fast-Settling, Energy-Efficient, Amplifier for high-
Resolution LCD Displays”, and “Energy-efficient, Fast-Settling, Modified Nested-Current-
Mirror, Single Stage-Amplifier for High-Resolution LCDs in 90-nm CMOS”

3.6.2.1 Introduction

LCD panels are widely used modules in iOT applications. Modern mobile devices, smart
phones, modern medical/health-care systems, and modern TVs utilize high performance LCDs,
which have a wide range of capacitive loads [135-150]. As these displays increase their resolution,
quality and size, the design of column output buffers becomes more and more challenging [140].
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Fig 3.15 (a) shows buffer amplifiers in a column driver module of an AMOLED display. These
buffers are normally amplifiers in a unity-gain configuration as shown in Fig. 3.15 (b). These buffer
amplifiers need to be fast to deal with larger load capacitance and thereby achieve smaller settling
time [135][141]. Furthermore, thousands of these output buffer amplifiers are often integrated into
one column driver chip. Therefore, the buffers should occupy a small silicon area and consume
small static power to meet the market pressure on cost, image quality and display size [135-141].
It also should provide a rail-to-rail voltage driving capability so that higher grey levels can be
accommodated [135-141].

The LCD column drivers includes data-latches, shift-registers, input-registers, level-
shifters, DACs and output-buffers as shown in Fig. 3.6 (a) [135-141]. DACs and output buffers
often determine the speed, resolution, voltage swing, and power dissipation of a column driver
[135-141]. Multi-stage amplifiers utilized intensively to implement these buffers because of their
high dc-gain and output swing [140]. However, the frequency compensation of these amplifiers
increases their design complexity, which also restricts their drivability range and maximum feasible
load-size, silicon area and power efficiencies [ 140-150]. Because of the stability issue, the multiple-
stage amplifiers should be designed as different types to drive different values of CL and also
should be optimized differently for different CL [140]. To reduce the design complexity and time,
a single type of amplifier that can drive various values of CL is desirable [140]. This can be
accomplished by utilizing single-stage amplifiers which were not used in those buffers because of
their limited performance merit in most metrics despite being almost un-conditionally stable at any
CL value [140].

3.5.2.2 Original Nested-Current-Mirror (NCM) Single-Stage Amplifier

For LCD column drivers, simple current-mirror amplifiers (CMA) shown in Fig. 3.16 (a)
are favored for their rail to rail output swing, and extra design flexibility by adjusting the mirror
ratio, K [140]. However, their performance metrics such as the gain is relatively low, only
comparable to that of the differential-pair (DP) amplifier shown in Fig. 3.16 (b) [140]. This is the
reason that most classical single-stage amplifiers were underused in large CL applications when
compared with their multi-stage counterparts [140]. In the same power budget, regardless of how
large the power budget is, the CMA is lagging behind the DP amplifiers for most of performance
metrics (see [140]). For this reason, the DP amplifier is chosen in [140] as the “golden reference”
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for comparing and justifying the performance of the different amplifier topologies.

The original NCM technique is shown in Fig. 3.16 (c) [139][140]. The technique
significantly improves the overall performance of the single-stage CMA. DC-gain, GBW and SR
of the simple CMA is improved, and the reported measurement results for the fabricated prototype,
confirm comparable figure of merit (FOM), comparing to the other state-of-the-art, single-stage
and multi-stage  amplifiers. Both  FOM;=[(GBW.C)/(Power.Area)] and FOM>=
[(SR.C.)/(Power.Area)] are comparable with other state-of-the-art works ( see Table V in [140]).
The Cy drivability (Crma/Crmin) is wider than those of [145-150], while it avoids the stability limit
at the heavy Cis.

In the original 4-step NCM, 33 times improvement in GBW, 1.9 times improvement in SR,
and 2.27 times improvement in settling-time are reported comparing to the standard DP amplifier
[139-140]. For the 3-step NCM in [140], 7.5 times improvement in GBW, 1.33 times improvement
in SR, and 1.5 times improvement in the average settling-time are reported, comparing to the
standard DP amplifier. The technique presented in [140] improves the small-signal settling-time
significantly by increasing the transconductance of the amplifier by collection of the nested current
mirrors. However, the large-signal speed, and the overall settling-time of the amplifier, is limited
by the limitation of the SR. This limitation originated mainly by the SR limitation of the structure.
As calculated in [140], the SR of the original 4-step NCM in [140], is:

SR= 2K. (] +K5).Iu/CL 3.5
And the SR of the original 3-step NCM amplifier is:
SR= 2Ks.(1+K4).1/Cy 3.6

Where the I, for the 3-step, and 4-step NCMs are 100nA and 50nA respectively. As shown in Eq.
3.5, 3.6 and Fig. 3. 16, during SR phase, when a large transition in the input signal happens, in the
3-step NCM, the bias current of M, and M, does not have any role in the SR of the NCM. In fact,
there is no current path for the bias currents of those devices to contribute in the charging or
discharging process of the C;, as shown in Fig. 3.16 (¢). Similarly, for the 4-step NCM, the bias
current of M, M, and M3 does not contribute to the SR of the NCM. Therefore, bias currents of
M, M; and M3, dissipate without any contribution to the speed of the buffer amplifier. This reduces
the energy efficiency of the structure and topology becomes less attractive for the energy restricted
portable devices in which the batteries or energy harvesters provide the required supply voltage.

It is considerable that the buffer amplifier in a typical LCD column driver normally
receives a sampled signal at its input terminal [135]. Therefore, in order to have a fair merit of
speed evaluation, the worst-case settle time should be used. Both the rising and falling edge should
be considered, and the settling time should be evaluated during the largest signal transition. The
clock period should also be adjusted for the longest transition. Main shortcomings of the NCM
structure are higher noise of the topology, and sensitivity of the gain and UGBW to the process
variations in the 4-step NCM [140].

3.5.2.3 Modified NCM Single-Stage Amplifier [141]

This section summarizes the proposed NCM single-stage amplifier [141], which is a modified
version of the original NCM topology presented in [139-140]. The modified version furthermore
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Original 3-Step NCM [140]. (d) Original 4-Step NCM [140]. (reproduced from [140])

speed-up the topology and improve the gain and noise performance of the NCM amplifier without

any significant power, output swing range, noise, or stability penalties.

As mentioned before, in a typical LCD column driver, the input signal for the buffer
amplifiers are normally sampled signal. Therefore, the clock period of the column driver should be

adjusted to the slowest signal transitions that imposes by the largest
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possible signal. In addition, to have a fair merit evaluation of the amplifiers, the worst-case settling-
time which is normally largest signal transition, should be used to calculate FOM, and not only
UGBW or SR of the amplifiers. Therefore, in this paper [141] a new SR enhancer circuit is
designed to reduce the settling-time of the NCM amplifier. In addition, the gain of the amplifier is
increased by 6 dB, using cascode structure for the PMOS devices in the output stage. Noise
performance of the modified NCM is also improved by assigning higher bias currents for inner
differential pairs that have larger noise contribution in the structure.

Fig. 3.17 shows the proposed 4-step NCM amplifier in this work with SR enhancer circuit.
For simplicity, the bias current generator device (Mb) in [140], is split into two different devices in
this design called My and My;. As depicted in Fig. 3. 17 and discussed in previous section, when a
large transition in the input signal happens, despite the Iy, the bias current of My, (Iv), cannot have
a role in the SR of the NCM. In fact, there is no path for Iy, to contribute in the charging or
discharging process of the Cr. To speed up the NCM structure and improve the energy efficiency
of the structure, a SR detector and SR enhancer is designed in [141] as shown in Fig. 3. 17. (b) and
(c)). The SR booster circuit activates during the slew phase and feeds the bias current of Iy to either
the Vemi or Vemz nodes, depending on the rising or falling transition.

