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Abstract

The Internet of Things (IoT) is an emerging technological paradigm, which is experiencing an
exponential growth. It focuses on distributed sensing to acquire knowledge about the real world,
and distributed computing for its computational capabilities. As the foreseeable aplications are
extremely diverse, the market potential for technologies developed with an intended application in
IoT is huge.

An IoT node is composed of a microprocessor, a communication unit (RF radio), sensors
and/or actuators and a power management unit. It tries to achieve extremely high battery life
(years or decades), mainly through aggressive duty cycling. The aggressive duty cycling used
implies that most of the node, apart from some always-on components, stays the majority of its
life in a sleep state, only awakening to perform sensing, processing and comunication. The duty
cycling comes at a cost: all data must be stored in retentive memories (e.g. flash memory) or in
always-on parts of the circuitry, causing either the time to wake up and time to sleep to rise for the
former, or the idle power consumption of the node to escalate for the latter.

Static Random Access Memory (SRAM) is a type of non-retentive memory that can hold its
data indefinitely (while powered). It is used in small embedded devices and SoC, as well as in
processors cache. By designing an SRAM module for the sensors data that focuses on lowering
the idle power, the overall consumption of the IoT node can be decreased, while reducing the need
for extra processing time to begin and end the sleep cycle.

This work focus on designing a full-custom 180 nm CMOS SRAM for Ultra Low Power. The
SRAM has 128 bytes (1024 bits) of storage, and works with a clock frequency of 128 Hz, while
powered at 200 mV. This dissertation work resulted in an SRAM memory that functions at the
proposed specifications, and which post-layout simulations achieved an idle power consumption
of 175 pW (at the tt process corner and 25 °C) and energy per read access of 10.85 pJ (for 8 bits),
while showing proper functionality for the temperature range of 20 °C to 90 °C in the tt process
corner.

Keywords: IoT, SRAM, Subthreshold, ULP
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Resumo

A Internet of Things (Internet das Coisas, [oT) € um paradigma tecnolégico emergente, que estd
a sofrer um crescimento exponencial. Foca-se em sensorizagdo distribuida para adquirir conheci-
mento sobre o mundo real, e computacdo distribuida para as capacidades computacionais. Como
as aplicagdes previstas sdo extremamente diversas, o potencial de mercado para tecnologias de-
senvolvidas com aplicacdo pretendida em IoT é enorme.

Um né de IoT é composto por um microprocessador, uma unidade de comunicagdo (rddio
RF), sensores ou atuadores e uma unidade de controlo de energia. O né tenta obter tempos de vida
de bateria extremamente altos (anos ou até décadas), principalmente através de ciclos de trabalho
agressivos. Os ciclos de trabalho agressivos implicam que a maioria do nd, a excegdo de alguns
componentes always-on (constantemente ligados), permanece a maior parte da sua vida num es-
tado adormecido, sendo apenas acordados para realizar fungdes de sensorizag@o, processamento e
comunicagdo. Os ciclos de trabalho trazem uma desvantagem: todos os dados necessitam de ser
guardados em memorias retentivas (e.g. memoria flash) ou em partes sempre ligadas do circuito,
causando ou o aumento do tempo de acordar e de adormecer para o primeiro caso, ou 0 aumento
do consumo de energia em idle do n6 para o segundo caso.

Memodria Estatica de Acesso Aleatério (Static Random Access Memory, SRAM) é um tipo
de memoéria nio retentiva que consegue guardar dados indefinidamente (enquanto alimentada). E
normalmente usada em pequenos dispositivos embutidos e em SoC (Sistemas num Chip), assim
como em caches de processadores. Ao projetar um médulo SRAM para os dados dos sensores,
focando em diminuir a poténcia inativa, o consumo geral do né IoT pode ser diminuido, reduzindo
simultaneamente a necessidade de tempo extra de processamento para comecar e terminar o ciclo
de sono.

Este trabalho foca-se em projetar uma SRAM CMOS full-custom em 180 nm para Ultra Low
Power. A SRAM tem 128 bytes (1024 bits) de armazenamento, e trabalha a 128 Hz de frequéncia
de rel6gio, enquanto alimentada a 200 mV. O trabalho desta dissertagdo resultou numa memorian
SRAM que funciona nas especificacdes propostas, e cuja simulagdo pos layout alcangou um con-
sumo de energia em idle de 175 pW (no corner de processp tt e a 25°C), e uma energia por acesso
de escrita de 10.85 pJ (para 8 bits), apresentando a funcionalidade correta para um alcance de
temperatura de 20°C a 90°C, no corner de processo tt.

Palavras-chave: IoT, SRAM, Subthreshold, ULP
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“Our virtues and our failings are inseparable, like force and matter.
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Chapter 1

Introduction

The Internet of Things (IoT) is an emerging technological paradigm, that focuses on distributed
sensing to acquire knwoledge about the real world, and distributed computing (cloud) for its com-
putational capabilities. However, this paradigm introduces new challenges for the design of elec-

tronics devices.

In most cases, the processing speed is relatively low (apart from wireless communications),
so the IoT spends most of its lifetime in low power mode, in order to achieve long lifetimes
while maintaining a small size. As such, the extended lifetime for an IoT node requires very
computation-efficient circuitry and optimized idle mode operation.

Since the SRAM accounts for almost half of a chip’s power consumption, a lot of work can be

done towards the overall efficiency of the circuity by focusing on the volatile memory.

1.1 The Internet of Things - A General View

The Internet of Things, as a concept, first appeared in 1999 [1], and described a large-scale network
of Internet connected RFID devices. Looking at the IoT in a broader perspective, it can be seen as
an intersection of the Internet - with the networking and cloud capabilities; and the physical world
- using distributed sensing and everyone’s activities, gaining an unprecedented access to real-time
fine-grain data from goods, resources, tools, environments, among others.

The IoT has been defined many times since then, and the meaning of this phrase can often-
times include any object that is connected to the Internet - connected cars, smartphones, smart
appliances. The IoT can also be defined as pervasive, non obtrusive, systematic and coordinated
introduction of sense-, compute-, communication-ability and sense making of physical data in a
very large number of objects on earth [2]. Using this perspective, the IoT goes beyond personal
devices (like smartphones) and embeds the capabilities in everyday objects environments.

There is a a commonly agreed target of the IoT to expand the number of connected devices
per person to around a thousand, reaching a never achieved before scale of trillions of connected

devices worldwide [3].
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1.2 Applications of IoT
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Figure 1.1: IoT Application Sectors.

The IoT has many diverse applications, and has a very fragmented application scenario [4]. It
contains a wide range of applications, from agriculture and healthcare to consumer electronics and
public transportation, including smart-homes through to smart-cities, as seen in figure 1.1. The
applications of IoT will be summarized in the following paragraphs [2].

In agriculture, the IoT can be used to monitor availability, quality and actual usage of re-
sources, for predictive management and storage, avoiding waste, boosting the quality of the final
product, all while improving efficiency.

In the automotive sector, the IoT will enable constant monitoring of the vehicle’s state, deter-
mining the usage, wear and tear of each component. This will allow for predictive maintenance,
rather than scheduled or reactive maintenance, which improves the lifetime of the vehicle and its
upkeep, all while lowering the maintenance costs. The distributed sensing provided will allow for
better traffic control.

In public transportation, the utilization and occupancy of vehicles can be monitored, allowing
for better quality of service and real-time response to short term demands.

In consumer electronics, the pervasiveness of IoT introduces new ways for the tracking of
smart goods and detection of abnormal situations. It can also improve day-to-day usage, and help

track the user’s activity.
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In healthcare, the very small size and long lifetime of IoT nodes enables an unobtrusive way
to constantly monitor vital signs [5] and other health related parameters, making a deeper under-
standing of a patient’s health evolution possible [6]. The availability of big data from a large pool
of patients will offer an exceptional opportunity to study diseases and explore correlations.

Industry can also benefit from the IoT, by tracking the operating conditions and status of
unfinished products, and detecting events that slow down processes [6]. It can also allow for
tracking of storage location and conditions of products in warehouse.

In retail, the IoT can streamline the inventory management, cutting costs, as well as provide a
better shopping experience for the customer.

Smart homes can, with IoT, manage utilities efficiently, allow better security, adjust lighting,
sound and temperature (among others parameters) [6] based on individual preferences (in a predic-
tive manner), automatically order supplies based on availability and price, and raise the efficiency
of waste management while also lowering the cost.

Smart buildings can benefit from the same advantages that smart homes have [6], while also
providing a better capability to respond to critical events quickly, minimizing human and material
losses. Smart cities can manage resources more efficiently and be much more resilient to disasters.
Energy management can be made more efficient with the IoT, optimizing the energy usage across
the urban area, leveraging the production of renewable energy.

The applications of IoT across all sectors and fields can be summarized on the ability to collect
unprecedented large amounts of data in an unobtrusive manner, using the capabilities of cloud and

distributed computing to take conclusions from the data collected, as exemplified in figure 1.2.

Cloud

loT Nodes Cloud
Data Sensing Processing Power

Figure 1.2: 10T nodes connected to the cloud.

1.3 Motivation

This work focus on the development of an SRAM in CMOS technology. The technology chosen is

CMOS mainly due to its ubiquity in VLSI and to its power characteristics. The processes ranging
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from 180nm to 130nm offer the best leakage currents in CMOS - going to a smaller process would
not bring any benefits, since a larger transistor length means lower leakage power.

Currently, the industry focus on lowering the power consumption while increasing the maxi-
mum clock frequency of the memory blocks. However, IoT peripherals do not have the need for
high performance volatile memories. The sensors/actuators are, in most cases, only activated spo-
radically, with high inactivity periods between activations. The refresh rate of these peripherals
can range, usually, from once every second to once every few minutes.

This use case would benefit from an ultra-low power, low performance volatile memory, which
would be optimized for the occasional update of data the IoT peripherals need.

The goal - a 128 byte SRAM working at 128 Hz - perfectly suits the memory needs for an IoT
peripheral, while opening the doors to huge improvements on power consumption. This work is

expected to provide an SRAM with an even lower power consumption than the current industry.

1.4 Problem Statement

The main objective is the development of an SRAM in CMOS technology, operating in the sub-
threshold regime. The target scenario is an IoT system designed for ultra-low-power consumption
in which the SRAM will serve as the memory device for the IoT peripherals data. The work will
consist of a complete CMOS realization, from schematic to layout and post-layout simulation.

