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ABSTRACT

Semiconductor Industries are dealing with the continual influx of accessible data
and the never-ending requirements for better and quicker performance to maintain
a competitive advantage and fulfil today’s needs for an ideal user experience.

In-Memory Computing(IMC) is gaining traction as a result of this. Because IMC
is more about how much data can be absorbed and evaluated in a short amount of
time. Incorporating alternate memory technologies, such as nonvolatile memory, is
an important trend for IMC since it allows for multilayer storage, higher density,
and low-power duty-cycle operation. Static Random Access Memory (SRAM), Re-
sistive RAM (RRAM), and phase-change memory(PCM) are examples of trending
memory technologies. RRAM-based architectures are proving themselves as a well-
established storage method.Because of its simple structure, compatibility with ex-
isting CMOS technology, high switching speed, and ability to scale to the tiniest
dimensions, RRAM is one of the most intriguing memory technologies.

In this thesis Logic-In-Memory designs have been proposed using IHP 130nm
RRAM technology. Combinational circuits like NOR, NAND, XOR have been suc-
cessfully simulated and optimized in terms of operating power and speed of oper-
ation. These designs are hybrid as it is incorporated with 130nm CMOS transis-
tor technology to achieve better functionality. Further, Non-Volatile SRAM(NV-
SRAM) cell is proposed which is a combination of 6T-SRAM and RRAM to incor-
porate non-volatility feature. Using this 8T1R NV-SRAM, a 4-cell array has been
designed with all the peripherals such as Sense Amplifier, Decoder, Bitline Driver
and others.

Lastly, A PMOS-based voltage reference generator is proposed which makes
the reference generation stage less susceptible towards small variations in incoming
voltage (in the order of uV') as the Loading Effect (LE) grows at the input of the
comparator stage in ADC in any memory(RRAM) array. The circuit stability is
evaluated for process variation and device mismatch. Further, sleep mode is applied

using the power-gating (PG) technique to minimize power dissipation.
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Chapter 1

Introduction and Related Work

1.1 Overview

Integrated electronic circuits made using semiconductor devices have increased
the amount of processing components and memory bits accessible to system en-
gineers for over fifty years. This expansion has resulted in orders of magnitude
increases in speed, reliability, and power consumption, as well as considerable cost
per device reductions. These developments are a direct result of regular device
shrinking in the semiconductor production process, as predicted by Gordon Moore
in 1965 (" Moore’s Law”), who predicted the expansion and spread of digital comput-
ing and its uses. The basic structure of digital computing units has been built on the
traditional stored-program machine architecture, which is characterised by a split
between functional units for data storage and instruction execution, as established
by von Neumann in the 1940s (”von Neumann architecture”). Moore’s law, on the
other hand, can’t be maintained permanently. Nanoscale CMOS transistor dimen-
sions are expected to reach crucial physical boundaries within the next ten years [1].
Even before Moore’s law comes to an end due to technological restrictions, the area
of computing is grappling with other fundamental issues that necessitate novel an-
swers. The first issue is known as “the memory wall” [2], and it is related to the
time and bandwidth needed to access memory. Another issue is the power shortage

caused by computer energy dissipation [3]. These difficulties are presently viewed
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as important roadblocks in computing’s evolutionary path, necessitating consider-
able research investments to build new architectures for next-generation computing
systems. Microelectronic technology will require breakthroughs ”beyond Moore”
to accommodate fresh applications in the future, when device dimensions will no
longer be scalable [4]. These improvements might include cutting-edge new gadgets
like carbon nanotubes. Over the next 2-3 decades, a less radical hybrid strategy
combining traditional CMOS with technological advances is likely to give a more
feasible and quick growth path. Multi-layered integrated circuits are an example
of a "more than Moore” technique that is becoming commercially viable. Memris-
tive devices are another emerging technology that will expand the possibilities of
CMOS [4]. The influence of memristive technology on computers is the subject of

this thesis.

1.1.0.1 Semiconductor Memory overview

The semiconductor memory can be categorized widely into two types, volatile
memory and non-volatile memory (NVM). Volatile memory, as the name suggests,
can retain the data as long as the power is maintained. When the power supply is
turned off, it loses the data stored in it. On the other hand, non-volatile memory
does not lose the stored data even when the power is turned off and is retained by
non-electrical states.

The most widely used volatile memories are Static Random Access Memory
(SRAM) and Dynamic Random Access Memory (DRAM). The programmable read
only memory (PROM) is an example of non-volatile memory where the data is

stored by means of fuses.

1.2 Memristors

The semiconductor industry has seen aggressive scaling in last 25 years in flash
memory segment which is based on the charge trapping in the floating gate in MOS

transistors, even crossing the limits put by Moore’s law [5]. However, as the devices
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Figure 1.1: Semiconductor Memory Overview.

are scaled down in nm regime, specially below 20 nm, the challenges for smooth
operation have increased drastically which in turn has caused increased bit error
rate and reduced write endurance (the maximum number of write cycles a mem-
ory can handle before it becomes unreliable). When flash process technology node
scales below 15 nm, these problems become severe [6]. Several alternative technolo-
gies have been investigated in recent years in order to develop a substitute for flash
memory. The stored data is represented as a resistance in most of these potential
technologies, and the storage device is fabricated within the metal layers itself. Non-
volatility, reasonably high write durability, high density, decent scalability beyond
10 nm, and quick read and write are all characteristics shared by these technolo-
gies. Certain potential memory technologies are fast enough and long enough to be
considered SRAM and DRAM replacements, allowing universal memory to be used.
Thus, memristors, or more technically, memristive devices, are a type of nonvolatile

memory technology that is gaining traction in recent times.