The total current of 59+, multiplies by the current-mirror ratio (K7) of the last current
mirrors and feeds to Cy. This technique significantly increases the SR and speed of the NCM, with
only negligible extra current consumption of about 50 nA which dissipates in the designed SR
detector circuit. In this case the SR increases to [2K7. (1+K;+K>+K;3+K4+Ks5+Ke).1,/Cr)]. Using the
same current-mirror ratios (K), used in [140] for 4-step NCM (K;=2, K;=6, Ks=1, K4=4, Ks=2,
K¢=8, K7=6), proposed technique increases the SR of the original 4-step NCM, about 2.65 times.
Also, applying the proposed technique in the 3-step NCM version, and with the same mirror ratio
used in [140] (K;=2, K»=3, Ks=1, K4=3, Ks=5), the SR increases 2.5 times. Fig. 3.17 (c¢) shows the
circuit designed for extra SR and speed boosting. It is activated by the SR detector circuit shown
in Fig. 3.17 (b), and feeds the current from Ipsi to the Vemi 2 node. That increases the total charging
and discharging current of the Cy. by at least five times using the M;e, 17 devices. These devices are
normally OFF, during the small-signal operation of the NCMs [141].

The proposed low-power slew detector is shown in Fig. 3. 17 (b) and formed by the M-
Mo transistors. This circuit is partially non-active during the small-signal operation of the
amplifier and activates only when a large-signal transition happens. Transistors Mg to Mg have
static current in the normal small-signal conditions. Hence the circuit does not affect the noise,
UGBW, gain, and small-signal settling-time specification of the original NCM amplifier, to a great
extent. When a large-signal falling transition happens, Msi; and M6 devices activate by the slew
detector circuit, and feed the bias current of /;+155; to Vemz node. In the same manner, when a large-
signal raising transition happens, M2 and M7 devices activate by the slew detector circuit and
feed the bias current of 7p;+1ss; to the Vem node [141].

During the small-signal operation of the amplifier the Mss-Mgs devices as well as Mgi1-M;14
devices are inactive and the bias current of Iy, is carried by Ms; and Mg devices. Therefore, for
the small-signal operation mode, srl and sr2 nodes are pulled up to the supply voltage (~VDD), by
the bias current generator devices (Mso and Mgio).

In the large-signal operation, depend on the rising or falling phase, Ivso directs to the either
M or My, devices. In this case, Iss0-Ips3,4, flows throw Mgs (or M) and amplifies by the current-
mirrors formed by Mgs-Mgs. The current gain of these current mirrors is set to 5. In this case, the
current of M7 (or M) device becomes larger than the bias current of Mo (or M),
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and the voltage of sri»node, drops to approximately lower supply voltage. Therefore, M,
and M6 devices (or Msi2 and Mgi7), become ON and direct the bias current of 7,7+ /1, t0 Vema (o1
Vemi) node. This technique increases the total currents that charges or discharges Cp, in the SR
phase. Since the source of M3 and M;4 devices are connected to the virtual ground node (Vy),
their parasitic capacitances do not influence the frequency response of the amplifier, and the small-
signal settling-time of the amplifier remain unaffected by these devices. M1 and M2 devices are
used to separate the parasitic capacitance at the drain node of M3 14, from Vemi 2 nodes.

It is worth nothing that despite the core NCM amplifier, the SR detector circuit can utilize
smaller device size, for better area efficiency. On the other hand, as discussed in [140], to minimize
the noise (both flicker and thermal noise), offset, and process variation and improve the matching,
the NCM amplifier should have relatively large device dimensions for the most of the utilized
transistors in the core, and more specifically for the devices located at the beginning of the signal
chain.

In the NCM structure, the noise of the transistor is also amplified by the mirror ratios as
discussed in [139, 140]. The 4-step NCM structure [141], tradeoffs noise performance for a higher
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SR. This is realized by utilizing larger bias currents and mirror ratios in the last current-mirrors (Ks
and K7) and at the same time, using smaller bias currents (Iy;) for the M;-Mg devices and their
corresponding current mirrors. Since the noise generated by M;-My devices, are amplified with
higher gain, noise of these devices dominates the overall noise performance of the amplifier. This
issue relaxed in the 4-step NCM proposed in [141], by increasing K, K, and the bias currents and
feature sizes of the M;-M, devices, and at the same time by decreasing Ks, K¢, and the bias currents
and feature sizes for the Ms-Mg devices, as shown in Fig. 3. 17. (a) (Ki=3, K»=9, Ks=1, K4s=4, Ks=1,
K¢=4, K7=6). Since the proposed 4-step NCM already benefits from the SR enhancer circuit, it is
not necessary to have large value for Ks. At the same time, other performance metrics of 4-step
NCM such as dc-gain, GBW, and SR remain largely unchanged.

In the 4-step NCM proposed in [141], using cascode PMOS current-mirror, formed by the
Mc1-Mc4 devices, the output impedance of the amplifier is increased 2 times, and dc-gain of the
amplifier is improved 6 dB compared to [139]. Since the amplifier is used in the unity-gain
configuration of Fig. 3. 15 (b), the Vi- node is connected directly to the output node. Therefore, the
output voltage swing range, is limited by the threshold voltages and the overdrive voltages of the
input differential pair devices (Mpo,1, Mi-Mg) rather than the PMOS cascode devices. In addition,
using the cascode structure for the PMOS current mirror, improves the linearity of the current
mirror and the NCM amplifiers. In this case the large voltage swing at the output node, cannot
cause large variations in the drain-source voltage of the M.; and M3 and in the current-mirror ratio
formed by Mc1-Mgs.

In addition, [141] proposed a new FOM to evaluate and justify the performance of the
amplifiers. The FOM is:

FOM;= C./ Tsmar. Power.Area 3.7

According to this FOM, the worst-case settling-time considering both rising and falling edges, used
to evaluate the performance of the amplifiers. This normally happens in the largest signal transition.

3.5.2.4 Further Discussion about NCM Amplifiers

In summary, as mentioned in the previous section, in the proposed energy-efficient NCM
[141], thanks to the designed SR enhancer circuit, the worst-case settling-time of the NCM
amplifier, is improved more than 8 times, while preserving the power consumption, output swing,
UGBW, Phase margin, and wide CL drivability without entailing any compensation capacitor or
resistor. The performance boost realized at the cost of increased complexity and negligible area.
DC-gain is also improved 6 dB, and a noise optimized NCM with modified mirror ratios (Ks) is
proposed. Simulations for implemented 3-step and 4-step NCM amplifiers confirmed the
theoretical study and performance claims. In addition, a new FOM is defined to evaluate and justify
the performance of the amplifiers.
The proposed technique is suitable for the LCD drivers in the portable battery-powered iOT devices
which utilize power efficient user-interface screens. The applications of the NCM amplifier is not
limited to the LCD column drivers and the topology is suitable for any applications that require
large capacitive load and with large variations. Such applications include ADC reference generators
and error amplifiers in the LDOs.
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Chapter 4

Discussion, Conclusion and Suggestions for Future Research

In this Chapter the conclusions of this research work in the different analog, digital and
mixed-mode domains are provided, as well as some suggestions for future research.

In this research work, different circuit techniques studied for the next generation of battery-
free and energy-restricted iOT devices. Reducing the power supply voltage, as a powerful technique
used in both digital and analog, as well as mixed-mode circuits to minimize power. Minimizing the
number of transistors for the digital gates may result in significant reduction of the leakage currents
for the whole 10T devices which operates most of their life cycle in the sleep-mode. This is the
reason that logic styles with lower number of transistors, such as domino logic, are good candidates
for the energy-efficient portable iOT devices. For the analog blocks that require static bias currents,
reducing the static and leakage currents, is a powerful technique to improve the energy-efficiency
of the sub-systems and iOT devices. Duty-cycling is also a powerful and widely used technique
that improves the energy efficiency of the analog blocks.