The SRAM to develop has the following objectives:
e Size of 128 bytes

e Clock frequency of 128 Hz

e Supply voltage ranging from 100 mV to 300 mV

e Power consumption under 10 nW in idle

1.5 Proposed Solution

The proposed solution is to develop a schematic and physical layout of the different components
of an SRAM memory, focusing on lowering the power consumption while in idle mode, for use
as a memory device for sensing peripherals in IoT, as said in the problem statement. The SRAM
memory will use a 10T single ended bitcell to achieve lower power consumption and better robust-
ness, while allowing the SRAM memory to be dual ported (which means that it will be possible to

write to and read from the memory at the same time). The steps are as follows:

e Research and study the different SRAM bitcells and implementations;

e Optimize the bitcell, in schematic, for power consumption while not overlooking function-

ality and robustness;
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e Design and optimize all the components needed to control the SRAM

e Layout deployment

1.6 Document Outline
This document is composed by the following chapters, besides the Introduction:

e Chapter 2 - Literature Review
IoT node architecture and requirements are analyzed. SRAM architectures are researched
and analyzed, as well as the most common SRAM metrics. The main factors surrounding

the subthreshold operation regime are researched, described and related to this work.

e Chapter 3 - SRAM Architecture
The proposed SRAM architecture is described. The bitcell choice and optimization are

explained, and the layout process is described.

o Chapter 4 - Control Circuits
The control circuitry needed for the SRAM memory is described and optimized, and the

layout is explained.

e Chapter 5 - Integration
The SRAM block and the control circuits are connected, and the layout parasitics compo-

nents are extracted. The final SRAM memory is simulated and metrics are shown.

e Chapter 6 - Conclusion

Some final considerations are done and the future work is presented.
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Chapter 2

Literature Review

The literature review will first focus on the Internet of Things, covering the general architecture of
an IoT node and the several requirements that the IoT nodes have. It will be followed by a review
on the SRAM designs currently used, with a comparison between the most common (6T, 8T and
107T).

Finally, it will cover the subthreshold region of CMOS, as well as the different ways that
CMOS consumes power, and the disadvantages brought by using the subthreshold operating re-

gion.

2.1 IoT - Internet of Things

The common IoT node architecture, seen in figure 2.1, includes the following components [2]:

One or several microprocessors (typically MCUs)
e A communication unit

One or several sensors and/or actuators

A battery and/or energy harvester. In the case of a energy harvester:

— Energy storage (capacitor or battery)

— A power management unit

The MCU is the heart of the IoT node. It is responsible for the analysis of the data sensed
and/or the operation of the actuator(s), and the preparation of the data to be sent over the commu-
nication module.

The sensors provide the IoT node with knowledge of the real world, using parameters such
as temperature, light, vibration and sound. The actuators allow the 10T node to influence the real

world, according to data sensed or received.
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< Communications
MCU Radio
Sensor(s) Battery
<_I—> Storage
Actuator(s) < Energy Harvester
4-[_) Power Management

Unit

Figure 2.1: Common elements in an IoT node architecture.
The energy harvester and battery can or not coexist, depending on the system.

The communications module/radio allows the IoT node to exchange data with other nodes
(e.g. for calibration and distributed sensing) and to send/receive data from the cloud. The bat-
tery and/or energy harvester provide the IoT node with the power necessary for its functions.
The requirements of IoT nodes can be summarized in four categories: physical constraints, user

constraints, interaction with the real world and on-board capabilities.

Physical Constraints

The physical constraints are imposed by size limitations and the need to untether the loT node and
avoid any physical maintenance, which includes the swapping or recharging of batteries. As such,
the IoT nodes need to rely either on a battery, a (or several) energy harvester(s) or a combination
of both [7]. As for the form factor, the node needs to be small enough to make its deployment non
intrusive, with a typical volume of cubic millimeters to hundreds of cubic millimeters.

Considering the target lifetime of IoT nodes in the order of several years to decades, it is
certain that improvements need to be made on several fields. Some are the energy storage (mainly,
energy density of batteries); energy harvesting (increasing the energy production while decreasing
the size); power and energy efficiency of the circuits.

With the slow development of battery technologies when compared to CMOS, the main focus
on reducing the size of a node is to reduce the power consumption, allowing for a smaller battery

and/or energy harvester, thus reducing the overall size of the node.

User Constraints

The user constraints in IoT nodes are focused on cost and security. Regarding cost, the target
for consumer applications is around 1$/€ per node [2]. This limits the the die cost, and puts
pressure on the semiconductor industry to provide lower prices, which can be addressed by large
sales volume. Achieving such a large sales volume is difficult, due to the IoT space being highly

fragmented. That is possible, however, by diluting the cost by using a platform that favors reusing.
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Security is an important request from the user, because at such scale of deployment, it can provide
lots of backdoors to attackers. Software solutions to counteract cyber-attacks are not applicable,

due to the very low computing power and power budget of the nodes.

Interaction with the Real World

The interaction with the real world is done through sensing. However, due to the power constraints
on an IoT node, that has to be done infrequently. In order to meet the power budget, there has
to be an aggressive duty cycling of the node, where it spends most of its time in sleep mode
(minimizing energy consumption), waking up only for a small fraction of the time to perform
sensing, computational and communication tasks. An IoT node is organized into an always-on
subsystem, that manages the wake-up cycle and the information between tasks (ALWON), and
a duty-cycled subsystem (DCYC) that periodically performs the main task(s) [7]. The average

power consumption of an IoT node can be written as:

Epcyc
kau P

Pavg = Pawon + (2.1)

On-board Capabilities

An IoT node needs to have computational, sensing and communication capabilities. In the ac-
tive task, a node needs to sense the real world and either communicate the data or have more

computational power in order to send less data (send processed data instead of raw data) [2].

One way to reduce the average power consumption of an IoT node through the computational

part is to reduce the volatile memory power consumption.

IoT nodes are subject to extremely aggressive duty-cycling, as said above. The memories
associated with the IoT peripherals can have a small size (hundreds of bytes) and a really low
performance (hundreds to thousands of cycles per second), as most sensors do not require higher

parameters. This makes them prime candidates for power reduction.

2.2 SRAM

The volatile memory mostly used in small embedded devices and SoC is SRAM. This happens due
to SRAM’s lower access times and the lack of need to refresh the bitcells’ contents (as happens
with DRAM). This gives the SRAM a simpler control circuit, and a nearly limitless retention time

(as long as the SRAM is powered).

This section summarizes the different bitcell designs that are currently most used in low power

applications.



10 Literature Review
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Figure 2.2: Standard 6T SRAM bitcell schematic.

2.2.1 6T SRAM

The standard memory bitcell currently used in SRAM designs consists of a cross-coupled inverter
pair with two access transistors, as seen in the schematic in figure 2.2. This is known as a 6T
bitcell, due to having a total of six transistors per bitcell [8, 9, 10, 11].

The bitcell is written by setting the bitline (BL) to either Vpp or ground, and bitline com-
plement (BR or BLB) to the complement voltage (ground or Vpp, respectively); then, the access
transistors are closed. The bitcell is read by setting both the bitlines (BL and BR/BLB) to Vpp,
and asserting the wordline (WL). This causes a differential current on the bitlines, which can be
sensed to determine the value of the stored bit.

Due to inter-die and intra-die process variations, supply voltage scaling is limited to a mini-
mum operation voltage (known as V). This limit is set by several memory failures, that can be
read failure, write failure, retention failure and access time failure. There are several techniques to
minimize these failures.

A read failure is caused by an increase in the access transistor drive strength when compared
to the cross-coupled inverter pair. Read assist techniques include lowering the Vgg and/or raising
the V¢ of the cross-coupled inverter pair. These techniques include as well wordline underdrive
(WLUD) or raising the supply voltage of the entire bitcell compared to the peripheral circuitry.

On the contrary, a write failure is caused by an increase in the cross-coupled inverter pair drive
strength when compared to the access transistor. Write assist techniques are, for example, raising
the Vs and/or lowering the V¢ of the cross-coupled inverter pair. These techniques also include

wordline boosting and negative bitline approaches [11].

2.2.2 8T SRAM

The main objective of the 8T SRAM architecture [12, 13, 14, 15, 16, 17, 18, 19] is to decouple the

read and write operations.
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Figure 2.3: Standard 8T SRAM bitcell schematic.

The most common 8T bitcell design consists of a standard 6T bitcell with a dedicated read
port (which consists of two transistors), as seen on the schematic of figure 2.3, although there are
different designs with its advantages and drawbacks [20]. This separation of the read and write

operation means that the bitcell can be optimized for both read and write.

223 10T SRAM

There are several 10T (10 transistors) bitcell architectures proposed, that can be single ended or
differential [8, 21, 22, 23, 24, 25]. Single ended 10T bitcells, which can be seen on the schematic
of figure 2.4, are similar to 8T bitcells, with the difference being on the read port configuration.
Differential 10T bitcells have only two differential bit lines (BL and BLB/BR), and are more

similar to 6T bitcells, though they have more transistors to perform the read/write functions.

Other designs

Other SRAM designs include 7T [26], 9T [27, 28, 18, 29], 11T [30], 12T [31] and latch based
[32, 33, 34, 35].

2.2.4 Main SRAM Designs Comparison

The 6T bitcell design offers lower area than the other designs. However, because the design

requirements for read stability and write-ability are conflicting, the Vi is relatively high when

BL BLB RBL

RWL

w b -l

WL
1
TT {4

Figure 2.4: Single Ended 10T SRAM bitcell schematic.
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compared to the 8T or 10T designs.
The 8T bitcell design adds a dedicated read port to tackle the conflicting design requirements.
This offers faster read and write, dual-port capability and a lower Vyn compared to the 6T design.
The 10T single ended bitcell improves on the 8T bitcell, providing a read port with lower
leakage current (because of the stack of transistors). This allows for lower Vyy than the 8T

design, at the cost of extra area.

2.2.5 SRAM Metrics

The Static Noise Margin (SNM) is an SRAM metric that translates to the maximum DC noise that
can be present in a node of the bitcell without the bitcell changing its correct value. The SNM can
be measured for both the read and write operations, as well as hold (while the bitcell is not being

written to or read from), and it reflects the bitcell’s robustness.

Write SNM

The write SNM is calculated by sweeping the input of the bitcell’s inverter, while the access
transistor is closed. Doing this for both BL = 0 and BL = Vpp, the two VTC (Voltage Transfer
Characteristics) waves can be obtained. The butterfly plot of the VTC obtained can be used to
graphically calculate the SNM, by measuring the size of the largest square that fits within the
butterfly plot [36].