The electrode material used in traditional electrical devices is of critical im-
portance as it serves as a transit path for the charge carriers. In RRAM,
the material used for electrodes has a significant impact on the device’s switch-

ing behavior. A stable resistive switching behaviour was reported in the
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Figure 1.2: MIM Structure of RRAM device.

copper /poly(3-hexylthiophene): [6,6]-phenyl-C61-butyric acid methyl ester/indium-
tin oxide (Cu/P3HT: PCBM/ITO) structure. However, it vanished when the Cu
electrode was replaced with a Pt electrode. RRAM electrodes have been made from
different types of materials. On the basis of their composition, the materials for elec-
trode can be divided into five categories. Elementary substance Electrodes made
of Cu, W, Ag, Pt, Ti, Al, graphene and carbon nanotubes are the most prevalent
and widely utilized in elementary substance electrodes. However, for Si-based elec-
trodes, the typical electrodes that are employed are mainly p-type Si and n-type
Si. Allow electrodes such as Cu-Ti, Cu-Te, and Pt-Al are generally used to stabi-
lize resistive switching behavior of the device. TiN and TaN are the most popular
nitride-based electrodes. On the other hand, Al-doped ZnO, Ga-doped ZnO, and
ITO are some of the most common oxide-based electrodes that are used. In many
different types of oxides, non-volatile resistance switching has been seen, based on
the large diversity of materials used. Thus, RRAM has an advantage in terms of
material selection since metal-oxide-metal (MOM) devices can be easily produced

using oxides currently employed in semiconductor technology.
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(a) Schematic view (b) Simulation waveform

Figure 1.3: 1T1R configuration.

1.2.1 Resistance Switching Modes

A resistive random access memory (RRAM) is made up of resistive switching
memory cells with a metal-insulator-metal structure, or MIM structure. An in-
sulating layer (I) is layered in between two metal (M) electrodes in this arrange-
ment(Fig 1.2) . The schematic view of an RRAM cell is shown in figure whereas

figure represents the cross-sectional view of the same cell, respectively.

A voltage pulse applied externally across the RRAM device allows it to change
from OFF state (or the high resistance state, HRS) to ON state (or low resistance
state, LRS), and vice versa. The OFF state and the ON states are logically rep-
resented by 0’ and ’1’ respectively. This shift in resistance values in an RRAM
cell is thought to be caused by the resistive switching (RS) phenomenon as shown
in fig 1.3(b). Schematic of the setup used is also shown in Fig 1.3(a). A pristine
RRAM is generally in the high resistance state (HRS) at first. In order to facilitate
the transition of the device from the HRS to the LRS, a high voltage pulse is applied
which helps in the creation of conductive path in the oxide layer, and the RRAM
cell is switched into an LRS. This procedure is known as ‘electroforming’. The
voltage which facilitates this phenomenon is known as forming voltage (V). This
phenomenon happens because of the soft breakdown of the MIM structure. To turn
back from LRS to HRS, in the RRAM cell, a voltage pulse termed as the RESET

voltage (Vreset) is applied, enabling this shift in the states, and the procedure is
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Figure 1.4: Resistance Variation during SET-RESET Operation

known as the 'RESET’ process as shown in Fig 1.4(a). On application of the voltage
pulse, the RRAM’s HRS can be switched to LRS. In the ‘SET’ process, a voltage
is applied to change the states from HRS to LRS. This voltage is known as SET
voltage (Vset)Fig 1.4(b).

In order to read data from an RRAM memory unit efficiently, a small read volt-
age is used to detect if the unit is in the logic low (HRS) or logic high (LRS) state
without disturbing the present state of the cell. RRAM thus acts as a non-volatile
memory as both logic high and logic low states retain their values even after sup-
plied power is removed. The RRAM can be categorized into two types of switching
modes based on the applied voltage polarity: (i) unipolar switching and, (ii) bipolar
switching [7]. The transition (set and reset operation) of the memory unit between
different resistance states in unipolar switching is not dependent on the applied
voltage polarity, i.e., transition can occur when a same type voltage but of various
magnitude is applied as shown in Figure. In bipolar switching, however, the device’s
transition (set and reset process) between different resistance states is dependent on
the applied voltage polarity, i.e., a change from an HRS to LRS happens at one
polarity (either of positive or negative type) of voltage, and the transition in the
opposite direction i.e., back to HRS is caused by opposite type of applied voltage as
shown in Figure. The physical mechanism, Joule heating causes a conducting fila-
ment to burst during a reset operation in unipolar switching. In bipolar switching,
charged species migration is the predominant factor for conductive filament break-

down, but Joule heating helps in speeding up the process. A compliance current



(I.) is imposed on the device to ensure that the dielectric switching layer does not
permanently break down during the forming/set operation. During off-chip testing,
the I.. is commonly maintained by a device which is used for cell selection such as a

transistor, diode or resistor or a parameter analyzer used for semiconductor devices.

1.3 Applications of RRAM

Because of its high speed, non-volatile data store capabilities, increased storage
density, and logic processing function, RRAM is viewed as one of the most promising
candidates among upcoming memory technologies which has the potential to reor-
ganize the memory hierarchy. This section discusses the different innovative RRAM

applications.

1.3.1 Non-volatile Logic

Because of the distinct processing and memory unit in a computer system with
von Neumann architecture, instruction codes and data are exchanged using buses
between various units. The ‘von Neumann bottleneck’ is the result of this data
transfer process, which results in higher energy consumption and time delay. The
computing procedure that uses RRAM crossbar array to adjust the memory and
computational activities in the same core is recommended for lowering the effect
of von Neumann constraints. Furthermore, RRAM which consists of only two-
terminals has a compact device structure, the 4F? array design is particularly useful
to achieve high density of integration and reduced cost. For example, very commonly
used Boolean logic functions like ‘logic NOT’, ‘logic AND’, and ‘logic OR’ need
numerous transistors, each of which occupies 8-10F of space, whereas, only two or
three RRAM cells can be used to realize these logic operations, leading to an overall

approximate area of around 10F2,



1.3.2 Neuromorphic Computing

One of the most promising approaches to avoid the 'von Neumann bottleneck’
has been to use brain-inspired neuromorphic computing, which has shown amazing
potential in a variety of complex and cognitive tasks such as visual/audio recogni-
tion, self-driving, and real-time big-data analytics. RRAM-array which are based on
neuromorphic computing has advantages over CMOS-based neuromorphic networks
in terms of on-chip weight storage, online training, and scalability to a considerably
higher array size. Furthermore, the speed of processing in RRAM increases by three
orders of magnitude while energy consumption decreases by almost four orders of

magnitude.