In the digital domain, SFG ULV technique is investigated in this research work for high speed
and low voltage applications. As mentioned before logic styles that require lower number of
transistors, are attractive for duty-cycled iOT applications. This is mainly due to lower leakage
current in the sleep mode for this logic families. This is the reason that domino logic style is an
attractive option for such energy efficient iOT devices. Feasibility of utilizing domino logic in ULV
domain combined with SFG technique are investigated in this research work. Power supply
voltages as low as 300 mV and below are used for these logic gates. Feasibility of utilizing bulk
terminals in the ULV7 was also investigated. A prototype of N-type and P-type ULV7 was also
fabricated on silicon and measured successfully. For further research work in this topic, a silicon
prototype of a logic chain may be implemented for further studying, including the clock drivers.
The SFG technique is applied to dual-rail NP domino logic to increase the speed of evaluation
phase. A new keeper structure is investigated for dual-rail domino logic to increase the noise
immunity of the logic to leakage current and also to the delay of the input signal in the chain. For
future research work in this topic, silicon fabrication of a complex logic using ULV SFG dual-rail
domino technique is highly suggested to further study the characteristics such as leakage current,
noise immunity and power consumption of the logic. Studying the practical challenges of the clock
driver for the SFG ULV logic is an interesting research topic in this field.
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In the analog domain, some important circuit techniques have been discussed in Chapter 3.
Some state-of-art and widely used sub-blocks such as reference generator, including BGR and
LDOs for the iOT systems, are also discussed. Furthermore, the ULV and ULP amplifier design
was investigated in this thesis, and design challenges were discussed in Chapter 3. High-
performance amplifiers are a necessary part of any iOT devices. Improving the performance of the
amplifiers may improve the performance of the iOT devices to a great extent. In addition, an energy
efficient technique is proposed to improve the performance of the NCM amplifier. NCM is a
suitable topology for applications which require large capacitive loads, such as LCD column drivers.
For further research work in this topic, a silicon prototype should be laid-out for further studies.

In the mixed-mode domain, a 0.6 V energy-efficient 10-bit asynchronous SAR ADC with
internal clock generator has been designed and fabricated. The prototype is designed and fabricated
in a 65 nm CMOS process. The ADC has an INL and DNL of 1.57 LSB and 0.95 LSB respectively
at 0.6 V supply. The ADC employs a self-oscillating comparator, a custom-made capacitive DAC
with 250 aF unit elements and static CMOS logic for the SAR logic. Utilizing thermometer coding
for the 3 MSBs in the CDAC, may reduce the probability of large INL and DNL errors. The target
application for this ULV ADC are ULP biomedical and iOT devices that utilize energy harvesters.
For the future research, developing leakage tolerant ULV sub-modules is highly recommended.

In the ULV and ULP energy restricted miniature size sensor applications, the design of
voltage reference including BGRs and LDOs is a challenging task. While numerous numbers of
power-efficient, sub-volt SAR ADCs are reported in the literature, the LDOs and reference
generators for these nano-watt ADCs are still power-hungry. These reference generators consume
significant part of the available power for the whole signal acquisition systems, which is often
provided by a tiny energy-harvester. Developing energy-aware reference-generators, designing
supply-adaptive systems, and also noise-adaptive SAR ADCs are promising solutions for these iOT
devices, which requires innovative circuit techniques.
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Abstract

In this paper, novel ultra low voltage (ULV) dual-rail NOR gates are presented which use the
semi-floating-gate (SFG) structure to speed up the logic circuit. Higher speed in the lower supply
voltages and robustness against the input signal delay variations are the main advantages of the
proposed gates in comparison to the previously reported domino dual-rail NOR gates. The simula-
tion results in a typical TSMC 90 nm CMOS technology show that the proposed NOR gate is more
than 20 times faster than conventional dual-rail NOR gate.

Keywords

Ultra Low Voltage (ULV), Semi-Floating-Gate (SFG), Speed, NOR Gate, Monte Carlo, Dual-Rail NP
Domino, TSMC 90 nm, CMOS

1. Introduction

Modern electronic technology faces trade-offs between power budget, and performance. Traditionally for the
high-performance systems, design considerations assume a sufficient and stable supply of energy source to
maintain constant performance throughout overall system operation [1]. For decades, the supply voltage of this
system, has been set above the transistor’s threshold voltage (Vth), and called above-threshold (or super-threshold)
operation. However, in the modern low-power (LP) and ultra-low-voltage (ULV) portable applications, the
energy supply is strictly limited, and the overall system benefits from the innovative techniques for active ener-
gy minimization and standby power reduction [1]-[5]. Examples of such power saving techniques include
supply-voltage scaling, multi-threshold logic, transistor-stacking, and power-gating [1]-[5]. These ULV systems
are extensively used in the modern applications such as low-cost iOT devices, wearable-electronics, intelligent re-
mote sensors, implantable/wearable medical-devices, and energy-harvesting systems. For these ULV applications,
often innovative techniques utilized to reduce the overall energy consumption. Sub-threshold design often consi-

How to cite this paper: Dadashi, A., Mirmotahari, O. and Berg, Y. (2016) NP-Domino, Ultra-Low-Voltage, High-Speed, Dual-
Rail, CMOS NOR Gates. Circuits and Systems, 7, 1916-1926. http://dx.doi.org/10.4236/cs.2016.78166
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dered as a very suitable, and energy-efficient solution for these emerging energy-constrained applications [ 1]-[5].

The downscaling of CMOS technology (for higher transistor-density and computing-capacity) and reducing
supply-voltage results in degradation in the speed of the logic circuits due to reduced gate-source voltage of the
transistors [1]-[5]. Furthermore, existence of substantial leakage current in the modern CMOS nodes prevents
the scaling of Vth aggressively [1]. In one side, increasing the market of low-cost portable-devices demands the
design of the low-power blocks that enable the implementation of long-lasting battery-powered systems. On the
other side, the general trend for increasing the operating frequencies and circuit complexity, in the modern
high-performance processing applications, requires the design of very innovative high-speed circuits [2]-[19].
Current digital design techniques do not offer reliable and high-speed logic circuit that can operate at deep
sub-threshold voltages. Hence, operability is the main goal in implementing ULV systems in these high-speed
applications [13]-[19]. Domino logic is known as a high-performance circuit configuration which normally uti-
lizes clocking scheme and is embedded in the static-logic environment [1]. Domino CMOS has become a popu-
lar logic family for high-performance and high-speed applications and it is extensively used to implement
high-speed processors [6]-[ 10], since they provide advantages over static-CMOS logic, including fast operation,
and lower number of transistors (lower silicon area) [11].

SFG technique has been proposed for ULV NP-domino logic structures [13]-[19]. ULVSFG logic imple-
mented in a modern CMOS process requires frequent initialization (pre-charge) to minimize leakage. By apply-
ing the input signals, using input capacitors (Cin), to the gate of evaluation transistors (EN), these nodes (SFG
nodes) can have a larger voltage level than power supply-voltage (VDD) [13]-[19]. The main aim is to increase
the current of the evaluation transistor (EN) to achieve higher speed in the evaluation phase. In this paper, we
used the SFG concept to speed up the performance of the conventional dual-rail logic. We compared the per-
formance of the designed SFG dual-rail NOR gate with the conventional dual-rail NOR gate. Simulation result
shows significant speed improvements. Furthermore, we discussed the inclusion of a new keeper transistor
which improves the stability of the gate, to hold the voltage of the floating gate node and the output node, for a
delayed input signal, especially when these gates are utilizing in a chain of gates in a large system.