Read SNM

In bitcells with a single ended read port, the read SNM can be calculated with the VTC of the read
port. When mirroring the VTC, the butterfly plot is obtained, and the SNM can be calculated by
measuring the side of the largest square that can be embedded in the butterfly plot [36].

Hold SNM

The hold SNM can be calculated using the butterfly plot resulting from mirroring the VTC of the
inverters in the core of the bitcell, obtained by sweeping the input of the inverter [36]. The side of
the largest square that can be embedded into the butterfly plot is the hold SNM [36].

2.3 Subthreshold Circuits

CMOS is the main technology used in VLSI, due to its power characteristics. When changing
state, it consumes power, but not when it is in a steady state [37]. Traditionally, CMOS operates
with a supply voltage Vpp well above its threshold voltage V1. This means that the transistor
operates in the region of strong channel inversion [7].

The main path towards reducing power consumption in CMOS is through voltage scaling,

which is the reduction of the supply voltage. When the supply voltage is lower than the threshold
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voltage, the transistors operate in subthreshold (or weak inversion) region. In this region, the cur-
rents are extremely low when compared to the strong inversion region (several orders of magnitude
lower). When operating in the strong inversion region, the weak inversion region is considered as
leak current, or that the transistor is turned off (since Vg < Vr) [7].

Since the weak inversion region provides lower currents and at a lower supply voltage than the
strong inversion region, it is a very effective operating region when dealing with ultra low power

devices.

2.3.1 CMOS Power Consumption

The power consumption in CMOS technologies can be divided into three categories, seen in figure

2.5: static, dynamic and short circuit [37, 7].
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Figure 2.5: Power consumption on CMOS technologies.

Power consumption can be given by:
1 T
P= / I-Vopd (2.2)
T Jo

Static Power

The static power arises from four different factors [37] [7]: gate-oxide leakage current, reverse-

biased diode leakage current, gate induced drain leakage current and subthreshold leakage current.

o Gate-oxide leakage current: is a current that flows through the oxide in the gate, when a
voltage is applied (the transistor is ON). This current is stronger the thinner the oxide layer

in the gate. As voltage decreases, this current decreases faster than the subthreshold current.

e Reverse-biased diode leakage current: flows from drain and source to the bulk. It is
usually negligible, but becomes more pronounced when there is a high potential difference

between the drain/source and the bulk (high Vpp processes).

o Gate induced drain leakage current: flows from the drain interface with the gate oxide to
the bulk. It happens due to the high eletrical field near that interface. In the weak inversion

region, this current is mostly negligible.
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e Subthreshold leakage current: flows from the source towards the drain, when Vgs < Vr
(transistor is supposed to be OFF). The current varies exponentially with Vgs. When the
voltage difference between the gate and source is zero, the current (known as Ipgr) is in the

order of tens of nA.

Dynamic Power

Dynamic power comes from the output changing state. When it changes to a logic level "1", the
load capacitance is charged (usually to Vpp) through the PMOS transistor(s). When the state
is changed to a logic "0" (usually ground), the load capacitance is discharged, with the NMOS

transistor(s) dissipating the charge. The dynamic power can be described as [37]:

Ppyn = Qo1+ feik-CL-Vip (2.3)

In 2.3, ap_s1 stands for the activity factor (0 < op_; < 1). Cy, is the average load capacitance.
As seen in 2.3, the dynamic power consumption is proportional to the clock frequency and the

supply voltage squared, while being unaffected by the rise and fall times of the signals.

Short Circuit Power

Short circuit power dissipation occurs when both PMOS and NMOS (or pull-up and pull-down
networks) are partially ON during a switch, creating a direct path between Vpp and ground. This
power dissipation is more significant when the input rise/fall time is much larger than the output
rise/fall time, causing the short-circuit path to be active for a larger amount of time. However,

short circuit power dissipation is a small part of the total power dissipation in a circuit [38].

2.3.2 MOS EKY Model

An analytical MOS model dedicated to analyzing low-current, low-voltage analog circuits was

proposed in [39], called EKV model. The compact equation is described in [40] as:

VG Vs 14))

Ip =1Ipy-emr -(e Ur —e UT) 24)

where:

V1o

Ipo = Ispec e "Ur (2.5

is the residual drain current when Vg = Vs = 0, and I, is the specific current of the transistor,

given as:

Ispec = ZnﬁVTz (2.6)
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and B is the transfer parameter of the transistor, given as:

W
B= .ucoxz (2.7

In these equations (2.4, 2.5, 2.6 and 2.7), the parameters are described as:
e Vr is the threshold voltage

e n is the subthreshold slope factor

e Uy is the thermodynamic voltage, defined as:

kT
Ur=— (2.8)
q
where ¢ is the elementary charge and k is the Boltzmann constant. For a temperature T =

300 K (27°C), Uy is around 25.8 mV.
e C,, is the gate oxide capacitance
e U is the carrier mobility

Looking at equation 2.4, it can be seen that the drain current grows exponentially with the
gate, source and drain voltage, and with the square of the threshold voltage. Therefore, lowering
the supply voltage can greatly decrease the power consumption of a device.

Since the subthreshold EKV model shows exponential characteristics, it shows vulnerabilities

to Process, Voltage and Temperature (PVT) variations [40].

Process

Process variations usually results from random dopant fluctuations and slight variations in the
parameters of physical characteristics, and causes transistors with equal layout structures to not

have the same properties [7]. This affects mainly the model parameters V7, n and 3.

Voltage

Voltage differences in a ULP system are caused by variations in the external power supply. In
battery powered devices, the voltage supply is relatively constant; for batteryless systems, the

voltage supply suffers from much larger deviations, that are handled by voltage regulation circuits

[7].

Temperature

As seen in equations (2.4, 2.5 and 2.8), the absolute temperature has an exponential effect on the
drain current. It is shown in [41] that subthreshold Ipy current increases exponentially with the
temperature, while IIOOTNF ratio decreases due to an increase in leakage currents. As Vs decreases,

temperature variation increases drain current more rapidly [42].
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2.3.3 Disadvantages of Subthreshold

Although operation of CMOS technologies in the subthreshold region leads to lower power con-
sumption, it has one major drawback: maximum achievable frequency. With the transistors oper-
ating in the weak inversion region, the drain currents will be much lower when compared to the
strong inversion operation.

In the weak inversion operating region, the propagation delay for an inverter is defined as:

. KCsVpp

tg = (2.9)

IDsub
where Cg is the output capacitance of the circuit and K is a delay fitting parameter. As it can
be seen in 2.9, as the drain current decreases the propagation delay time increases rapidly. As a

consequence of the increased propagation delay, the operational frequency will decrease [7].



Chapter 3

SRAM Architecture

An SRAM memory can be divided into two groups of components: the first group is the SRAM
block (group of bitcells); the second group is the SRAM control circuitry. This chapter will focus
on the SRAM architecture, detailing the bitcell choice and all the optimization work realized;
the bitcell layout is also covered, as well as the layout of the SRAM block, with post-layout

simulations being compared to schematic simulations.

——3 1

State Bitline | |[Read PCE -
Machine Drivers|| Inv Gating

AR’ y_ ¥

Write
Demux <

A SRAM

Read
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Figure 3.1: SRAM block diagram.

In an SRAM, there are several major components, that can be seen in figure 3.1. These are:

e SRAM block, composed of the SRAM bitcells. In this work, it is composed of 128 words
of 8 bits each. This means that the block will have 1024 bits in total.

17
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e Address decoder, which is responsible of converting the 7 bit address into a line selector,
capable of selecting one of the 128 words available in the SRAM block.

o Bitline Drivers, that have to drive the bitlines to values of Vpp or 0, according to the data

value going to be written.

e Read Circuits, to aid in the read operation. These are usually composed, in the case of
single ended decoupled reading, of a precharger - that drives the bitline to Vpp before the

read; and a sensor - aiding in the time and accuracy of the read operation.

e Control block, that coordinates the steps necessary to write or read a value to/from the

desired address.

In figure 3.1, the black arrows represent the data flow paths along the SRAM; the red arrows
show the power supply lines that can be power gated; the blue arrows stand for the control signals
that are sent from the finite state machine to the other control circuits.

The SRAM designed has the need for other blocks apart from the standardly used [2, 36].
These include:

e Power gating circuits, that shut off components that are not needed while not writing nor

reading. This is used with the intent of lowering the idle power consumption.
e Separate Read and Write Address Decoders

e Read circuits: composed of pre charger circuits and read inverters (that aid in reading the

stored value)

A dual ported memory can be both written to and read from at the same time. In the use case
provided for this SRAM, being dual ported is a major benefit, as it means that the sensor can write
the data to the SRAM while the main microcontroller is reading data values from the memory;
however, this also generates the need for two address decoders.

As explained above, the bitcell is the atomic component of an SRAM memory. It is the com-
ponent that stores the logic values, and allows for later retrieval. The following sections will detail
the work done on the SRAM, mainly focusing on the bitcell. First, the bitcell choice is explained,

and then the optimization work is detailed and justified.

3.1 10T Bitcell

The chosen 10T bitcell architecture is represented in figure 3.2, and it was chosen for a variety
of reasons, with the most important being the decoupled read port. The read port consists of 4
transistors (one PMOS and three NMOS), and functions as a tri-state inverter. When the read
word line (RWL) is at O, there are (at least) 2 off transistors , which reduces the leakage current on
the read bitline (RBL).
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Figure 3.2: Chosen 10T bitcell architecture - Schematic.

The other possible configuration of a 10T bitcell differs only in the read port: it is an inverter
followed by a transmission gate. The latter was not chosen due to the presence of transmission
gates, which proved challenging to implement at subthreshold voltage supply levels, in work real-
ized previous to this dissertation.

When analyzing the chosen 10T bitcell, it presents two main advantages: the first is that the
10T bitcell has lower leakage current form the RBL through the read port than the 8T bitcell [43];
the second advantage is the ability to power gate the read port of the 10T bitcell, which is not
present in the 8T [43]. Power gating is a technique in which the Vpp supply is cut to parts of the
circuit that are not in use at the moment, and can significantly reduce the idle power consumption
of the bitcell.

The bitcell architecture has a huge impact on its power consumption and performance, but it
alone does not guarantee the best possible power consumption while retaining the performance
needed. Prior to the optimization (i.e. all the transistor have minimum length and width) the idle
power consumption of a single bitcell is 4,925 pW. This means that an SRAM block that has 128
words of 8 bits each word, the final block would have an idle power consumption of around 5
nW. This leaves a narrow margin of available power for all of the control circuitry in order to
comply with the 10 nW idle power given in this thesis objectives, and proves the necessity for the

optimization work.