Two methodologies are proposed for achieving hardware-implemented neuro-
morphic computing paradigms: one resembles the form and working methodology
of biological neural networks, and the other one operates by accelerating existing
artificial neural network (ANN) algorithms. A synapse in a neural network is uti-
lized to transport spikes between neurons as well as store information about the
transferring weights. Different learning rules, such as spike-time-dependent plas-
ticity (STDP) and spike-rate-dependent plasticity (SRDP), can be used to obtain

information about weights.

Although various works in the research field have attempted to imitate such
learning principles on RRAM devices, extending these rules based on bioinspired
learning to perform a complex task is still difficult because of the inadequate the-
oretical methodology. An ANN can be immediately mapped to an RRAM-based
neuromorphic network, which is a feasible approach. This approach has been used
to show complex tasks like as speech and pattern recognition. RRAM-based synapse,
while promising, is still a long way from being widely used because a number of diffi-
culties, including optimization of materials, variation suppression, design of control
circuit, architectural, and design methodologies needed for analog computing are

required to be addressed in an adequate manner.



1.3.3 Security Application

With the rapid advancements in the world of information technology, the security
component has grown more prominent, necessitating the use of hardware-based
security integrated circuits. The security designs (at the circuit level) based on
RRAM are highly resilient to attacks of various types than the same which are
designed with CMOS logic, which leverages the random nature of the semiconductor
fabrication process. RRAM based security circuits are more reliable to attacks
of various types than security circuits based on CMOS logic, which leverages the
random nature of the semiconductor manufacturing process. Larger fluctuation in
device parameters of RRAM, for example, random telegraph noise (RTN), changes in
the resistance value, and probabilistic switching are ideal for security applications, as
opposed to memory applications, which require a smaller degree of variation among
various factors. For device authentication (strong PUF) and key generation (weak
PUF) applications, a novel security feature based on RRAM known as physical
unclonable function (PUF) is presented. Strong PUF necessitates a much greater
number of input and output combinations, whereas weak PUF necessitates only
a limited number of CRPs with extremely high dependability. Despite the fact
that RRAM-based PUFs have demonstrated excellent performance, more practical
examples and analyses are required to be investigated to establish the viability of

this unique primitive in the domain of hardware security.

1.3.4 Non-volatile SRAM

SRAM and DRAM, which are volatile memory technologies, may require more
than 50% of the static power in today’s mobile SoC chips. RRAM-based NV-SRAM
was developed to accomplish fast simultaneous memory operations, decreased size,
and low power consumption. To form an 8T2R structure, 2 RRAM units are layered
on 8 transistors. Also, nonvolatile ternary content-addressable memory (TCAM)
with a 4T2R unit structure and non-volatile flip flops with lowered stress time and

reduced write power designed with RRAM has been recently reported.



1.4 Organization of Thesis

The rest of the thesis is laid out as follows:

Chapter 2: In this chapter we discussed the simulation methodology of importing
the libraries of different technology such as [HP130nm, 45nm. We have also
discussed how to run several types of simulations in cadence-virtuoso environment.
Chapter 3: Logic-in-memory computing background and related architectures are
discussed in this chapter. Furthermore, we explain how RRAM cell can be used to
design logic-in-memory cells and then be used for other combinational logics.
Chapter 4: Non-volatile SRAM is discussed in this chapter along with the detailed
discussion of 6T-SRAM array with peripheral circuitry.

Chapter 5: In this chapter, Loading effect has been discussed and how it can be
minimized using efficient designing of voltage reference ladder circuit. It’s pareto
analysis has also been discussed.

Chapter 6: This chapter brings the effort to a close and lays the groundwork for

future projects..

10



Chapter 2

Simulation Methodology

To ensure repeatability, prominent tools and procedures were used in this study.
All simulations were performed using the Cadence Virtuoso tool. It was decided to
use the most recent version accessible. A CMOS component library, the ability to
assess power, delay, and component counts, and a memristor model were all met by
Virtuoso. There have been a variety of memristor models suggested and utilised,
each with its own set of characteristics. The IHP RRAM model was chosen for this
project because it can represent several models, whereas other models are limited
to a single memristor fabrication. Various memristor settings must be carefully cho-
sen in order to employ the IHP model. Resistances Rj;q, and Ry, are two such
parameters, with Rp;,n >> Ry, indicating that a memristor with Rhigh resistance
is in the 0 state while a memristor is in the 1 state with Rj,,, resistance. Other
features of the memristors, such as internal thresholds and doping width, influence
the specific values of Rjo, and Rpgn. At t=0ns, all memristors and other pertinent
values in the designs are set to 0 or high resistance. In the Spectre simulator and
Virtuoso ADE L, all simulations were run using transient analysis. It is not realistic
to compare memristor-based designs to classic CMOS designs, and occasionally to
other memristor designs, while implementing them. Second, RRAM device them-
selves are still poorly understood in terms of interference and other circuit practical
limits. As a result, the RRAM model’s real dimensional area needs are unavailable,

making genuine area comparisons across designs difficult.
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The Virtuoso Editor was used to create all of the schematics. At t=0ns, all mem-
ristors and other pertinent values in the circuits are set to 0 or high resistance. In
the Spectre simulator and Virtuoso ADE L, all simulations were run using transient
analysis. It is not realistic to compare memristor-based designs to classic CMOS
designs, and occasionally to other memristor designs, while implementing them.
Second, RRAM device themselves are still poorly defined in terms of interference
and other circuit practical limits. As a result, the RRAM model’s real dimensional

area needs are unavailable, making genuine area comparisons across designs difficult.