This paper is organized as follows: in Section 2, a short introduction to the simple conventional dynamic sin-
gle-rail and dual-rail domino logic is provided and also the ULVSFG inverter and ULVSFG NOR gates are dis-
cussed. In Section 3, the proposed ULVSFG dual-rail domino NOR gates are discussed, and we study the delay
and stability of the new logic gate. In Section 4, the simulation results, for the different NOR gates are given,
and compared; finally, Section 5 concludes the paper.

2. Domino Dynamic ULV Logic
2.1. Conventional Dynamic and Dual-Rail Domino NOR

Figure 1 shows the conventional dynamic pre-charge to 1, single-rail and dual-rail NOR gates [1]. This type of
domino logic is widely used in the high-speed applications like high- speed processors (e.g. 1-GHz 0.75 W
ARM Cortex A8 designed by INTRINSITY) and studied in details in many papers and books (e.g. [1]). Domino
logic gates, operate in two different phases of “pre-charge” and “evaluate”. Compared to the simple static
CMOS NOR, dynamic domino logic achieves higher speed at the cost of higher power consumption [1]. How-
ever A major limitation in the single-rail Domino logic is that only non-inverting logic can be implemented [ 1]
[2]. This requirement has limited the widespread use of the pure domino logic style. This limitation is overcome
with utilizing the “true” and “complemented” logic outputs of the dual-rail domino logic, at the cost of approx-
imately doubling the power/energy consumption and utilized silicon-area [1] [2].

2.2. Semi-Floating-Gate Domino Logic

Figure 2(a) shows the dynamic, pre-charge to 1, single-rail Inverter gate using SFG technique [14]. This kind of
ULVSFG NP-domino logic is introduced and discussed in details in many papers [13]-[19]. The main purpose
of the ULVSFG domino style is to increase the current of the transistors at the low supply voltages without in-
creasing the transistor widths. We may increase the current and speed compared to conventional domino and
static CMOS, using different pre-charge voltages to the gates, and applying capacitive coupled inputs [14], sim-
ilar to neuron MOS in [12]. In these topologies Voffset+ pins are connected to VDD and Voffset- pins are con-
nected to GND. The High-speed N-type ULVSFG domino NOR (pre-charge to 1), is shown in Figure 2(b). The
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clock signals are used both as control signals for the recharge transistors RP and RN, and as reference signals for
NMOS evaluation transistors EN. Both inverter and NOR gates shown in Figure 2, operate in two different
phase called “pre-charge” and “evaluate” and follow the sequences in the normal NP-domino logic style. The
virtual ground signal (Virt.GND) is synchronized with the clock signal, with transistor dimensions sufficient
enough to drive the needed current through the EN transistors during the evaluation phase.

When CK is low (0), and Virt. GND is high (1), both inverter and NOR gates becomes in the precharge phase.
During this phase, RP transistors turn on and recharge the gate of the EN transistors to VDD. Meanwhile RN
transistors turn on and recharge the gate of EP transistors to 0. Thus EP transistors turn on and precharge the
output nodes to VDD. The keeper transistors, KN and KP, are inactive during this phase as the output node is
precharge to VDD, and input signals are in the low (0) level since the gates follow the NP-domino logic.

In the evaluation phase, in the both inverter and NOR gates shown in Figure 2, when the clock signal CK
switch from 0 to 1, and Virt. GND = 0, both recharge transistors RP and RN switch off which make the charge
on the SFG nodes (Vp and Vn) become semi-float. The output nodes remain at high level until an input transi-
tion occurs. The input signals (IN) must be monotonically rising to ensure the correct operation for the N-type
domino logic. This can only be satisfied if the input signal is low at the beginning of the evaluation phase, and if
IN only makes a single transition from 0 to 1 in the evaluation phase. When this transition happens (IN rises
from 0 to 1), the voltage of the semi-floating gates (VN) increase well above VDD, based on a capacitive
coupling from the input node to the SFG node, and this increases the current of the EN devices in the evaluating
phase and speed up the evaluation process. In this case the keeper transistors (KN) will be turn off and the vol-
tage of the VN will be stable. Also, in this case, the keeper transistors (KP) will be turned on and will increase
the gate voltage of the Ep transistor (VP), and eventually turn the Ep transistors off. This helps to reduce the
static current which directly impacts on the noise margin and the power consumption of the proposed logic. In
the second scenario (when no change/rise) the output voltage will be remained high. In this case, the keeper
transistors (KN) will continue to reduce and discharge the voltage of VN nodes and therefore turning the EN
transistors off, also the keeper transistors (KP) remain off and voltage of VP nodes will be float. The main ne-
cessity to have the keeper transistors KN is turn the evaluation transistors (EN) off to minimize the current dis-
sipation during the evaluation phase when there is no raising input signals edge (input signals remain 0). This
reduces the static power consumption significantly as discussed in [14]. The ULVSFG logic demonstrates sig-
nificant speed improvements in comparison to conventional static CMOS logic [14]-[19]. However, as men-
tioned before, a major limitation in the single-rail domino logic is that only non-inverting logic can be imple-
mented [1] [2]. As a solution, we propose a dual-rail version of the ULVSFG NOR gate in the next section.

3. Proposed Dual-Rail NOR Gates

As mentioned before, the NOR gate shown in Figure 2(b), is a single-rail logic, and although it is quite high
speed logic when compared to static CMOS logic, it is not enough to implement inverting logics.

3.1. Dual-Rail SFG NOR Gate

Figure 3 shows the proposed ULVSFG, precharge to 1, dual-rail, NP-domino, NOR gate. Operation of the pro-
posed NOR gate (shown in Figure 3) is similar to the operation of the single-rail version shown in Figure 2(b).
The circuit has both true (A, B) and complementary version of the input signals (A, B) and produce both true
(Q) and complementary output signals, and follows the sequences of the normal NP-domino logic (precharge
and evaluate phases). SFG technique is used to boost the current of EN transistors in the evaluate phase as it is
done in the single-rail version. In the precharge phase, as discussed before, output nodes charge to VDD by
turning the RN and EP devices on. In this phase the gate of EN devices charge to VDD by turning the RP devic-
es on. As in the single-rail version, in the precharge phase, since the logic gate is an NP-domino type logic, all
input signals (including complementary versions) come from the previous stage dual-rail domino gates (which
are precharge to 0), and are low during the precharge phase, while making a conditional 0 to 1 transition during
evaluation. In the evaluate phase, each input signal, either remains at 0 or goes to high logic level (VDD). When
a true input signal (A, B) remains at low (0) logic, the complementary version of that signal goes high, and when
the true signal goes from 0 to 1 logic level, the complementary version remains at the low (0) level. As it men-
tioned before during precharge phase both Q and Q precharge to 1 and output signal either remain in 1 or goes
low (0), depend on the input signals in the evaluation phase. The functionality of the gate is quite similar to
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Figure 3. Dual-rail ULVSFG NOR gate.