3.1.1 Optimization

All optimization was done using Cadence Virtuoso ADE XL, mainly utilizing the Corners tab
and the auto step function to perform parametric simulations. In the Qutputs Setup tab, the Specs
were used together with Cadence Virtuoso Calculator expressions to facilitate the optimization,

by automatizing the evaluation of the results to a certain degree. The calculator expressions were
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Table 3.1: 10T Bitcell Iterations.

Attempt | Transistor Type | Write Pass Transistor | Reverse Body Bias | VDD
1 LVT NMOS No 300 mV
2 HVT NMOS No 300 mV
3 HVT PMOS No 300 mV
4 HVT PMOS Yes (MO and M2) 300 mV
5 LVT NMOS Yes 200 mV
6 LVT NMOS No 200 mV
Write/Hold Read
PVT Variation
Resistance
Correct Power Correct Read Port
Functioning Consumption Functioning Currents
e Writing the i Lowegf . All or
correct value » Reading the possi te h process
+ Storing the * Lowest correct value ﬁu:rzg d;l\elz eg d A ;?:?eertsable
correct value Possible e Fall time when H(') 88 P
. . e High ratio temperature
* Rise and fall reading a 0 b
. etween on/off ranges
times
current

Figure 3.3: SRAM optimization steps and order.
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Figure 3.4: Variation of the maximum and minimum functioning temperature, while varying the
Vpp in the tt process corner, for the 10T bitcell in schematic simulation.
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used to determine average and final voltage levels stored in the bitcell; voltage levels of the read
value; idle power consumption and read port currents - the Cadence Virtuoso ADE XL Outputs

Setup tab can be seen in appendix.

Thanks to the Specs definition, the evaluation of the results of each parametric simulation is
made easier. As it can be seen in appendix, the Results tab color codes the results as green when
the result is within the specified; and as red when it is not. Additionally, when the results is within

10% of the spec, it is color coded as yellow.

The optimization was done in two parts: first for the write/retention part (corresponds to tran-
sistors M0-MS5), and then for the read port (transistors M6-M9). The optimization steps are sum-

marized in figure 3.3.

As the core of the bitcell consists in two inverters connected in a positive feedback loop and
two access transistors (M4 and M5), the transistors in the two inverters and the two access transis-
tors were assumed to be equal. Due to computational constraints, subsequent parametric analysis
were run on the bitcell changing the parameters: LO, WO, L1, W1, L4 and W4 (length and width
of the transistors MO, M1 and M4). The aim of this part of the optimization was to get the lowest
possible idle power consumption, while guaranteeing correct functioning of the bitcell (retention
of the correct Q/QB value and acceptable rise and fall times) and resistance to PVT variation.
Each parametric analysis would provide a shorter range for evaluation for each parameter. The

final value would require 6-10 sweeps.

After the core of the bitcell was optimized, the focus shifted to the read port: the values for
width and length of each of the transistors were swept, with a decreasing range after each iteration.
The main objectives when optimizing the read port were guaranteeing correct functioning (the
value read was appropriate and the fall time was within the target); and minimizing the current
through the read port when not reading, while also aiming for a high ratio between on and off
current. As with the core of the bitcell, each parametric analysis would provide a shorter range of

evaluation for each parameter, with the final value requiring between 8 to 12 sweeps.

Before reaching the final version, there were several attempts at reaching the lowest possible

power consumption, which are summarized in table 3.1:
In the first attempt, the bitcell used all LVT transistors at a VDD of 300 mV.
The second attempt used all HVT transistors, with a supply voltage of 300 mV. Although this

lead to lower idle power consumption, the performance and the PVT variation were worse.

The third attempt, the pass transistors (M4 and MS5) were replaced with PMOS transistors,
in order to increase the write performance. In this attempt, all transistors were HVT as well. The
HVT PMOS offers greater ON current than the HVT NMOS.

The fourth attempt used reverse body bias in the PMOS transistors. In this attempt, all
transistors were HVT, once again. Reverse body bias is a technique in which the body of the
transistor is connected to a higher voltage node than the source (in the case of PMOS). This leads to
lower leakage currents when the transistors switched off. However, this attempt was unsuccessful,

due the voltage values stored in Q and QB going past the supply voltage.
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Table 3.2: 10T Bitcell transistor sizing.

Transistor 0 1 2 3 4 5 6 7 8 9
Width 1.5um | 380nm | 1.5um | 380 nm | 450 nm | 450 nm | 240 nm | 240 nm | 400 nm | 240 nm
Length 50um | 50um | 50um | 50um | 450 nm | 450 nm | 180 nm | 180 nm | 500 nm | 500 nm

In the fifth attempt, all transistors used were LVT. In this attempt, the same solution proposed
in the fourth attempt was used, and switching from HVT to LVT lead to the same problems.

The sixth and final attempt used LVT transistors and power gating on the read port , while
giving up on reverse body biasing. At the same time, the Vpp was lowered, which was possible
due to reverting back from HVT to LVT transistors. (Power gating is a technique in which parts
of the circuit are switched off from the power supply when they are not needed). With a supply
voltage of 200 mV and power gating on the read port, the best power consumption values were

reached, while maintaining good resistance to PVT variation.

After the optimization process, the resulting 10T SRAM bitcell transistor sizing can be seen
in table 3.2.

In the bitcell part that is always on, the transistors that make the two inverters have the max-
imum length of the process - 50 um. The bigger the length of the transistor, the lower the sub-
threshold current. On the other hand, the transistors on the read port (M6 - M9) are power gated in
idle. This means that its subthreshold leakage current is already negligible, and the transistors can
be optimized almost only for read performance. This explains the huge difference in size among

the transistors in this bitcell.

The idle power consumption for the 10T bitcell is 141.15 fW. This representes an improvement
of almost 35 times when compared to the non optimized bitcell. This value is measured when
the bitcell is in idle: not writing and the read port is power gated (its power supply is at 0 V).
The power consumption can be lowered even more by the control circuits, mainly the bitlines
drivers, by leaving the bitlines (BL and BLB) floating during idle. The operational temperature
of the bitcell in the different process variations can be seen in table 3.3, while the maximum and

minimum temperature variation for the tt process corner can be seen in figure 3.4.

3.1.2 Static Noise Margin

The Static Noise Margin (SNM) is an important metric for SRAM. It reflects the maximum DC
noise that can be present before the value that the cell is holding, or that is being written to or read
from the bitcell "flips" (goes from a 0 to a 1, or from a 1 to a 0). The SNM shows the bitcells
robustness to noise. For the 10T bitcell that was optimized, the hold SNM is 52.8 mV, and can be
seen in figure 3.6a; the write SNM is 100.9 mV, and is seen in figure 3.6b; finally, the read SNM

is 58.7mV, and can be seen in figure 3.6c.
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Figure 3.5: Schematic for the determination of the bitcell’s SNM.

Table 3.3: 10T SRAM PVT.

Process Variation tt ff ss | snfp | fnsp
Minimum Temperature (°C) | 0 | -30 | -10 | -10 0
Maximum Temperature (°C) | 110 | 110 | 110 | 130 | 80

Table 3.4: 8T Bitcell transistor sizing.

23

Transistor 0 1 2 3 4 5 6 7
Width 1.5um | 400nm | 1.5um | 400nm | 450 nm | 450 nm | 2um | 1.2 um
50 um

Length S50um | 50um | 50um | 50um | 450 nm | 450 nm | 50 um
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Figure 3.7: 8T bitcell architecture - Schematic.
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Figure 3.8: 10T bitcell layout (the layout is rotated 90° clockwise in this figure).

3.2 8T Bitcell

An 8T bitcell (which architecture can be seen in figure 3.7) was also experimented with the hope of
reaching a bitcell with similar leakage currents (and, subsequently, idle power), while occupying
lower area.

The 8T bitcell was optimized with the same criteria as the 10T bitcell, seen in figure 3.3. After
the optimization was finished, the 8T bitcell transistors had the sizing that can be seen in table 3.4.
Has it can be seen in table 3.4, the two transistors of the read port have the maximum length pos-
sible in this technology. The idle power consumption for the 8T bitcell is 288 fW, when simulated
in schematic at 25°C in a tt corner. This value was measured under the same circumstances as the
10T bitcell, namely the switching of the bitlines right after the access transistors opened.

The 10T has smaller transistors, and provides a lower idle power consumption. Additionally,
the read port of the 10T has lower leakage current from the read bit line, and the bitcell provides an
overall better resistance to PVT variation. When compared to the 10T bitcell, this bitcell presented
higher power consumption, higher overall gate area and a less robust read port, while being less

resistant to PVT variation. For these reasons, it was not implemented in the final SRAM.

3.3 10T SRAM Layout

In the physical layout, a modular approach was followed: first, a single bitcell was implemented;
then, 8 bitcells were put together to form a single byte (or word, in this SRAM); finally, 128 bytes
were joined to form the final SRAM block.

In order to facilitate the layout process, a few measures were taken while doing the layout for
the 10T bitcell, that can be seen in figure 3.8: the power supply line (Vpp) was placed to the top
and rigth corner; the ground line was placed to the bottom and left corner. The power gated supply
line for the read port (Vppyp) was placed to the right and on the lower third of the SRAM, so the
wire in the final SRAM block could be layed out horizontally.

Additionally, the pins for the bitlines (BL, BLB and RBL) were setup so that the bitline wires
in the final SRAM block could be vertical and not interfere with each other; and the pins for the
word lines (WWL and RWL) were setup so that the word line wires in the final SRAM block could
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Figure 3.9: 10T 8 bit layout.

be horizontal, without interfering with the others. This can be seen in the detailed zoom in figure

A.4 in appendix.

In the bitcell, all the metal routed was in the Metall layer. This was done in order to avoid
possible conflicts with upper layers when routing the signals in the final SRAM block. The bitcell
has a layout size of 13.54 um by 53.56 pum, which means an area of 725.2 pm?.

Eight bitcells were joined horizontally, in order to make the layout for a byte, and the physical
layout can be seen in figure 3.9. The bitline pins for the 8 bits of this cell were put along the top
of the byte cell, and the word line pins (just two: WWL and RWL) were put on the left of the
byte cell. Again, the power supply pin was put on the top right corner, and the ground pin on the
bottom left corner. The power gated read supply pin was put on the right, on the bottom third of
the cell.