2.1 SG13 Design Kit Model

This guide describes the SG13 Cadence™ Design Kit family that currently con-
tains the SG13S. SG13 is a state-of-the-art 0,13 pm BiCMOS process with tungsten
local interconnection, aluminum metallization, high-speed npn SiGe: C-HBTs, MIM
capacitors, poly-Si resistors, inductors and more. The standard backend option of-
fers seven metal layers including thick Top-Metall and Top-Metal2. Drawings in
SG13 are made in 1:1 scale. The kit offers an Assura runset for Cadence and is op-
timized for the development of analog and high-speed circuits such as for fiber com-
munication or wireless applications. The default simulation environment is Spectre
(/RF), additionally an ADS link is provided. Non-Cadence users can ask for a spe-
cial “GDS-Kit” which contains device layout samples, models and documentation
as well as rule files and ASCII technology file. General: The grid resolution in the
SG13 process is 5 nm. All layout components implemented in the Design Kit are
on grid. Following this, your entire design must be on grid. If you draw a metal
object by using the path command, the path width should be an even number times
the grid resolution to avoid off-grid DRC errors. Process options: Please note that
users can not change technology and/or module options on their own within the
PDK installation. Resultant, you can not handle the circuits for different process
options within the same Cadence program instance. This is done to reduce error

probability. For convenience, the Design Kit will write a prompt in the bottom left
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Table 2.1: RECOMMENDED SOFTWARE VERSIONS.

Cadence Virtuoso | 1C6.1.6 or above

Assura Assura sub-version 4.1 _HF4
MMSIM mmsim72 or above

IUS IUS82 or above

Encounter soc913

QRC ext914

of all windows which contains the technology, frontend and backend option.

Recommended Software Versions Cadence virtuoso I1C6.1.6 or above Assura As-
sura sub-version 4.1 HF4 MMSIM mmsim72 or above IUS IUS82 or above Encounter
s0c913 QRC ext914 as shown in Table 2.1

2.2 Circuit Entry and Simulations

Circuit Entry For a new design, select the Library manager — File — New —
Library in the library browser menu. Enter a name for your new library — click
apply and the TechnologyFile window appears — select Attach to an existing techfile
— and then OK. Select SG13_dev as technology library. Now it is possible to select
a library by clicking on it. To create a new schematic, select Library — File — New
— Cellview in the library browser menu. Enter “schematic” in the name line and
press TAB. The composer will be selected as the schematic entry tool. It’s good to
keep the schematic separate from the test environment and the supply. In order to
do so, you must create a symbol for your design. The best time to do this is afer
defining all I/O pins as symbolic pins (create — pin), by selecting Design — Create
— CellviewByCellview. Doing this again after the changes have been made to the

pin, the definitions will allow you to modify the symbol.
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2.2.1 ADE L Simulation

To start simulations, select Tools — AnalogEnvironment in the composer win-
dow. A new window will pop up which allows to define simulations, variables,
environment, and models. The default Setup is to use Spectre (or Spectre/RF)
Simulator /Directory /Host to display the dialog box — Spectre(/RF) as the simula-
tor at 27° environment temperature with typical mean models. If you want to view
the results, use the Waveform viewer from the Tools menu and the Calculator to
select transient (Vr), AC (Vr), DC Sweep (Vs) or operating point (Vpe) voltages
in the schematic. To probe currents, you must first select the currents to be probed
by using either Outputs — ToBeSaved or Outputs — SelectAll. In some cases this

may cause a significant slow-down or convergence problems.

2.2.2 Corner Simulation

Analog circuits have to work across wide supply voltages, temperatures and
process parameter ranges. To simulate the process parameter range, best case and
worst case simulation models have been characterized. These are implemented into
the Design Kit while each case has its own model file that is stored in the path
/revn.n.n/tech/spectre These files only contain relative numbers to vary the common
models which reside in the models.all file. Thus it is easy to define different process
corners which may be useful for the design. Typically model file, supply voltage
and temperature will be varied in the corner simulations (PVT variation = process,
voltage, temperature). Table 2.2 shows an example range for those independent
parameters. For three corners, three temperatures and three supply voltages you
will run 27 simulations.

Own corners can be defined by creating a new corner file. All models are kept in
the models.all file. The parameters vary with variables whose default value is equal
to 1.0 (such as models.typ). Therefore, the corner files only change those predefined
variables by a relative value, e.g. 0.8 for a ~20% deviation. Any simulation with

the Spectre Simulator will be done with models.typ model file unless it is changed.
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Table 2.2: STANDARD CORNERS.

Corner Simulation | Modelfile | Temperature (°C') | Supply Voltage

Typical Mean models.typ | 27 Vdd
Worst Case models.wes | 125 Vdd-10%
Best Case models.bes | -40 Vdd+10%

To change according to model file in the Analog Artist tool select Setup — Model
Libraries. The Model Library Setup form will appear. Select with left-clicking the
model path and it displays automatically into the Model Library File box. Change
the model file to, e.g. ‘models.wecs” and click Change. Select OK to continue. To
change the simulation temperature, select Setup — Temperature in the Analog

Design Environment tool. Change the temperature and click OK to continue.

2.2.3 Monte-Carlo and Parametric Simulation

In many cases the corner simulations are not sufficient to characterize a circuit.
Many analog designs rely on a good matching between individual elements of a cir-
cuit. You can perform statistical simulations by the method of a Monte-Carlo (MC)
analysis and include either process tolerance, device mismatch or both. MC will
run for instance for a hundred times and calculate each time, individual parameters
for every element, based on process statistics and limited to a deviation of 3o. In
fact, process tolerance must be simulated with a typical mean model setup. Before
starting a MC run, you should always force a recreation of the netlist by selecting
Options — Netlist — Recreate. Parametric simulations are useful to combine, for
example, a DC Sweep of temperature which runs at different operating voltages. To
do this, choose Variables — CopyFromCellview in the Analog Environment window
— and edit the default value and finally Variables — CopyToCellview to store the
value in the schematic. Before doing a parametric analysis, you should always force

Simulation — Netlist — Recreate.
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Chapter 3

Logic-In-Memory Implementation
using IHP-130nm RRAM
Technology

3.1 Non-Volatile In-Memory Computing Archi-

tecture

In a traditional computing system, the data is stored in the memory architecture
only. I/O connections are required since it is segregated from the general CPUs. As
a result, all data must be sent out to an external processor and then stored back
in during information processing. This architecture, on the other hand, will cause
substantial I/O congestion in data-oriented applications like machine learning accel-
eration, resulting in a significant degradation in overall performance. Furthermore,
considerable static power will be required as all of the information must be stored
even when they are not being used.