that of the conventional dual-rail ones. In this topology the role of the keeper transistors (KN and KP) are the
same as the keeper transistors in the single-rail version, as discussed in Section II. These transistors (KNN) remain
off, when there is a raising input signals edge. The KN devices turn on when there is no raising input signals
edge (input signals remain 0) and discharge the floating nodes (VN) and this causes the evaluation transistors
(EN) become off and the current dissipation to be reduced significantly, during the evaluation phase. This re-
duces the static power consumption significantly [14]. In the evaluation phase, simulation results show that a
falling transition (1 to 0) in the output (Q) takes less than 50 pS, while the same transition in the conventional
dual-rail NOR gate, shown in Figure 1(b), takes 1.7 nS. However, in both circuits, the falling transition (1 to 0)
inthe Q side is slower than Q side. This happens since both circuits are using stacked (cascode) transistors in
the Q path. For the proposed NOR gate falling transition in Q takes 140 pS and for the conventional NOR
gate shown in Figure 1(b) it takes 2.4 nS to switch from high to low level. However it is considerable that the
structures utilizing the SFG technique (both single and dual-rail versions) are sensitive to the delay of the input
signals. If the input voltage signals rise late enough, the voltages on the SFG nodes will be discharged by the
ON currents of the keeper transistors (KN) and also by the leakage currents of the devices connected to the SFG
nodes. In this case the structures will lose the benefits of having the higher voltage (over than VDD) on the SFG
nodes and this causes significant speed reduction in the evaluation phase and even failure in the functionality of
the gate for a delayed input signal. This condition happens when these structures are utilizing in the high-depth
logic circuits. Therefore, the timing of the input rising signals is important for the proper operation of the struc-
tures which are utilizing the floating gate technique. If the voltages of the SFG nodes are lower than VDD, the
EN transistors will not be able to pull down the voltages of output nodes to GND. The timing issue gives con-
straints in term of a valid timeframe for a delayed input. The evaluation speed of the SFG gates is affects by the
delay of the input edge. This will affect the next gate and all gates in a chain, thus limiting the number of cas-
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caded gates. Simulation results show that the evaluation delay of the proposed SFG dual-rail NOR gate is ap-
proximately 50 ps at 300 mV power supply and the input edge delay less than 1 ns. For a 1.7 ns delay at the in-
put signal, the evaluation delay becomes more than 80 ps. Furthermore, the simulated data show that the swing
will not be sufficient enough for high-speed operation.

3.2. Modified Dual-Rail SFG Domino NOR Gate

In order to make the proposed ULVSFG NOR gate more robust and less dependent on the delay of the input
edge, a new keeper structure should be applied. In the new keeper structure, the keeper devices should be off
before raising the input signals, and conditionally turn on, depend on the transitions on the output nodes. One
way to make it is applying a signal to the drain terminals of the keeper devices (KN), instead of CK signal,
which are similarly linked to the timing of the input signals. These signals should be precharged to 1, when the
output of the ULV gate is precharged to 1, and switche to 0 if the both input signals (A and B) remain 0 for the
entire evaluation phase. Figure 4 shows the modified version of the dual-rail SFG, NOR gate which is tolerant
to the delay of the input signal. In this topology the drain terminals of the keeper devices (KN) are connected to
the output nodes of the complementary side, instead of the CK signal in the NOR gate shown in Figure 3. In
this modified version of the ULVSFG dual-rail NOR gate, KN1 and KN2 keeper devices will be ON, if both A
and B input signals remain low and both A and B signals become high (1) and consequently a high to low
transition happens in Q. In this condition, both KN3 and KN4 will be OFF, and Q remains in the high level. On
the other hand, if there is at least one raising transition on the input signals (A, B), a high to low transition will
happen in the output voltage of the NOR gate (Q), and both KN1 and KN2 transistors become OFF. In this case
both KN3 and KN4 devices will be ON and will discharge the SFG nodes (VN3 and VN4). Thanks to improve-
ment in the robustness of the modified NOR gate (shown in Figure 4), in terms of holding the voltage of the
SFG nodes (until a input signal edge arrives), larger logical depths is feasible to implement with SFG technique.
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Figure 4. Modified dual-rail ULVSFG NOR gate.
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4. Simulation Results

The simulations for the designed logic circuits are done using Cadence software (version 6.1.6) in a typical 90
nm TSMC CMOS technology. Low threshold voltage devices are chosen to speed up the circuit. To verify the
effect of the SFG technique on the performance of the ULV dual-rail NOR gate, ULVSFG NOR gates, shown in
Figure 1(b), Figure 3 and Figure 4 are designed in the same device size, power supply voltage (300 mV) and
load capacitors (CL = 2 fF), and finally the characteristics are studied. In the all designed circuits, a 2 fF capaci-
tor is chosen for the input (Cin) capacitors. Simulation result shows that this size is the optimum capacitor size
for the maximum speed, when the minimum size devices are used for the precharge devices. In the evaluation
phase, simulation results for ULVSFG NOR gates shown in Figure 3 and Figure 4, show that a falling transi-
tion (1 to 0) in the output (Q) takes less than 50 pS, while the same transition in the conventional dual-rail NOR
gate, shown in Figure 1(b), takes 1.7 nS. However, in both circuits, the falling transition (1 to 0) in the Q side
is slower than Q side. This happens since both circuits are using stacked (cascode) transistors in the Q path.
For the proposed NOR gate falling transition in Q takes 140 pS and for the conventional NOR gate shown in
Figure 1(b) it takes 2.4 nS to switch from high to low level. Figure 5 shows the transient simulations results for
the both simple ULVSFG NOR gate shown in Figure 3, and for modified version shown in Figure 4 when the
input signal arrive with different delays compared to the CK signal, and in this case, there is at least one rising
edge in the input signals (True sides) of the NOR gates which pulls down the output voltage signal to the
Virt. GND. In Figure 5(a), there is not significant delay in input signal compared to CK signal and both NOR
circuits shown in Figure 3 and Figure 4 manage to pull down the output voltage to Virt. GND in the almost
same evaluation time. In this case, for both circuits, the voltage of the SFG node (VN1) is larger than 500 mV
which is well above VDD = 300 mV. It is considerable that the Virt. GND signal is settled down to 0 before ar-
riving the input signal. In Figure 5(b), there is a 3nS delay in the input signal compared to CK signal and both
NOR circuits shown in Figure 3 and Figure 4 manage to pull down the output voltage to Virt. GND. However
the modified version is faster than ULVSFG NOR gate shown in Figure 3, since it holds the voltage of the SFG
node, longer and has larger voltage at that node. In this case the voltage of the SFG node (VN1) in modified
version is larger than 500 mV while it is reduced to 460 mV in the simple ULVSFG NOR gate. In Figure 5(c),
there is a 4.5 nS delay in the input signal compared to CK signal and both NOR circuits shown in Figure 3 and
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Figure 5. Transient simulation results when a 1 to 0 transition occurs in Q.
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Figure 4 manage to pull down the output voltage to Virt. GND. However the modified version is much faster
than ULVSFG NOR gate shown in Figure 3, since it hold the voltage of the SFG node, longer and has larger
voltage at that node when input signal arises. In this case the voltage of the SFG node (VN1) in modified version
is larger than 500 mV while it is reduced to less than 400 mV in the simple ULVSFG NOR gate. The evaluation
delay of the simple ULVSFG NOR gate is significantly increased by the delay of the input signal as shown in
Figures 5-7. The simulated response for the ULVSFG NOR gates, when a delayed input-signal edge of 7 ns rel-
ative to the clock signal (CK), are shown in Figure 6. As expected the voltage of the SFG node in the ULVSFG
NOR gate shown in Figure 3, is reduced well below VDD by the leakage currents and the ON currents of the
KN transistors. The EN transistors are not be able to pull down the output to 0 (Virt. GND) given the voltage
swing at the capacitive coupled input signal. Clearly, the responses of the ULVSFG gates are significantly af-
fected by the input delay as depicted in Figure 7. For the modified version shown in Figure 4, the case is dif-
ferent, the functionality of the structure will not be affected by the delayed input edge and the voltages of the
SFG nodes of the gate remain stable at VDD. With given feature sizes of Table 1 for the ULVSFG NOR gates,
the longest delay for an input signal edge is approximately 4.7 nS to manage to respond correct logically. The
timing of the input signals significantly degrade the performance of the simple ULVSFG NOR gates as shown in
Figures 5-7. This is because the initial charge of the SFG node in the ULVSFG NOR gate is reduced to smaller
than VDD/2 and the current provided by the EN transistor is reduced significantly. The input swing gives the
same capacitive transfer to the SFG node, but due to the fact that the voltage of the SFG node is VDD/2, the
maximum peak would be approximately 300 mV on this node. One other crucial aspect is the outputs voltage
swing. Considering a chained structure, the succeeding gate would receive an input signal with a lower swing
than expected and hence would give a slower response. Hence the simple ULVSFG NOR gate has less noise
margin comparing to modified version. In summary, the ULVSFG NOR gate suffers both from the increased
output delay as well as the degenerated voltage swing (less noise margin). For smaller delays in the input signal,
e.g. less than 3 ns, the response of the simple ULVSFG NOR is only affected by the reducing speed in the eval-
uation phase compared to the modified version shown in Figure 4 which is not sensitive to delay of the input
signals and has better output signal swing and noise margin. By increasing the delay at the input signal,
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Table 1. Size of transistors used in the ULVSFG NOR gates.