For the byte cell and the SRAM block, Metal2 and Metal4 were used when placing horizontal
wires; Metal3 was used for vertically placed wires. The layout of a byte has a size of 102.5 pm by

54.2 um, which means an area of 5555.5 pum?.

When taking into account the size of the byte layout, and that a chip in the 0.18 um process
is 1.2 mm by 1.2 mm, the only possible arrangement where the full SRAM block (that has 128
bytes) can fit into a chip is by placing a grid of 8 bytes horizontally by 16 bytes vertically. As
such, the layout for 128 bytes of the SRAM block can be seen in figure 3.10.

All pins for the bitlines were put along the top of the SRAM block, with the bitlines running
vertically in Metal3, and connected horizontally with Metal2. The pins for the 128 write word
lines and 128 read word lines were put along the left side of the SRAM block, in groups of eight
(corresponding to the 8 byte in each row). The layout of the final SRAM block has dimensions of
819.1 um by 870.8 um, reaching an area of 731272.3 um? (0.7313 mm?).
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Figure 3.11: Schematic and post layout simulation comparison.

3.4 Schematic vs Layout Comparison

This section will cover the tests comparing the signals in schematic simulation against post layout

simulation, for each of the steps in the modular layout design (i.e. bit, byte, final block).

Bitcell

To test the bitcell, a simple cycle of write 1 (figure 3.11a), read 1 (figure 3.11c), write 0 (figure
3.11b), read 0 (figure 3.11d) was ran.

When writing, the waveforms of Q and QB are almost identical, with the major difference
being the rise time of Q (when writing a "1") or QB (when writing a "0"), which is 14% larger.
This, however, does not pose any limitation on the bitcell functionality, since the value is already
set by QB (when writing a "1") or Q (when writing a "’0"), seeing that the fall time is much shorter.

When reading either a "0" or a "1", the waveform of the read bitline (RBL) is identical whether

in schematic or in post layout simulation.

Full block

The full block was also simulated in both schematic and calibre (post-layout), and the main differ-

ence in the two simulations was in the read bitline (RBL).
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Figure 3.12: Read bitline for the schematic and post-layout simulations.

Looking at figure 3.12, it can be seen that the rise and fall times in the RBL of the post-layout
simulation are much larger than the ones in the schematic simulation. This barely affects the
final voltage of the RBL, as the final value when reading a 0 is at 18.945 mV in the schematic
simulation, and is at 18.886 mV in the post-layout; when reading a 1, the final voltage in RBL is
at 194.826 mV in schematic, and at 192.545 mV in post-layout.

This increase in the rise and fall times of the waveform in RBL can be explained by high

resistance and/or high capacitance in the RBL wire in the layout.
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Chapter 4

SRAM Control Circuits

The control circuits allow the SRAM to function: they coordinate the several steps required for
each write or read operation, and allow the data to be saved to/read from the correct word in
memory.

The control circuits that are going to be used in this SRAM are:

e 7 to 128 demultiplexer, that is going to function as an address decoder, allowing to convert

a 7 bit address into 128 lines that control each of the words individually
o Bitline drivers that allow for the differential writing that the SRAM bitcell needs

e Power gating circuits, used to lower the idle power of the SRAM memory by completely

shutting off parts of the circuit that are only needed during a write or read operation
e Read circuits to aid in the read operation

e State machine that generates the control signals needed for the several steps of writing or

reading a byte

As the control circuits need to comply with the dual gated nature of the 10T bitcell, there is
the necessity for two address decoders: one for writing and one for reading.

Also, as the read port of the 10T bitcell is single ended, the reading circuits cannot consist of
the traditional differential sense amplifier seen in SRAMs based on the 6T bitcell [2].

4.1 Logic Gates

The logic gates needed for the control circuit (mostly the demultiplexer) can be seen in figure
4.1, and were each optimized with the target of the lowest possible power consumption. These
logic gates are: inverter; two and three input NAND; two and three input NOR. During the
optimization, the correct functioning of the logic gates, the drive strength and the rise and fall
times were taken into account. The different optimization criteria can be seen in figure 4.2, where

the steps are followed from left to right.

31
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(a) Inverter
(b) NAND2 (c) NOR2

(d) NAND3 (e) NOR3

Figure 4.1: Logic gates necessary for the SRAM control circuits.

Correct Power PVT Variation
Functioning Consumption Resistance
e Drive strength ¢ All process
e Rise and fall corners
times e Lowest Possible o Acceptable
e Correct values temperature
on output ranges

Figure 4.2: Optimization steps for the logic gates.
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Figure 4.3: Logic gates transistor level schematic.

For all logic gates, the parametric simulations were run using Cadence Virtuoso ADE XL. In
this tool, the parameters were set using the Corners tab. The values for the length and width of
the transistors were swept using "Auto:Initial value:Number of steps:Final value".

Using the Cadence Virtuoso Calculator, expressions were set up to determine: output voltage
for all combination of inputs; rise and fall times; and power consumption. In the ADE XL "Outputs
Setup" tab, each expression result regarding voltage levels or rise/fall times was assigned a spec:
a value or expression to determine if the corner passed the test.

After each run, each expression was plotted across corners, allowing for a reduction of the
range of the inputs values (length and width of the transistors). After 6 to 10 runs, a logic gate
was finally optimized. The inputs for the tests were generated using VerilogA scripts, for ease of
generating the testbenches.

For most logic gates, all PMOS transistors were assumed to be equal, as well as all the NMOS
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Table 4.1: Transistor sizing for the logic gates.

Logic Gate Mo M1 M2 M3 M4 M5
Inverter Width | 500nm | 1 um - - - -
Length | 400 nm | 600 nm - - - -
Width | 400 nm | 400 nm | 400 nm | 400 nm - -
NAND2 Length | 470 nm | 470 nm | 1 um 1 um - -
NAND3 Width | 700 nm | 700 nm | 700 nm | 600 nm | 600 nm | 600 nm
Length | 450 nm | 450 nm | 450 nm | 1 wm 1 pm 1 wm
NOR2 Width | 400 nm | 400 nm | 240 nm | 300 nm - -
Length | 470 nm | 470 nm | 1 um | 900 nm - -
NOR3 Width | 450 nm | 450 nm | 450 nm | 1.4 um | 1.4 um | 1.4 um
Length | 450 nm | 450 nm | 450 nm | 600 nm | 600 nm | 600 nm

transistors. Only the NOR?2 bitcell was optimized using different transistor sizing for the different
transistors of the same type, but this resulted in a power consumption reduction of 1-2% only.

Thus, the other logic gates were not optimized using this criteria.

Inverter

The inverter, which transistor level schematic can be seen in figure 4.3a, was optimized in schematic,
using another instance of the same inverter as load. It was the first logic gate to be optimized, be-
cause of the intention to use it as both drive and load when optimizing the other logic gates.

The final sizing of the transistors can be seen in table 4.1. It was tested for its functioning
under process variations and temperature change, and the functioning range of the inverter can be

seen in table 4.2.

NAND2

The NAND?2 logic gate, which schematic can be seen in figure 4.3b, was optimized in schematic,

following the general criteria defined for the logic gates (power consumption and correct function-

Table 4.2: PVT variation for the logic gates.

Logic Gate | Process Variation | tt ff | ss | snfp | fnsp
Inverter Min. Temp. (°C) | 40 | -40 | -20 | -20 | -20
Max. Temp. (°C) | 180 | 200 | 180 | 200 | 180
Min. Temp. (°C) | -20 | -40 0 -20 0
NAND2 Max. Temp. (°C) | 140 | 140 | 120 | 140 | 120
Min. Temp. (°C) | -20 | O 0 -20 0
NANDS3 Max. Temp. (°C) | 120 | 140 | 120 | 140 | 120
- 5 5 -
NOR2 Min. Temp. (°C) 0 40 0 20 0
Max. Temp. (°C) | 120 | 120 | 140 | 140 | 80
. 5 - .
NOR3 Min. Temp. (OC) 20 40| O 0 0
Max. Temp. (°C) | 140 | 160 | 80 | 100 | 140
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ing). The load was an inverter, an each of the two inputs was driven by an inverter. The two NMOS
transistors (MO and M1) were assumed to be equal to each other, and the same was assumed for
the two PMOS (M2 and M3). This assumption was followed in order to reduce the optimization
time for the logic gate.

The final sizing of the transistors can be seen in table 4.1. The NAND2 was tested for its
functioning under process variations and temperature change, and the functioning range of the

logic gate can be seen in table 4.2.

NAND3

The NAND3 logic gate, which schematic can be seen in figure 4.3d, was optimized in the same
way as the NAND2. The load was an inverter, and each of the three inputs was driven by an
inverter. The three NMOS transistors (MO - M2) were assumed to be equal to each other, and the
same was assumed for the three PMOS transistors. This assumption was once again followed in
order to reduce the optimization time for the logic gate.

The final sizing of the transistors can be seen in table 4.1. The NAND3 was tested for its
functioning under process variations and temperature change, and the functioning range of the

logic gate can be seen in table 4.2.

NOR2

The NOR?2 logic gate, which schematic can be seen in figure 4.3c, was optimized in schematic two
distinct times, using the criteria defined above. Both times, the load was an inverter, an each of
the two inputs was driven by an inverter. In the first optimization, the two NMOS transistor (MO
and M1) were assumed to be equal to each other, and the same was assumed for the two PMOS
(M2 and M3). This assumption was followed in order to reduce the optimization time for the logic
gate.

During the second optimization, this assumption was not followed, in order to try to achieve
a lower power consumption. As this only resulted in an improvement of around 1% to 2%, the
assumption was taken on the other logic gates. The final sizing of the transistors can be seen
in table 4.1. The NOR2 was tested for its functioning under process variations and temperature

change, and the functioning range of the logic gate can be seen in table 4.2.

NOR3

The NOR3 logic gate, which schematic can be seen in 4.3c, was optimized in schematic for the
lowest possible power consumption, while guaranteeing correct functioning. As with the other
logic gates, the load was an inverter and each of the inputs was driven by an inverter. The three
NMOS transistors (MO - M2) were assumed to be equal to each other, and the three PMOS (M3 -
MS) were also assumed to be equal to each other. This assumption was made in order to reduce

the optimization time for the logic gate.
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Figure 4.4: Logic gates layout.

The final sizing of the transistors can be seen in table 4.1. The NOR3 was tested for its
functioning under process variations and temperature change, and the functioning range of the

logic gate can be seen in table 4.2.