Adding extra I/O pins or using them at a greater frequency might theoretically
solve the bandwidth problem at present. In practice, however, the delay in signal
propagation and integration of signal related difficulties limit 1/O frequency, and

I/O quantity is constrained by technology associated with packing, thus bandwidth
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can only be increased so far. It is also possible to reduce the volume of informa-
tion transferring between the processor and the memory, in addition to enhancing
memory bandwidth. The CPU typically just reads the raw information from the
main memory. The I/O communication demand can be greatly decreased if some
of the operations can be executed in the memory itself before delivering data. For
eg., if we need to perform addition of 8 numbers, we must feed all 8 values into
the CPU in the traditional manner. If the 2 numbers can be added as an in-
memory logic operation, the pre-processing of addition can be performed inside
the memory itself and only have to read out four values. In order to execute in-
memory computing, we must implement logic operations within memory in order to
perform pre-processing. Logic-in-memory architecture is the name for this type of
architecture. Figure 3.1 summarizes the requirements of the ideal logic-in-memory
architecture in general. Through large bandwidth and power efficient reconfigurable
I/Os, a large non-volatile memory sea is connected to thousands of small accelerator

cores.

Big Memory (Non-Volatile)

Figure 3.1: Logic In-Memory architecture.

Logic-in-memory designs connected with non-volatile memory are shown in the
coming section, taking into account leakage power minimization at the same time.

By combining CMOS circuits with storage devices, Figure 3.2 depicts a logic-in-
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memory architecture. However, there are two fundamental drawbacks to this very
cell-level in-memory architecture. To begin with, logic implemented through the
standard CMOS process, is stored in memory, making it tough to reconfigure. Sec-
ond, it can only execute basic logic. In this context, the memory complexity will be

considerably increased.

3.2 Combinational Logic Design using IHP
130nm RRAM.

3.2.1 NOR Logic using RRAM

This is illustrated in Figure 3.2 for a NOR gate, where the beginning resistances
of memristors inl and in2 are the gate’s inputs, and the ultimate resistance of
memristor out is the gate’s output for a NOR gate as illustrated in Fig. 3.2(a). The
operation of this gate is divided into two sections. The output memristor is initially
set to a known logical state in the first step. A voltage VO is put across the logic
gate in the second stage of operation. The voltage across the output memristor
is determined by the logical state of the input and output memristors when VO
is applied. To maintain correct functioning, the memristor’s nonlinear features,
notably the threshold currents or voltages, are used. Similarly, NAND logic can

also be designed which is explained in the next subsection.

(a) Schematic (b) Output Waveform

Figure 3.2: IHP-130nm RRAM-based NOR Logic Design.
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(a) Schematic (b) Output Waveform

Figure 3.3: THP-130nm RRAM-based NAND Logic Design.

3.2.2 NAND Logic using RRAM

NAND logic can also be designed in similar manner as NOR logic by justing
reversing the polarity of the RRAM devices(Fig.3.3(a)). The ristances of both the
devices varies accordingly. The voltage is strong enough to change the logical state
of the output memristor for specific input input combinations, i.e., the memristor
voltage/current is higher than the threshold voltage/current, whereas the output
remains in the initialise state for other input combinations, i.e., the RRAM volt-
age/current is below the threshold voltage level. It’s worth noting that complete

switching isn’t always possible with RRAM with a threshold current.

3.2.3 XOR Logic using RRAM

Extending from the basic logic cell design, the XOR logic designing is explained
in this section. The XOR logic is designed using RRAM-based NOR gate. NOR
stages are repeated to achieve the functionality as shown in Fig. 3.4. The schematics
for NAND, NOR and XOR are hybrid in nature i.e., the overall design consists both
RRAM (IHP 130nm) and CMOS (IHP 130nm) technology. Output waveform is also
shown (Fig. 3.5). As we move on to extend the design further for other complex
logic circuit, problem of Loading effect(LE) arises which is due to the dual polarity
structure of the RRAM. The loading effect is also discussed in detail in chapter 6.
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Figure 3.5: 2-input XOR output waveform.

3.3 Summary

In this chapter logic-in-memory cells have been proposed using IHP130nm tech-
nology. Depending on the switching mechanism (unipolar or bipolar) of the RRAM
device, input voltage pulse needs to be applied. In these designs unipolar switching
is used 1.3v square wave pulse is applied and the output waveforms are plotted. To
use bipolar switching the applied input pulse needs to be varied in both positive as

well as negative cycle. Basic logics such as NOR, NAND and XOR are proposed



and similar technique can be used to design other complex combinational circuits

as part of the future work.
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Chapter 4

Non-Volatile SRAM

Static random access memory (SRAM) is categorised as volatile memory since
it loses its contents when turned off. It is volatile since there is no data when power
comes back onto the device. The dynamic random access memory (DRAM) found
in all modern computers and laptops is another form of volatile memory. The NV-
SRAM is a type of non-volatile memory which combines the benefits of SRAM with
nonvolatility feature. When compared to competing options such as huge capacitors
and batteries to maintain data on devices when power is stopped, the nvSRAM
offers significant benefits for applications where high speed and nonvolatile storage
are needed at a low cost. Smart metres, servers, programmable logic controllers
(PLCs), games, multifunction printers, and storage units are among these uses. It is

a novel hybrid structure that combines SRAM and RRAM technologies (NVSRAM).