Device Wnm/Lnm Device Wnm/Lnm
ENI1-EN2 120/100 RN1-RN2 120/100
EN3-EN4 315/180 KN1-KN4 120/100
EP1-EP2 480/120 RP1-RP4 120/100

noise margin degrades significantly. Moreover, that is not the case for the Modified ULVSFG NOR gate. The
delay of the ULVSFG NOR and ULVSFG modified NOR gate as functions of the input delay (relative to the
CK) are shown in Figure 7. For input delays above 1.5 ns the delay of the ULVSFG NOR gate increases almost
exponentially, whereas the delay of the modified ULVSFG NOR gate is stable at approximately 50 ps. The de-
tails of the evaluation delay of the ULVSFG NOR gate compared to modified version, is shown in Figure 7.
The improvements as the data shows are 25 times at 4.8 nS. The delay for the proposed NOR gates are less than
5% of the delay of the conventional dual-rail NOR gate in same device size and power supply voltage. Simula-
tion results show that the proposed circuit is operating properly with power supplies down to 100 mV. At those
low power supplies, the speed reduces significantly, structures become more sensitive to process variations and
overall performance of the structure reduces. However, ULVSFG structures are faster and more robust than
conventional static CMOS and dual-rail domino logic in those ultra low voltage power supplies, as mentioned in
[13]-[19].

5. Conclusion

In this paper, new NOR gate based on the ULVSFG dual-rail domino logic structure is presented. By applying
the floating gate technique to the conventional dual-rail NOR gate, speed of the circuit increased significantly at
the cost of increasing the complexity of the structure. Using the proposed method, delay of the ULVSFG Do-
mino dual-rail NOR gate, is reduced more than 20 times in the evaluating phases and structure becomes robust
significantly. The delay for the proposed NOR gates is less than 5% of the delay of the conventional dual-rail
NOR gate in same device size and power supply voltage. Also a new keeper structure is introduced which makes
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the SFG technique more robust against the delay of the input signal. Using the new keeper structure, high-depth
logics are feasible to implement with the SFG technique. Simulation results using 90 nm TSMC CMOS process
parameters and Cadence software, confirm the predicted improvements.
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Abstract

A modified nested-current-mirror (NCM) Single-Stage amplifier, for high-performance, liquid crystal display panels, is
presented in this paper. The proposed NCM is more than 8 times faster than the original NCM structure, without any extra
static power consumption. Slew rate of the NCM is improved 10 times and DC-gain is also improved 6 dB, while the
power consumption, gain-bandwidth product, output voltage swing range, and the phase margin of the NCM are not
affected to great extent and the input-referred-noise is reduced 12%. Proposed NCMs achieve relatively higher figure of
merit in comparison to previously reported NCM amplifiers and other state-of-the-art works. The significant performance
improvement is obtained due to a novel slew-rate enhancer circuit. The simulation results for the designed NCM in a
typical 90 nm CMOS technology confirm the predicted performance improvements.

Keywords Nested-current-mirror (NCM) Single-Stage amplifier - Settling-time - Slew-rate - Figure of merit (FOM) -

Noise

1 Introduction

Modern mobile devices, smart phones, medical systems,
and modern TVs, utilize high performance active-matrix
LCD, which have a wide range of capacitive loads (CL).
The columns of flat display panels using organic light
emitting diodes (OLEDs), are also heavily capacitive.
Therefore, the active-matrix (AM) and passive-matrix
(PM) LCDs, as well as voltage-driven AMOLEDs and
PMOLEDs, require voltage buffer amplifiers in their col-
umn drivers. As LCD displays approach high resolution,
higher color depth, high quality, and physically large panel
size, the design of the output buffer amplifiers becomes
increasingly challenging. More specifically, the buffer
amplifier needs to be faster to deal with larger load
capacitance and thereby achieve smaller settling -time. In
addition, hundreds, or thousands of buffer amplifiers are
integrated into one driver IC, and the buffer should occupy
a small die area and consume small static power.
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Consequently, for active-matrix LCDs, ultra-low power
and area circuit solutions are continuously urged to meet
the market pressure on cost, image quality and display size.
Within the LCD column driver, it contains shift registers,
input registers, data latches, level shifters, DACs and out-
put buffers. Among these components, DACs and output
buffers determine the speed, resolution, voltage swing, and
power dissipation of a column driver. Currently, multi-
stage amplifiers dominate those applications owing to their
key advantages of high DC-gain and rail-to-rail output
swing. However, the frequency compensation of these
amplifiers increases their design complexity, which also
restricts their drivability range and maximum load size,
area and power efficiencies. Because of the stability issue,
the multiple-stage amplifiers should be designed as dif-
ferent types to drive different values of CL. However, for
numerous designs, each of them is required to be individ-
ually optimized, which increases the design complexity. To
reduce the design complexity, a single type of amplifier
that can drive various values of CL is desirable. This can be
accomplished using classical single-stage amplifiers which
were not used in those buffers because of their limited
capability in most metrics despite being almost uncondi-
tionally stable at any CL size. Most single-stage amplifiers
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suffer from a tradeoff between power consumption and
performance. Folded cascode and telescopic amplifiers are
not good candidate for low power LCD buffer amplifiers,
since they suffer from limited output voltage swing, even
though they have a promising GBW to power efficiency.
For LCD column drivers, simple current-mirror amplifiers
(CMA) are favored for their rail to rail output swing, and
extra design flexibility via adjusting the mirror ratio, K [1].
The original NCM technique, presented in [1, 2], improves
the overall performance of the single stage CMA, signifi-
cantly. DC-gain, GBW and SR of the simple CMA is
improved, and the reported measurement results for the
fabricated prototype, confirm comparable figure of merit,
comparing to the other state-of-the-art, single stage and
multi stage amplifiers. Both FOM1 = [(GBW.CL)/(Pow-
er.Area)] and FOM2 = [(SR.CL)/(Power.Area)] are com-
parable with other state-of -the-art works. The CL
drivability (CLmax/CLmin) is wider than [3-8], while
avoiding the stability limit at the heavy-CL side. This paper
introduces a modified NCM single-stage amplifier, which
furthermore speed-up the settling performance of the NCM
amplifier without any power, output swing range, noise, or
stability penalties. In this research work, we suggested that,
to have a fair merit evaluation, despite [1], the worst-case
settling-time (normally for large-signal transition), should
be used to calculate FOM. The speed limitation of [I],
originated mainly by the SR limitation of the NCM
amplifiers.

Therefore, in this paper, a new SR enhancer circuit is
designed to reduce the settling-time of the amplifiers.
Significant performance improvement is obtained due to a
novel slew-rate enhancer circuit. The rest of this paper is
organized as follows, in Section II, the Original NCM
structure and the proposed NCM with SR booster is
described. In Section III, the measurement results for the
different NCM amplifiers are given, and compared; finally,
Section IV concludes the paper.