4.2 Logic Gates - Layout

The logic gates are used mostly in the demultiplexer and the flip flops, and inverters are used to
accept the inputs and reduce the fan-out of some logic gates.

In order to facilitate the layout, some guidelines were setup:

All logic gates should have the same height

The power supply line (Vpp) should be on the top of the layout, and to the right

The ground wire should be on the bottom of the layout, and to the left

All inputs should be put along the left of the logic gate

All outputs should be put along the right of the logic gate

All logic gates have a layout height of 10.25 pm.
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Figure 4.5: Comparison of schematic and post-layout simulation for the inverter.
Inverter

The layout of the inverter can be seen in figure 4.4a. It has a width of 2.44 um, and an area of
25.01 pm?.

The simulation that compares the schematic and layout of the inverter can be seen in figure
4.5. In the top half, the waveforms for the input of the inverter can be seen: in green, the wave-
form of the schematic simulation; in blue, the waveform for the post-layout simulation. It can be
observed that the behaviour is identical whether in schematic or post-layout simulation, and the
only difference is in the rise and fall times. This difference can be seen in more detail in figure
4.5b for the rise time and figure 4.5c for the fall time, with the rise time increasing from 18.58 s
in the schematic simulation to 23.47 ps in the post layout simulation, and the fall time increasing

from 10.24 s in the former to 13.11 us in the latter.

NAND2

The NAND?2 layout can be seen in figure 4.4b. It has a width of 3.6 pm, which gives a layout area
of 36.9 um?.

The simulation comparing the schematic and the layout of the NAND?2 logic gate can be seen
in figure 4.6. In figure 4.6a, the top wave and middle wave, colored blue and greeen, respectively,

are the two inputs of the NAND; the bottom waveforms correspond to the output of the NAND,
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Figure 4.6: Comparison of schematic and post-layout simulation for the NAND?2.

with the red wave belonging to the schematic simulation and the yellow wave to the post-layout
simulation.

In figure 4.6b, the rise of the output is represented with more detail, and there is only a slight
difference in the rise time of the output, which goes from 20.04 ps in the schematic simulation to
19.08 s in the post-layout simulation; in figure 4.6¢, there is a more detailed representation of the
fall of the output, with the two waveforms differing only in the fall time, which raises from 69.41

us in the schematic simulation to 73.68 us in the post-layout simulation.

NAND3

The NAND3 layout can be seen in figure 4.4d. Its width is 4.27 pm, which means an area of
approximately 43.78 um?.

In figure 4.7, the results of the simulations comparing the schematic and the layout can be
seen. In figure 4.7a, the first three waveforms from the top are the three inputs of the NAND; in
figure 4.7b, there is a more detailed waveform of the output when it is rising. The only difference
is the rise time, which is slightly larger in the post-layout simulation. The rise time goes from
59.37 us in the schematic simulation to 64.1 ps in the post-layout simulation; in figure 4.7c, the
fall of the output can be seen in more detail, and the difference in the waveforms is only in the fall
time, which increases from 20.04 us in the schematic simulation to 20.96 ps in the post-layout

simulation.
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Figure 4.7: Comparison of schematic and post-layout simulation for the NAND3.
NOR2

The NOR?2 layout can be seen in figure 4.4c and has a width of 4.56 um. This gives a layout area
of 46.74 um>.

The waveforms of the simulation comparing the schematic and the layout can be seen in figure
4.8. In figure 4.8a, the waveforms on the top, colored blue and green, are the inputs of the NOR2;
the waveforms on the bottom correspond to the output of the NOR2, colored red for the schematic
simulation and yellow for the post-layout simulation. In figure 4.8b, the rise of the output can
be seen in more detail, and the difference between the waveforms lies in the rise time, which
increases from 131.1 us in the schematic simulation to 147.7 ps in the post-layout simulation.
In figure 4.8c, the fall of the output can be seen, with the fall time going from 7.6211 us in the
schematic simulation to 9.373 ps in the post-layout simulation.

NOR3

The NOR3 layout can be seen in figure 4.4e. It has a width of 5.63 pm, and an area of approxi-
mately 57.71 um?.

In figure 4.9, the waveforms resulting from the simulation comparing schematic and layout
are presented. In figure 4.9a, the top three waveforms, colored blue, green and pink, are the inputs
of the NOR3; the bottom waveforms correspond to the output of the NOR3: colored red for the

schematic simulation and yellow for the post-layout simulation. In figure 4.9b, the rise of the
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Figure 4.10: Demultiplexer schematic.

output can be seen in more detail: the two waveforms differ only in the rise time, with the rise
time going from 52.08 ps for the schematic simulation to 57.07 us for the post-layout simulation.
Looking at figure 4.9c, the fall of the output can be seen with more detail: the fall time is the
major difference between the waves, with it increasing from 8.324 ps for the schematic simulation
to 9.473 us for the post-layout simulation.

In summary, the major differences when comparing the layout and schematic lie in the rise

and fall times, which increase 12.7% on average.

4.3 Demultiplexer

The 7 to 128 demultiplexer that the control circuit needs was implemented using a recurrent
aproach.

First, a 2 to 4 demultiplexer, seen in figure 4.10a, was designed and optimized for the lowest
power consumption, while satisfying the need for rail to rail drive of the outputs and acceptable

rise and fall times. Then, a 3 to 8 demultiplexer, seen in figure 4.10b, was designed, using two 2 to
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Figure 4.11: 2 to 4 Demultiplexer - Layout.

4 demultiplexers. This was repetead until the 7 to 128 demultiplexer was obtained. The schematic

for the final demultiplexer can be seen in figure 4.10c.

4.3.1 Demultiplexer Layout

In similarity to the schematic, the layout for the 7 to 128 demultiplexer was done in a modular way,
in order to ease the layout process. Using the previously layed out logic gates (Inverter, NAND?2,
NOR2 and NOR3), the 2 to 4 demultiplexer was layed out in a single row, as it can be seen in
figure 4.11. This smallest demultiplexer was layed out with similar cares as the ones taken when
laying out the logic gates: Vpp was routed on top; ground was routed across the bottom; all inputs
were placed along the left of the demultiplexer; all outputs were placed on the right. The layout
for this demultiplexer has a width of 41.41 wm and a height of 10.45 pm.

To layout the 3 to 8 demultiplexer, two of the 2 to 4 demultiplexers were placed, one above the
other, with the remaining logic gates being put on the left of the two smaller demultiplexers. Again,
all outputs were placed along the right of the demultiplexers. However, as this demultimplexer
was not the final one and there will be a need to expand to the left when laying out the logic gates
necessary for the larger demultiplexers, the two ground lines were not connected; the Vpp lines
were connected, as the final 7 to 128 demultiplexer will not expand to the right. The inputs were
placed near the left of the 3 to 8 demultiplexer, in order to facilitate the vertical stacking of these
devices in order to layout the 7 to 128 demultiplexer. The layout for the 3 to 8 demultiplexer can
be seen in figure 4.12, and has a width of 54.69 um and a height of 21.14 um.

When laying out the final 7 to 128 demultiplexer, an additional rule was set: as seen in the
figure A.4, the word lines are arranged in groups of eight, interleaving a group of eight WWL with
a group of eight RWL, for the same row of bytes, due to the final bitcell block byte arrangement
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Figure 4.12: 3 to 8 Demultiplexer - Layout.
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Figure 4.13: 7 to 128 Demultiplexer - Layout (the layout is rotated 90 degrees clockwise in this
figure).

of 8 columns by 16 rows, resulting in a spacing of 54.44 um between groups of word lines. As
the 3 to 8 demultiplexer has a height of 21.14 pum, there is enough spacing to interleave the two
7 to 128 demultiplexers, with one being used for the write operation and the other for the read
operation. As such, the 16 needed 3 to 8 demultiplexers were stacked vertically, with a spacing of
54.44 um between the top of a demultiplexer and the top of the next. All of the needed logic gates
to implement the 7 to 8 demultiplexer from the 3 to 8 demultiplexers were added to the left of the
latter, being distributed among the 16 in order to minimize the width of the final demultiplexer. As
such, the final width of the demultiplexer is 70.47 pum, the final height is 837.74 um, giving a final
area of 59035.5 um?.

4.4 Drive Circuits

The circuits consist mainly of high current output inverters. Naturally, these need to have larger
transistors (in width) than the regular inverters, so as to comply with acceptable rise and fall times
of the signal in greater loads (such as the bitlines, for example).

These strong inverters were originally optimized for driving the inputs of the demultiplexer, as

there are inputs that need to drive around 130 gates.

4.5 Drive Inverters - Layout

The layout for the larger inverter used to drive the bitlines, as well as most of the inputs with a
larger fan-out, can be seen in figure 4.14. Its width is 16.03 um, and its height is 10.25 um, which
gives a layout area of 164.31 um?.

Figure 4.14: Inverter (large) - Layout.
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Figure 4.15: Layout of the power gating transistor.

4.6 Power Gating

In this memory, there will be three power supply lines, all with the same voltage level. Besides the
main Vpp line, there will be two power gated lines: one for the reading operation and the other
for the writing operation. Each power gated supply line has to power one 7 to 128 demultiplexer,
as well as the bitline drivers (for the power gating circuit associated with the write operation) or
the read circuits (for the power gating circuit associated with the read operation).

The power gating is done by a single PMOS transistor, which was optimized to provide ad-
equate current when closed and to have the lowest possible shut off current. This resulted in a
transistor with a length of 500 nm and a width of 100 um. In order to facilitate the layout of the
power gating transistor, the finger number was increased to 10, making the layout more compact.

The layout for this component can be seen in figure 4.15. This single PMOS transistor (and
its connections) have a layout width of 11.7 um and a height of 13.95 pm, resulting in an area of
163.22 pm?>.

4.7 Read Circuits

The read circuits that aid in the read operation consist of a read bitline pre charger, that charges
the bitline to Vpp before the reading process; and an inverter that serves as load for the read
bitline, and is optimized to have a Vy of half of Vpp. This allows it to distinguish the voltage
level for reading a zero from the voltage level from reading a one, even in the most extreme corners

of process and temperature.

Pre Charger

The pre charger consists in a single PMOS transistor. It is used only to guarantee that the RBL is at
Vpp when the read port is closed, assuring that the read port only has to function has a pull-down
circuit. Since it does not need to provide high current, its dimensions are 800 nm for the length
and 300 nm for the width.
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(@) RBL pre charger. (b) Read sensor inverter.

Figure 4.16: Layout of the read circuits.