4.1 Conventional 6T-SRAM

Fig.4.1(a) shows the fundamental construction of a standard 6T SRAM cell.
As shown in the diagram, it comprises of a cross-coupled inverter pair made up of
NMO-PMO and NM1-PM1 devices, as well as two NMOS access devices NM2 and
NM3 linked to the complementary bit lines BL and /BL. The bit lines voltage is
removed from the cell storage nodes Q and Qbar during standby mode because the

word line signal WL remains at logic 0. The inverter pair’s intrinsic feedback loop
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(a) Schematic (b) Layout

Figure 4.1: Conventional 6T-SRAM.

retains its latching property and saves the stored data in this circumstance. When
both complimentary bit lines are driven by the data to be written, the cell’s write
operation is enabled by activating the WL at logic 1. Data is always written into
a normal 6T SRAM cell by first writing a ’0’ into one of its storage nodes. For
example, assuming Q and Qbar carry logic 1 and 0 respectively, and logic 0 has
to be written at node Q, which is referred to as the cell’s write 0 operation. As a
result, 0 and 1 drive write 0, BL, and /BL, respectively. As a result of this condition,
the node Q discharges through the activated access device NM2 and discharges BL.
Initial logic 0 at Qbar, on the other hand, maintains PMOS device PMO active and
prevents node Q from being discharged by delivering a charging current from VDD.
As a result, a successful write operation necessitates access devices that are more

powerful than the pull-up devices.

The WL stays active to switch on the access devices during the read 0 operation,
and the bit lines are precharged to VDD. As a result, the node Q storing 0 supplies a
discharge channel to the corresponding bit line BL, and the sensing amplifer senses
the voltage difference of both bit lines to provide the read output. However, in this
case of BL discharge, the access and pull-down devices (NM2 and NMO, respectively)
form a potential divider, resulting in a non-zero potential at node Q. Furthermore,
if NM2’s driving current is greater than NMO’s, a voltage increase at (Q greater

than the switching voltage of the opposite inverter may occur. It will flip the data,
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resulting in read failure. As a result, a cell’s effective read operation necessitates
access devices that are weaker than the pull-down devices. 6T SRAM layout is also

shown in Fig 4.1(b).

4.2 Major Design Challenges of Conventional
SRAM

SRAM has been the chosen cache memory technology by VLSI designers for
many years. It’s because SRAM’s operating speed is comparable to that of a basic
logic circuit, and it uses less static power. Furthermore, SRAM may be manufac-
tured using the same method as conventional logic circuits, resulting in no additional
processing costs throughout the manufacturing process. SRAM is a better choice
than other existing memory options such as DRAM or Flash memories because of
such advantages [8]. SRAM is an essential building component in today’s SoCs, and
optimising its low power, huge bandwidth, high density, or dependable functioning
as per the specified application is a real concern. Memory, on the other hand, is
the most vulnerable component of any system when it comes to the ever-increasing
process variations that come with technology downscaling. It is related to higher
Vrg fluctuations with lower device geometry for contemporary scaled technologies,
which increases the risk of memory bit cells failing owing to difficulty in maintaining
their scaling ratio [9]. Furthermore, due to the lower voltage swing required to tol-
erate the effect of noise voltage, voltage scaling adds to the issue of bit cell stability.
In the context of higher process variability at lesser technology, the scenario at low

supply becomes much worse.

4.2.1 Inter-Die (Global) Variations

Variances in the average value of different device parameters for numerous dies
are referred to as inter-die variations. The average NMOS/PMOS threshold voltage,

dielectric thickness, and poly width are among the factors. Systematic processing
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changes impacting individual dies cause a global variance, and all devices on a single

die are impacted in the same way.

4.2.2 Intra-Die (Local/Mismatch) Variations

The discrepancy in parameter values among nominally matched devices on
the same die is referred to as intra-die variations. The difference in numbers of
NMOS/PMOS channel-adjust doping ions, poly line-edge roughness, lithographic
loss, and transient phenomena like Negative Bias Temperature Instability all con-
tribute to mismatch fluctuations (NBTI) When it comes to the growing prevalence
of design failures reported in advanced technology nodes, local variances are more
concerning than global variations. These intra-die fluctuations are inversely pro-
portional to channel area, and so grow exponentially as technology downscales. At
low supply voltage, such changes significantly decrease memory metrics such as read
current (IRead) and Read and Write Static Noise Margin (RSNM and WSNM, re-
spectively) of SRAM cells. The significant variability of device ON current (Ipy)

induced by Vg fluctuations degrades read performance.

4.2.3 Read/Write Conflict

A trade-off exists between read and write operations in a conventional 6T-SRAM
cell, making it challenging to concurrently enhance both read and write performance.
The beta ratio, which is the ratio of pull down to access device sizes, and the
switching voltage of cross-coupled inverters must both be high to increase read
stability. To avoid read upset, the necessary ratio is typically in the region of 1.2-3.
On the other hand, raising the pull-up ratio (ratio), which is the ratio of access to
pull-up device sizes, improves writeability. The normal value is generally required
to be less than 1.8 for excellent write ability.

A read decoupling strategy, in which storage nodes are isolated from the read
channel, is extensively employed for the different SRAM cells to eliminate this

read/write trade-off.

26



4.2.4 Temperature Dependence of Read and Write Ability

Slow PMOS and fast NMOS (SF corner) are identified as the worst corners for
read stability when considering inter-die differences represented by different process
corners. Slow NMOS and Fast PMOS (SF corner) are the worst process corners in
terms of writeability. The rapid NMOS (pull down and access transistors) result
in poorer cell read stability when the threshold voltage (Vrg) of NMOS is dropped
at high-temperature levels. Reduced temperature, on the other hand, increases the
VTH of NMOS devices and enhances cell stability. With increasing/decreasing tem-
perature values, the read performance (Igeqq) of 6T SRAM cells improves/degrades.
When working with low supply voltage and small devices in advanced technological

nodes, the temperature sensitivity of SRAM cells becomes critical.