2 Proposed NCM amplifier

The NCM single-stage amplifier is introduced in [1] as a
circuit technique to optimize the performance metrics
(GBW, DC-gain and SR) of the simple CMA. The NCM
technique is analyzed in detail in [1, 2], and the DC-gain,
SR, noise, GBW, Phase margin, and robustness specifica-
tions of the amplifier are analytically explained and dis-
cussed. However, for the 4-step NCM reported in [1],
despite 33 times improvement in GBW, and 1.9 times
improvement in SR, only 2.27 times improvement in the
average settling-time is reported. Also for the 3-step NCM
reported in [2], despite 7.5 times improvement in GBW,
and 1.33 times improvement in SR, only 1.5 times
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improvement in the average settling-time is reported, and
the worst-case settling-times are not reported for NCMs. In
fact, the technique presented in [1] improves the small-
signal settling-time, and not the large-signal speed, and the
overall settling-time of the amplifier, is limited by the
limitation of the SR. It is considerable that the input signal
for the buffer amplifiers in a typical LCD column driver,
are normally sampled signal [9]. Therefore, to have a fair
merit evaluation, the worst-case settling-time (normally
large-signal transition), considering the both rising and
falling edges, should be used to evaluate the performance
of the amplifiers, and not only the average settling-time
which is used in the [1] and [2].

Figure 1 shows the proposed 4-step NCM amplifier in
this work with SR enhancer circuit. For simplicity, the bias
current generator device (Mb) in [1], is split into two dif-
ferent devices in this work (Mb0 and Mbl1). As depicted in
Fig. 1, when a large transition in the input signal happens,
despite the Ib0, the bias current of Mbl (Ibl), does not
have a role in the SR of the NCM, since there is no path for
Ibl to contribute in the charging or discharging process of
the CL. So the SR of the original 4-step NCM in [1], is
limited to [(2K7.(1 + K6).Iu/CL)], as calculated in [1].
The same scenario happens for the 3-step NCM, as dis-
cussed in [2]. Indeed, during the slew phase, the bias cur-
rent of Ibl, dissipates, without having any positive role on
the charging or discharging of the CL, and this effectively
slow down the transient process of the original NCMs. To
speed up the NCM structure, during the large-signal tran-
sitions, a slew detector and enhancer is designed in this
work [shown in Fig. 1(b)] which activates during the slew
phase and feeds the bias current of Ibl, to Veml or Vem2
nodes, depends on the rising or falling transition. The total
current of [IbO + Ibl], multiplies by the current-mirror
ratio (K7) of the last current mirrors and feeds to CL. This
technique significantly increases the SR and speed of the
NCM, with only negligible extra current consumption
(50nA), which dissipates in the designed SR detector cir-
cuit. In this case the SR increases to [2K7.(1 + K1 +
K2 4+ K3 + K4 + K5 + K6).Iu/CL)]. Using the same
current-mirror ratios (K), used in [1] for 4-step NCM
(KI=2, K2=6, K3=1, K4d=4, K5=2, K6=8,
K7 = 6), proposed technique increases the SR of the
original 4-step NCM, about 2.65 times. Also, applying the
proposed technique for the 3-step NCM, with the same
mirror ratio used in [2] (K1 =2, K2 =3,K3 =1, K4 =3,
K5 =5), the SR increases 2.5 times. Furthermore, for
aggressive SR and speed boosting, the circuit shown in
Fig. 1(c) is designed, which activates by SR detector cir-
cuit shown in Fig. 1(b), and feeds the current of Ibsl to the
Veml,2 node, and increases the total charging and dis-
charging current of CL, more than 5 times, using the
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Ms16,17 devices which are normally OFF, during the
small-signal operation of the NCMs.

The proposed low-power slew detector is shown in
Fig. 1(b), and formed by Ms0-Ms10 devices. This circuit is
partially not active during the small-signal operation of the
amplifier and activates only when a large-signal transition
happens. In the normal small-signal condition, only Ms0-
Ms4 devices have static current. Hence the circuit does not
affect the noise, DC-gain, and small-signal settling-time
specification of the original NCM amplifier, to great extent.
When a large-signal transition happens, Msl1,12 and
Ms16,17 devices (depend on the rising or falling transi-
tion), activate by the slew detector circuit, and feed the bias
current of [Ibl + Ibsl] to Veml,2 node. During the small-
signal operation of the amplifier the Ms5-Ms8 devices as
well as Ms11-Msl14 devices, are turned off and become
inactive, and the bias current of Ibs0, is carried by Ms3 and
Ms4 devices. Therefore, for the small-signal operation
mode, srl and sr2 nodes are pulled up to the supply voltage
(~ VDD), by the bias current generator devices (Ms9 and
Ms10). In the large-signal operation, depend on the rising
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Fig. 1 Proposed 4-Step NCM. a Main amplifier, b SR enhancer, ¢ aggressive SR enhancer, d unity-gain configuration

(d)

or falling phase; IbsO directs to the either Msl or Ms2
devices. In this case, [IbsO-Ibs3,4], flows throw Ms5,6 and
amplifies by the current-mirrors formed by Ms5-Ms8. The
current gain of these current-mirrors is set to 5. In this case,
the current of Ms7,8 device becomes larger than the bias
current of Ms9,10 (Ibs9,10), and the voltage of sr1,2 node,
drops to the ground voltage (~ 0 V). Therefore, Ms11,12
and Msl16,17 devices, become ON and direct the bias
current of [Ibl + Ibsl], to Vecm2,1 node. This technique
increases the total currents that charges or discharges CL,
in the SR phase. Since the source of Msl13 and Msl4
devices are connected to the virtual ground node (Vg), they
do not influence the frequency response of the amplifier,
and the small-signal settling-time of the amplifier remain
unaffected by these devices. Msl1 and Msl2 devices are
used to separate the parasitic capacitance at the drain node
of Ms13,14, from Vceml,2 nodes. In this design, to have a
higher area-efficiency, Ms0-Ms6, Ms11 and Ms12 devices,
designed to have minimum dimension size (W/L). How-
ever, on the other side, Ms13,14 should have comparable
size compared to those of MI1-M6. The minimum
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dimension value for Ms13,14, is determined by the worst-
case transition in the input signal. In the slew phase, the
worth-case transition, occurs when the input or output
signal transits from/to the minimum value (~ 0.15 V). In
this case, Ib1 flows throw M1, M4 and M5 devices in the
falling mode, or throw M2, M3 and M6 devices, when a
rising transition happens. Therefore, the size of Ms13,14

should be (W/L)y 0+

(W/L)pa3 + (W/L)ys 6] to bypass the bias current of Ibl

to Veml,2 node. Msl3,14 designed with the minimum
channel length to have higher area-efficiency.

In the NCM structure, the transistor’s noise also
amplifies by the mirror ratios, as discussed in [1] and [2].
The 4-step NCM structure designed in [1], tradeoffs noise
performance for a higher SR, by utilizing larger bias cur-
rents and mirror ratios in the last current-mirrors (K6 and
K7), for the higher SR, and using smaller bias currents
(Ibl) for the M1-M6 devices. Since the noise generated by
M1-M4 devices, amplify with the maximum gain, noise of
these devices, dominates the overall noise performance of
the amplifier. This issue relaxed in the proposed 4-step
NCM, by increasing K1, K2, and the bias currents and
feature sizes of the M1-M4 devices, in one hand, and
decreasing K5, K6, and the bias currents and feature sizes
for the M5-MS8 devices, in the other hand, as shown in
Fig. 1 (K1 =3,K2=9,K3=1,K4d=4,K5=1, K6 =4,
K7 = 6). Since the proposed 4-step NCM, benefits from the
SR enhancer circuit, it is not necessary to have large value
for K6, and at the same time, other performance metrics of
4-step NCM (Dc-gain, GBW, SR), remain unchanged to
great extent.