Its layout can be seen in figure 4.16a. Due to its purpose, the PMOS dimensions (width and
length) are much smaller than those of other transistors in this SRAM, giving its layout a width of

1.72 um and a height of 3.7 um, resulting in a layout area of 6.36 um?.

Read Inverter

This inverter was optimized with a different goal than the two other already optimized: instead
of aiming for the lowest possible power consumption, or the ability to drive a large number of
transistor gates, this inverter was optimized with the main purpose of having its Vy at half of
Vpp. This was done to improve the functioning region of the SRAM: with the Vy at half of Vpp,

it is easier to distinguish when the RBL voltage level is the result of a stored 0 or 1.

The inverter was layed out, and the result can be seen in figure 4.16b. It has a width of 2.95
um and a height of 10.81 um, giving an area of 31.89 um?. The height is larger than the 10.25
um that all the other logic gates have; however, this will not pose any problem to the final layout,
as this inverter is only used to sense the RBL, and it does not have to be layed out alongside other

logic gates.

4.8 State Machine

Both the write and read operation consist of several steps: write has to power up the demultiplexer
and the bitline drivers, decode the write address and power down; read has to power up the read
ports and the demultiplexer, precharge the RBL, decode the read address and power down. There
is the need for a state machine to coordinate these steps and operations. The state machine will be
implemented using D type flip flops, chained together so as to create a counter. This will be used

to send the control signals for the write and read operations.



46 SRAM Control Circuits

Q

) Q

clk

D

Figure 4.17: D type Flip Flop - Schematic.

Figure 4.18: Layout of the D type flip flop.
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Write =0

Write VDD Off

Write = 1

Disable Write
Demux

Write Vpp On

Enable Write
Demux

Figure 4.19: State machine for the write operation.

4.8.1 Flip Flop

The D type flip flop, which schematic can be seen in figure 4.17, was implemented using two SR
latches, using the previously optimized logic gates (NAND2 and NAND?3). The flip flop was layed
out using the logic gates previously described, laying them out in a single row. Its final layout can
be seen in figure 4.18, and its dimensions are: 26.03 um for the width and 10.25 um for the height,
resulting in an area of 266.8 um?. The inputs (D and clk) were put on the left side of the flip flop,
and the outputs were put along the right side; once again, the Vpp line runs across the top of the

layout, and the ground line across the bottom.

4.8.2 Write State Machine

The write operation has the following steps, that can also be seen in figure 4.19:

write = D Q D Q D Q D Qa3

clk => Q aso clk => Q st clk => Q f-os2 clk => Q |-oss

w QB1
QBo QB1 Enable Demux
QB1 QB2
Write Write Vpp Enable
QB2
Q3
QB3

Figure 4.20: State machine implementation with D type flip flops for the write operation.
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Figure 4.21: Write state machine layout.

1. Turn on the write power supply
2. Enable the write demux
3. Disable the write demux

4. Turn off the write power supply

Taking into account the steps for the write operation, the state machine can be implemented
with four D type flip flops, as seen in figure 4.20. The state machine accepts as input the clock
signal and a "W" signal, which signals a write operation when at logic level "1"; and outputs the
two control signals needed for the write operation: Write Vpp Enable and Write Demux Enable.
To prevent the activation of more than one step at the same time, the input of the first flip flop can
only be at logic level "1" when the outputs of all the flip flops are at logic level "0".

The layout for the write state machine can be seen in figure 4.21. The four flip flops and the
other logic gates (NAND and NOR) were layed out in a single row, with the chained flip flops on
the left. The inputs and outputs can be accessed across the width of the state machine, which eases
the final integration. The layout of this state machine has a width of 136.71 um and a height of
10.45 um, resulting in an area of 1428.6 um?.

4.8.3 Read State Machine

The read operation has the following steps, that can also be seen in figure 4.22:

1. Turn on the read power supply
2. Pre charge the read bitlines

3. Enable the read demux

4. Disable the read demux

5. Turn off the read power supply

When taking into account the steps necessary, the read state machine can be implemented with
five chained D type flip flops, as seen in figure 4.23. The state machine inputs are the clock signal
and a "R" signal, which means the start of a read operation when at logic level "1". Its outputs are
the three control signals needed for the read operation: Read Vpp Enable, Pre Charge Enable
and Read Demux Enable. As in the write state machine, the input of the first flip flop is unable

to go to logic level "1" when a read operation is occurring.
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Read =0

Read Vpp Off

Send clk to
Read DFF

Read =1

Read Vpp On

Enable Read
Demux

Pre Charge
RBL

Figure 4.22: State machine for the read operation.

Read =1 D Q D Q D Q
clk => Q a8 clk => Q o8t clk => Q |-oas2
| Read Dff
D Q D QF Pre Charge
Enable QB2 m—— Enable
— — QB3 == Enable Read
ck => Qo —P Q o84 Demux
R QB1=——i
QBo
QB1 QB2——
Read
Read Vpp Enable
QB2 QB3 =i
QB3

QB4

Figure 4.23: State machine implementation with D type flip flops for the read operation.
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Figure 4.24: Read state machine layout.
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The layout for the state machine designed to control the read operation can be seen in figure
4.24. Similarly to the layout of the write state machine, the five chained flip flops were layed out
starting on the left, with the remaining logic gates (NAND and NOR) being layed out on the right
of the flip flops. As was done with the write state machine, the inputs and outputs can be accessed
throughout the layout of the state machine, with the objective of easing the final integration. This

state machine layout has a width of 169.99 um and a height of 10.43 um, giving an area of 1773

um?.



Chapter 5

Integration

The SRAM block and all control circuits are connected in order to create a functioning SRAM. The
final layout is made, and the performance of the circuit is analyzed, after the parasitic extraction.
The SRAM conceptual block can be seen in 5.1.

To ensure correct functionality, all the components were connected in schematic, and the
SRAM assembly was tested using a March C algorithm implemented in a VerilogA script. This
verifies the correct functionality of the SRAM, by following the algorithm:

March C : w0 1} (rO,w1) At (r1,w0) § r0 § (ro,wl) J} (r1,w0) § O (5.1)

as it checks for errors such as: stuck at 0 and 1, addressing errors, transitions faults and some
coupling faults.

The layout for the final assembly of the SRAM memory can be seen in 5.9 (and in figure A.5),
and it has 976.67 um in width and 901.44 pum in height. This results in a total layout area of
0.88041 mm?. The layout seen in figure 5.9 is color coded for the different components.

After parasitic extraction, the circuit was tested for its resistance to temperature variation.
However, not many tests were performed with post-layout simulation, due to the limited time
available and the extremely long simulation times in post-layout. It was verified, in post-layout
simulation, that the SRAM functions properly in a temperature range from 20°C to 90°C, and the
variation of the idle power consumption with temperature can be seen in figure 5.8a. The idle
power consumption at 25 °C is 175 pW. Due to the previously mentioned time constraints, the
remaining process corners were only simulated in schematic, which results can be seen in table

5.1

Monte Carlo simulation is performed to achieve full overview of the most likely behavior of

Table 5.1: SRAM PVT.

Process Variation tt | ff | ss | snfp | fnsp
Minimum Temperature (°C) | 0 | -30 | 30 0 10
Maximum Temperature (°C) | 90 | 110 | 70 | 80 80

51
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Figure 5.1: SRAM conceptual block.
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Figure 5.2: SRAM idle power consumption varying with temperature, in the tt process corner.
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Figure 5.3: Monte Carlo Simulation for the tt corner - Idle power consumption.

the memory. The Monte Carlo simulation was ran 200 times, at 25°C, for the analysis of five
parameters: idle power consumption (figure 5.3), output value (figure 5.4) and energy per read
access (figure 5.6) when reading a 0, and output value (figure 5.5) and energy per read access
(figure 5.7) when reading a 1 .

Figure 5.4 shows the histogram for the voltage output when reading a 0, combined across the
8 bits. The mean voltage output is 204.267 1V, with a standard deviation of 115.364 pV. Looking
at figure 5.5, the histogram for the voltage output when reading a 1, combined across the 8 bits
can be seen. When reading a 1, the mean voltage output is 199.300 mV, with a standard deviation
of 310,296 uV. Analyzing the two histograms shows that, despite the small variations in process
and mismatch of the transistors, the memory can function correctly, when powered at 200 mV and
with a clock signal with a periodicity of 128 Hz.

The mean value for the idle power consumption of the SRAM memory is 171.011 pW, with a
standard deviation of 22.4927 pW. This shows that small variations of the process and mismatch
of the transistors in the circuit have a moderate impact on the power consumption of the circuit,
while not impairing the ability of the memory to function properly.

Figure 5.8b shows the variation of the idle power consumption with the power supply voltage,
which as expected shows exponential growth. In order to comply with the goal of the power
consumption, which has to be under 10 nW in idle, Vpp can be raised up to 1 V.

Regarding energy per read access, its values differ whether reading a 0 or a 1. When reading a
0, the mean value is 10.4535 pJ with a standard deviation of 1.83486 pJ, as it can be seen in figure
5.6; when reading a 1, the mean value is 9.87884 pJ with a standard deviation of 1.65150 pJ, as
seen in figure 5.7. In post-layout simulation, with the tt process corner and 25°C, the energy per
read access is: 11.17 pJ when reading a 0; and 10.45 pJ when reading a 1.

In the Monte Carlo simulations, the parameters idle power and energy per read access are

within the 30 range. The read voltage outputs go past the 30 range, but nevertheless comply with
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Figure 5.4: Monte Carlo Simulation for the tt corner - output when reading a 0.

the specification given, and do not compromise the SRAM’s ability to function properly.

The table seen in 5.2 summarizes the comparison between the SRAM designed in this disser-

tation with work seen in the literature. This SRAM has lower idle power consumption than all

previous works, with the exception of the work presented in [43], to the author’s best knowledge.
This SRAM perfectly illustrates the trade-off between area and power, has it shows one of the best

idle power consumptions but at the expense of a greater area.
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Caption:
[] Write State Machine; [ ] Read Power Gater;
[7] Read output flip flops; [[] Read Demultiplexer;
[7] Read State Machine; [ Write Demultiplexer;
[ Write Power Gate; I SRAM blocks;
[ ] Bitline drivers and read circuitry (pre charger
and sensor inverter), interleaved,; All other devices are input buffers.

Figure 5.9: SRAM memory layout.