4.2.5 Trade-off between Performance and Stability

Supply voltage scaling is a typical method of reducing current SoC devices’
power usage. The switching power of the architecture is lowered quadratically by
voltage scaling, but the reduced driving current of transistors degrades the operating
frequency by many orders of magnitude. As a result, the leakage power of such
slow clock cycles dominates the system’s overall power, putting a restriction on low-
voltage operation in power-limited applications. Although high-VTH devices appear
to be an alternative for controlling leakage, the lower driving current slows down the
system speed. Furthermore, the traditional 6T has the issue of a difficult trade-off
between stability (SNMread) and performance (I,eqq). Because the read stability
(RSNM) is determined by the ((W=L)pulldown/(W=L)access) ratio, raising its
value improves read stability and eliminates the danger of read failure. However,
for a bigger I,..q and increased read performance, a greater value of (W=L)access
(i.e. a lower ratio=(W=L)pulldown/(W=L)access) is required. As a result, it has

to choose between memory read stability and read performance.
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4.2.6 Soft-Error Issue

Due to lower critical charge (@) at continuous scaling of supply voltage VDD
and smaller storage node-capacitances for tiny feature sized devices of advanced
technology nodes, the effect of soft error is becoming crucial for 6T SRAM cells. It’s
because a soft error happens when an alpha particle or other cosmic rays collide with
a memory node and transfer energy to a storage node, causing the memory node
to lose its stored data. Because the sensitivity to soft errors is determined by the
charge stored at the storage node, a minimum quantity of storage node capacitance
is required to tolerate the occurrence of soft errors. As a result, every ten percent
drop in VDD raises the soft error rate (SER) by 18 percent. When numerous bits
of memory are affected by a soft mistake, the situation becomes quite serious. Bit-
interleaving array design is a frequent solution for removing such multi-bit errors.
For traditional SRAM cells, although, the use of bit-interleaving causes a half-select

problem.

4.3 Low-Power SRAM Cell Design

Low-power SRAM cell can be designed by modifying the design structure of the

conventional 6T cell. The implementation can be done in a several manners.

4.3.1 Use of Multi-V;yz Device

The multi-Vrgy approach may be used to build an SRAM cell with a dedicated
read port. For this design, high-V; gy devices are used in the core latch section, which
includes the write access devices and cross-coupled inverter pair, to reduce leakage,
but low-Vry devices are required in the read port to preserve read performance.
This approach might be a suitable solution for power optimised SRAM cell design
because leakage is the biggest power source for the SRAM at low supply voltages.
Due to the deterioration in write performance, this is not true for energy efficiency.

The total SRAM energy (Ejoq;) can be written using Eq. 4.1:
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Etotal = Eswitching + Eleakage
(4.1)

2
= Oswitching X VDD + Ileakage X VDD xT

where the operation time T = 2 xmax(tread, twrite)-

When T is decided by the write time ¢,,,;., the slower write speed caused by high-
Vry devices along the route may result in a higher Fj,,. As a result, these power-
saving multi-Vrgy approaches should include some extra write-assist techniques to

boost write performance while simultaneously decreasing energy consumption.

4.3.2 Use of Stacking Effect

Another efficient way to reduce leakage current is to use the stacking effect.
According to this, a stack is formed when two devices are linked in series, as shown
in Fig. 4.2. If the higher device is turned on and the lower one is turned off, the

intermediate node will grow to a positive voltage V.

_IVX

L | M1

Vy?

Figure 4.2: Stacking of two NMOS devices.

The effect of this non-zero voltage V), is as follows:

1. M1’s gate to source voltage (Vig) decreases, and the drain current decreases

as well.
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2. The non-zero value of source to body voltage for M1 increases body biassing,
which raises the threshold voltage. The leakage current is lowered by a given

amount as a result.

3. With a positive source voltage (V,)), the reduced drain induced barrier lowering
(DIBL) effect for M1 raises the threshold voltage and hence reduces leakage

current down the circuit.

For PMOS devices, a similar effect may be achieved. As a result, using stacking
devices in either the SRAM cell’s pull-up or pull-down paths may assist to minimise

total leakage power.

4.3.3 Supply voltage scaling

A CMOS circuit’s power consumption in active mode is a mix of dynamic and
static power. The static leakage current via each transistor is the only source of
power in standby mode. The dynamic power of CMOS is split into two categories:
(i) switching power to charge and discharge the load capacitor; (ii) short circuit
power due to the tiny current flowing via the Vpp to Vgg channel due to the input
signals’ non-zero rise and fall times. The simple equations for the dynamic and

leakage power are given as:

denamic = Q- f -C- VD2D (42)

Preak = Lieak - VDD (4.3)

where, f is the operation frequency, C is the load capacitance, VDD is supply
voltage, is switching activity factor and I, is the total leakage current. The
dynamic and leakage power have a quadratic and linear relationship with the supply
voltage VDD, as shown by equations 4.4 & 4.5. Supply voltage scaling is thought to
be an effective way to lower the power of SRAM cells based on these relationships.

Furthermore, while VDD reduction degrades performance, scaling must be applied
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to the non-critical route of the SRAM cell, while the critical path must receive an

unscaled supply voltage.

4.3.4 Single-ended approach

The complementary bit lines (BL and /BL) in an SRAM array are significantly
loaded by the node capacitance of many SRAM cells. When a read or write operation
is conducted, these bit lines waste a lot of power during their switching. It’s easier
to grasp by looking at the read and write power equation for an 6T-SRAM memory,

which is shown below.

Pwrite = Olyrite * C(BL : V[2)D : f (44)

Pread = Qread - Cpr - AVpr - Vpp - f (4.5)

here, « is the switching activity factor, C'gy, is the bit line capacitance and Vg,
is the bit line swing produced during the read operation.