Using cascode PMOS current-mirror, formed by the
Mc1-Mc4 devices, the output impedance of the amplifier is
increased 2 times, and DC-gain of the circuit is improved
6 dB compared to [1], which uses simple PMOS current-
mirror. Since the amplifier is used in the unity-gain con-
figuration of Fig. 1(d), the Vi- node is connected directly to
the output node. Therefore, the output voltage swing range,
is limited by the threshold voltages and the overdrive
voltages of the input differential pair devices (Mb0,1, M1-
MB8) rather than the PMOS cascode devices. In addition,
using the cascode structure for the PMOS current-mirror,
improves the linearity of the current mirror and the NCM
amplifiers, since it minimizes the drain-source voltage
variations for the Mc1 and Mc3 devices and the current-
mirror ratio, does not affect by the large voltage variations
at the output node.

devices comparable to
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3 Results and discussion

In this section, the simulation results of the proposed
3-Step and 4-Step NCM amplifiers are shown and the
proposed NCM amplifiers are compared with the original
NCMs. A prototype for the designed amplifiers has been
laid out in the 90 nm CMOS technology. The original
NCMs and proposed 3-Step and 4-Step NCM amplifiers
have been designed under the same power consumption
and the same power supply, and finally the characteristics
for the different capacitor loads are compared in Table 1.
The total bias current (3pA) is divided into 60 unit currents
(Tu = 50nA) in 4-step NCMs and is divided to 30 in 3-step
NCMs (Iu = 100nA) and designs has the same current-
mirror ratios (K) as in [1] and [2]. Transient simulations for
the different amplitudes in the input signal, proposed
NCMs achieves higher speed comparing to the original
one, thanks to the SR enhancer circuit. Figure 2 shows the
step response, for the proposed NCM amplifiers comparing
to the original NCMs, for the different step amplitudes. The
worst-case settling-time of the proposed 4-step NCM, is 9
times shorter than that of the original one, without signif-
icant extra static current consumption (only 50nA), as
predicted before by the circuit analyzing. Simulations
shows the 9 times speed increase for the proposed 3-step
NCM comparing to the original 3-step NCM, as shown in
Fig. 2, for the different capacitor loads. Figure 3 shows the
AC response for the proposed 3-step and 4-step NCMs.
Simulations confirm that the proposed NCMs in this work
achieve the same UGBW, as the original NCMs, and the
SR booster does not reduce the UGBW of the NCMs to
great extent. For the proposed 4-Step NCM, AC simulation
shows 0.014-to-2 MHz GBW, and for the proposed 3-Step
NCM, 2.8-t0-419 kHz GBW, linearly scalable with CL
from 15 to 0.1nF, which are equal to those of the original
NCM amplifiers. Furthermore, the proposed NCMs achieve
6 dB higher DC-gain thanks to the cascode structure at the
PMOS current-mirror (MC1-MC4) for the both 3-step and
4-step NCMs. Three different FOMs are used to compare
the performance of the amplifiers. FOM1 and FOM2 are
used as small-signal and large-signal performance evalua-
tion factors in [1] and [2], respectively. As mentioned
before, in this work, a new FOM (FOM3 = [(CL)/(Tst.-
max.Power.Area)]) is defined to compare the performance
of the amplifiers, in which the worst-case settling-time
(Tst.max) of the amplifiers (considering both falling and
rising edge), in the unity gain configuration, is used as a
main speed determining factor instead of the only GBW or
SR parameters used in [1, 2]. Simulation results show that
the proposed NCM amplifiers in this work achieves slightly
smaller FOM1 comparing to the original NCM amplifiers
in [1] and [2] for both 3-step and 4-step NCMs, due to
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Table 1 Specifications comparison
Three-stage amplifier Single-stage NCMs
[31 [4] [5] [6] [7] [8] Original [1, 2] Proposed
3-step 4-step 3-step 4-step
CL(nF) 0.15 15 1 4.4 0.5 0.5 0.1 15 0.1 15 0.1 15 0.1 15
UGBW (KHz) 440 950 560-2140 1008 2000 1340 419 28 2000 14 419 2.8 2000 14
DC-gain (dB) 110 > 100 63-80 > 100 > 100 > 100 54 54 69 69 60 60 75 75
1% worst-case settling-time - - - - - - 15 2300 12 1770 1.6 240 1.3 184
()
Phase margin (°) 57 523 88 554 52 53 83 90 63 90 83 90 63 90
SRav (V/mS) 1.8 022 58 0.233  0.65 062 39 025 56 037 390 25 560 3.7
Input-referred noise (nV/\/Hz) - 172 116 - - — 68 68 81 81 68 68 71 71
@ 10 kHz
CL-drivability - 15 - ~4 - 5 150x> 150x>
Area (mm?) 0.02 0.016 0.0066 0.007  0.0088 0.007 0.0008 0.00085
CMOS technology (pm) 0.35 0.35 0.5 0.18  0.065 0.18 0.09
Power (UW) 3.6f 144 160 36.5 20.4 6.3 3.6
Power supply (V) 1.5 2 5 1.8 1.2 0.9 1.2
FOMI [(MHznF)/(uW mm?)] 1.1 6.185 0.53 18.6 5.5 15.2 145 146 69 73 13.7 137 65 69
FOM2 [(V/nS.pF)/(uW mm?)] 045 143 5.5 4 1.8 7 1.35 1.3 194 191 127 122 183 18.1
FOM3 [(pF)/(uW pS mm?)] - - - - - - 231 226 29 294 204 204 251 266
1000 o :ft')tpused
step
. 7 N\ — Proposed . 4 \, — P d ropos
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Fig. 2 Step-response of the NCMs. a 3-step, b 4-step, ¢ top: SR and worst-case settling-time for different CL. bottom: Monte-Carlo simulations

result (4-step)

increasing the area. The simulations confirm that, for the
both 3-step and 4-step designs in this work, FOM2 is
improved more than 9 times comparing to the original
NCMs, thanks to the designed SR enhancer. In the same
time, since the worst-case settling-time, is limited by the
SR, the proposed NCMs achieves 9 times higher FOM3

comparing to the original NCMs. Noise simulation con-
firms that in the proposed NCMs, the input-referred-noise,
is not increased by the SR enhancer structure, comparing to
the original NCMs. Furthermore, noise simulations for the
proposed SR-enhanced and noise-optimized 4-step NCM,
(with K1 =3, K2=9, K3 =1, K4=4, K5 =1, K6 =4,
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Fig. 3 AC response of the proposed NCM amplifiers

K7 = 6), confirms that, while the amplifier still benefits
from 10 times higher SR, and 8 times shorter settling-time,
the input-referred-noise reduces 12%, comparing to that of
the original 4-step NCM. The robustness of the proposed
NCM amplifiers against process and temperature variation,
is evaluated by post-layout corner simulations at — 25, 0,
25 and 100 °C. For the proposed 4-step NCM, with CL =
10nF, the worst-case settling-time occurs at FS corner and
at 100 °C, which still is 9 times shorter than that of the
original 4-step NCM which has worst-case settling-time at
SS corner and at — 25 °C. At 5nF CL, and under
100 x Monte-Carlo simulations (for both process and
mismatch variations), the mean values for the SR of the
both 3-step and 4-step, is still 10 times higher than those of
original NCMs and the results confirm that the relative
standard deviation of the SR is lower than 20%. The results
are relatively robust, especially for applications in which
the settling-time dominates by the SR. Finally, the char-
acteristics of the designed NCMs are summarized in
Table 1 for comparison.

4 Conclusion

This Paper introduced a new NCM amplifier, which
improves the SR, settling-time, noise, and Dc-gain of the
original NCM amplifier. Thanks to the designed SR
enhancer circuit, the worst-case settling-time of the NCM
amplifier, is improved more than 8 times, while preserving
the power consumption, output swing, UGBW, Phase
margin, and wide CL drivability without entailing any

@ Springer

compensation capacitor or resistor, at the cost of increased
complexity and negligible area. Rigorous simulations for
implemented 3-step and 4-step NCM amplifiers confirmed
the theoretical study and performance claims.
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