Chapter 6

Conclusion

Following the latest trends in consumer electronics, the IoT segment is always pushing for new
ways to extend the battery life of its interconnected nodes. Thus, after studying the base structure
of the IoT node, the SRAM was identified as one of the crucial elements to be optimized in the
core of a node. This element is responsible for the data keeping while operating in an IDLE mode,
as such, maintaining its power consumption to the lowest possible level is a key factor when trying
to extend the battery life of the IoT peripherals.

Due to the challenges of the subthreshold operation region, consisting mainly of higher prop-
agation delay of the signals and lower drain currents, the traditional 6 transistor SRAM cannot
be used effectively in the weak inversion region [2, 8]. For this reason, a number of different
SRAM bitcell designs have been proposed, ranging from 7T designs to 12T or even 14T, and also
latch or standard cell based [26, 12, 27, 8, 30, 31, 35]. After an analysis of the available bitcell
architectures, the 10T [8] and an 8T [19] were chosen.

Resorting that, in this thesis, the intrinsic study of an SRAM was done with focus on the bitcell
optimization for the 180 nm CMOS process used. First a bitcell of 10 transistors, that can be seen
in figure 3.2, was developed and optimized, aiming for the lowest possible power consumption
while guaranteeing correct functioning of the bitcell (in terms of stored and read value). The
bitcell suffered six design iterations, where the supply voltage and transistor type (LVT and HVT)
were changed, and even reverse body-bias was tried. However the final bitcell architecture, that
can be seen in figure 3.2, used all LVT transistors with power gating on the read port and a supply
voltage of 200 mV, resulting in a bitcell idle power consumption of 141 fW, with a hold SNM
52.8mV; write SNM of 100.9 mV; and read SNM of 58.7 mV. The 8T architecture, seen in figure
3.7, was optimized resulting in a bitcell with a power consumption of 288 fW and a larger gate
area than the 10T bitcell, reasons which caused the 8T bitcell to not be implemented in the final
SRAM. The 10T bitcell allows the SRAM to be dual ported, meaning that it can be both written
to and read from at the same time, and the control circuitry needs to be designed to allow this
functionality.

The memory block was layed out in a modular aproach: first, the single bitcell was layed out,

achieving a size of 13.54 um by 53.56 um; eight bitcells were joined horizontally, to form a byte;
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the 128 bytes needed were layed out in a grid composed of 8 bytes (in a row) by 16 bytes (in a
column), as this was the only arrangement that gave a rectangular layout and fit in a chip of 1.2
mm by 1.2 mm.

The SRAM needs control circuitry, that allow it to coordinate the several steps required for
each write and read operation, and allow the data to be saved to/read from the correct word in the
memory. In this SRAM, the control circuits required are: two address decoders, implemented
with 7 to 128 demultiplexer, one for the write and the other for the read operation; bitline drivers,
allowing for the differential writing that the SRAM needs; read circuits, composed by bitline
prechargers and sense inverters, that aid in the read operation, increasing its reliability and robust-
ness; power gating circuits, used to lower the idle power of the SRAM by completely shutting
off parts of the circuit that are not needed; and state machines, controlling the write and read
operations. The demultiplexers and flip flops needed are built with logic gates, which were opti-
mized for power consumption and reliability. The other components needed (bitline drivers, pre
charger and power gater) were also optimized, always with the lowest power consumption possible
in mind.

The layout of the logic gates used a standard cell aproach: all logic gates have the same height,
with Vpp across the top and ground across the bottom, the inputs placed on the left and the outputs
on the right. These were used to layout the demultiplexers, with the spacing requirements that the
SRAM block imposed determining the final layout this component. After all components were
layed out, the final assembly of the SRAM was performed, resulting in the layout that can be seen
in figures 5.9 and A.5.

The layout parasitics were extracted and post-layout simulations were performed, to verify the
operation of the SRAM. Due to time constraints, and taking into consideration that a single post-
layout simulation lasted 6 hours, most metrics were calculated using schematic simulations. The
Monte Carlo simulations were ran at 25 °C, and proved that, although the idle power consumption
and energy per read access vary with process and transistor mismatch, the proper operation of the
SRAM is not affected.

In conclusion, a fully functioning SRAM with lower than proposed idle power consumption
was achieved. The SRAM memory operates at 200 mV of supply voltage, 128 Hz of clock period,
in a temperature range from 20 °C to 90 °C, while consuming 175 pW of power at idle, and an

average energy per read access of 10.85 pJ (per byte).

6.1 Future Work

Future work passes by adding a serializer and deserializer, endowing the SRAM with serial com-
munication capabilities and allowing it to exchange data with a microcontroller and a sensor. IC
fabrication and testing should also be done.

The layout of the RBL should be tweaked to allow functioning at lower temperature and slower
process corners. Tests in order to decrease the number of cycles to write or read should be done,

in order to reduce energy per read access and overall power consumption.
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10TSRAM; 10T_pouerGat ing_teste;l Averags OB voltaze expr awerageicliptv('/I0/0B" 7res,.. point o > x5 /6 v
10TSRAM; 10T_pousrGat ing_teste:l |Averaze Read Voltase expr |awerageicliplv('/REL" “resul,., point o < CWARCM A"y * 13 /6D v
10TSRAM: 10T_powerGeting_teste:l Max Resd Current expr unasdé-1 # clipta("/T0/REL" point | ¥ A
10TSRAM: 10T_powerGating_teste:l @ end value expr | valugby{"/I0/0" Fresult "tra... point | ¥ < VR Y+ 13 /B v
10TSRAM; 10T_pousrGat ing_teste:l OB end value expr valustu{*/I0/0B" Presult "tr,., point o > (VAR WAy * B3/ 6) v
10TSRAM; 10T_pouerGat ing_teste:l Averazs Read Powsr expr | (averags{(clip(i¢"/TO/RBL" 7,., point o W
10TSRAM:10T_powerGeting teste:l Average Read Fort Fower Hold | expr  {everage({clip{i{'/I0/REL" %... point  « 1
10TSRAM:10T_powerGating teste:l Averaze Pouer Reading ground | expr | {everasze({clip(i{"/I0NSS" %... point | ¥ l

Figure A.1: Cadence Virtuoso ADE XL Outputs Setup tab for the 10T SRAM bitcell optimization.

Outputs Setus Run Preview Results Diagnost.ics
Tetail PO O % M)l feriece BT A & L |
I Paranster ] ] I ] I [.C20 [ te1 | Ce@ | (23 | Co4 | C2& | Co&
Lo 180n 242n 325,5n 437 6n 588,5n 791.3n 1,0640
Li 180n 180n 180n 180n 180n 180n 180n
Writevalus 0 o o -
wnl180_reglB_vi2d,lib.zcs tt tt t t t t tt
temperature 25 25 25 25 25 25 25
weld 200m 200m 200m 200m 200m 200m 200m L
Test. I Output, I Spec [Weight[ass/Fail  Min |  Max | C20 | C21 | t22 | C23 | (24 | C25 | 26 _
10TSRAM; 10T _powerGat ing_teste;l /BEL = =3 = =3 = =4 2
10TSRAM: 10T _powerGat ing_teste:l /ELB = k E k= = =4 kL
10TSRAM:10T_powerGat ing_teste:l  /I0/Q E =3 = =4 = =4 %2
10TSRAM: 10T _powerbating_teste:l | /IO/0B E =3 = =4 = =4 %2
10TSRAM: 10T _powsrGat ing_testeil /MWL L =3 = =3 = =4 2
10TSRAM: 10T _powerGat ing_testeil /RBL L =3 k= =3 = =4 =2
10TSRAM: 10T _powerGat ing_teste;l /RHL = =3 = =3 = =4 2
10TSRAM: 10T_powerGat ing_testesl /IOASS (= (= L = E = k=
10TSRAM:10T_powerGat ing_teste:l  /TO/REL = =3 = =4 = =4 %2
10TSRAM: 10T _powerbating_teste:l | /vddRead |5 =3 = =4 = =4 %2
10TSRAM: 10T _powsrGating_testeil /wddBoost L L 1= L= = =3 k2
10TSRAM: 10T _powerGating_teste:l Idle Power 141.1 £l 2.258 pld 2,258 pW 1,648 pW 1,56 pd 1,515 pll 1,487 pkl 1,465 pd | 1,458 ¢
10TSRAM: 10T _pouerGat ing_teste:l Awveraze O voltage < CIVARL v, . pass 10,54 W 7.091 wv 76,51 uv 26,14 uy 18,93 u¥ 15,34 uV 13,14 oV 11,86 UV 11,18 o
10TSRAM:10T_powsrGating_testeil Auerage OB voltage > VAR "W, fail 33,86 w¥ 200 w1996 ¥ 198.9 ¥ 1985 n¥ 1981 oV 1976 oV 197 mv 196.4 w
10TSRAM:10T_powsrbat ing_teste:l Average Read Voltage < (VAR "w, . fail 9471 WY 1924 w¥ 9525 ¥ 963.9 ¥ 9705 u¥ 9773 oW 9858 WV 3955 WV 1,005 »
10TSRAM:10T_powsrbating_testeil Max Read Current 1,472 pA 4,084 pA | 1,48 pA 1,48 pA 1,48 pA 1,48 pA 1,479 pA 1,479 pA | 1,479 g
10TSRAM:10T_pouwerGat ing_teste:l 0 end value < COVARC ", L. pass 12,68 u¥  17.d2 wé 737 u¥ 28,03 u¥ 20,85 u¥ 17.28 u¥ 15,11 uv 1386 WV 13.21 o
10TSRAM: 10T_powerbating_teste:l OB end value > (VAR "W, . fail 10,22 w¥ 200wV 199.6 ¥ 198.9 o¥ 1986 n¥ 198 mV 1976 av  196.9 eV 196.4 o
10TSRAM; 10T _powerGat ing_teste;l Awverage Read Powsr 10.4 fW 16,85 fW 10,4 fW 10,4 fW 10,41 FW 10,41 fld 10,41 FWd 10,41 FH 10,42 f
10TSRAM:10T_powsrbating_teste:l Average Read Port Pow... 4,117 zW 9.935 zW B.844 yd 17,98 gl 224 gyl 31,92 gl 292,1 gd -772.4 gl 3,942 ¢
10TSRAM: 10T _powerGating_testeil Awerage Fower Reading... 455.8 fl 3.1 pH 2,563 pld 1,957 pld 1,871 pWd | 1,829 pW | 1,803 pWl | 1,789 pW | 1,782 f
|
E ! Interactive.0

Figure A.2: Cadence Virtuoso ADE XL Results tab for the 10T SRAM bitcell optimization.
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Figure A.5: Layout of the final SRAM memory, non annotated.
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