As a result, by minimising one half of the active power owing to bit line switching,
a single-ended approach, is viable for the power efficient SRAM cell design. The
single-ended SRAM cell also helps to cut the cell’s leakage power consumption in
half. Instead of using a differential technique to execute the read or write operation,
this scheme uses only a single bit line. The fundamental issue with the single-ended
technique is that while executing write 1, the storage node Q suffers from Vg loss

through the access transistor, necessitating write enhancement.
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4.4 Low-power SRAM memory array

A 2x2 (4-cell) array of 6T-SRAM has been design using IHP-130nm technology.
The array includes all the peripherals such as Sense amplifier, 2-bit D latch, 1x2
decoder, bitline driver, write switch, 2-bit ATD, and Equalizing Circuit. All the

circuitries are discussed in detail in subsequent chapters.

Figure 4.3: 2X2 6T SRAM Array with Peripherals.

4.4.1 Sense Amplifier

A sense amplifier is one of the circuitry elements of a semiconductor memory
chip (integrated circuit) in modern computer memory. The word itself dates back
to the period of magnetic core memory. A sense amplifier is a component of the
read circuitry that is used to read data from memory. Its job is to detect low-power

signals from the bitline that represents a data bit (1 or 0) stored in a memory cell
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Figure 4.4: Single Sense Amplifier(SA).

and amplify the small voltage swing to recognisable logic levels, allowing the data

to be properly interpreted by logic outside the memory.

4.4.2 2-bit D Latch

We may omit one of those inputs to produce a latch circuit with no "illegal”
input states since the enable input on a gated S-R latch allows us to latch the Q
and not-Q outputs regardless of the status of S or R. A 1-bit D-latch is a circuit
with internal logic that looks like this Fig. 4.5.

A gated S-R latch with an inverter applied to make R the complement of S is

Figure 4.5: Single bit D Latch.
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what the D latch is. A multi-bit memory circuit is one use for the D latch. Setting
the enable input high (1) and adjusting D to any value the stored bit to be, allows
us to "write” (store) a 0 or 1 bit in this latch circuit. When the enable input is
set to low (0), the latch ignores the D input’s state and keeps the stored bit value,

sending at (Q and its inverse on output not-Q.

4.4.3 1X2 Decoder

Rows and columns make up the memory cell matrix. The word line is used to
access each row, whereas the bit line is used to access each column. Bit line and
complementary bit line are both used to latch a bit in a memory cell. Depending on
the write and read operations, digit lines or data lines are responsible for transport-
ing data to and from bit lines. The complete word is usually attained by making the
word line high. To discriminate between columns, a column decoder is employed.
The decoders must be given row and column addresses in order to choose a word.
Row and column decoders, on the other hand, are not designed since each bit is

accessible individually for testing purposes.

Figure 4.6: 1X2 Decoder.
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4.4.4 Bitline Driver

Bitline driver is a circuit which controls the charging of bitlines. Based on the
voltage present on the bitlines, it gets sensed by the sense amplifier and correspond-

ing output bit value gets generated.

Figure 4.7: Bitline Driver.

4.4.5 Write Switch

Write switch schematic is shown in Fig. 4.8. It enables writing on bl and blb.

Figure 4.8: Write Switch.
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Figure 4.9: Equalizing Circuit.

4.4.6 Equalizing Circuit

Pre-charge is increased before each read and write operation, and both bit lines
are charged to Vdd/2. Both bit lines are shorted during the pre-charge and equalizer
cycles, resulting in a voltage differential of zero. When the sensing amplifier is turned
on after the pre-charge is turned off, it detects a slight voltage difference between
two-bit lines and saves a bit in the memory cell. Before writing, the pre-charge
and equalizer circuits are turned on. 1 is provided by the data in input signal. At
the same time, the sense amplifier is turned on and the write enable is turned on.
When all inputs are stable, the word line is enabled. The pre-charge circuit is then
engaged again to read the stored 1. The read enable, sense amplifier, and word line
signal are all turned on at the same time. The data out signal is now high. Writing
0 follows the same procedure. Before performing a write 0 operation, the pre-charge
and equalizer circuits are turned on. The data in signal is lowered, and the sensing
amplifiers and word line are turned on. The value 0 is kept in the bit cell. Only
during read operations will that 0 be reflected in the data out signal. As a result,

data out drops following a read operation.
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4.5 Non-Volatile SRAM

Nonvolatile memory is memory that keeps its data without the use of electric-
ity. Nonvolatile memory includes nonvolatile SRAM (nvSRAM), ferroelectric RAM
(Fe-RAM), electrically erasable programmable ROM (EEPROM), and flash memo-
ries, among other technologies. This type of memory is utilised in situations where
essential data must be stored after the power is turned off or when the power is
interrupted while the system is running. Hot plugging of cards in servers, medical
equipments and industrial computers, is an example of power disruptions. Further-
more, because SRAM cells are made using the same manufacturing method as logic,
there is no additional expense. When compared with other memory technologies
such as Flash or DRAM memory, SRAM has unique features. Lowering the supply
and threshold voltages, on the other hand, degrades SRAM cell performance and
increases leakage currents in the standby state [5]. The main trends driving the
rapid growth of emerging memories have been power supply reduction and down
scaling in CMOS technology. In this reference, SRAM technology faces challenges
as its leakage current rises resulting in a significant increase in power consumption,
which is incompatible with battery-powered applications [11]. To address these chal-
lenges, RRAM is seen as a viable approach that has the potential to take SRAMs
to the next level in storage technology [12]. ReRAM is a good choice for creating
neuromorphic applications [15], non-volatile logic gates [16], and innovative SRAM
designs [17,18] beyond storage applications because to its comparatively low access
latency, high density, and analogue feature [13,14]. In SoC applications, hybrid
non-volatile SRAM (NVSRAM) mainly based on upcoming memories is predicted
to replace classic SRAM.

The nvSRAM is a type of non-volatile memory which combines the benefits of
SRAM with the nonvolatility of nonvolatile memory. When compared to competing
options such as huge capacitors and batteries to maintain data on devices when
power is stopped, the nvSRAM offers significant benefits for applications where

high speed and nonvolatile storage are needed at a low cost. Smart metres, servers,
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programmable logic controllers (PLCs), games, multifunction printers, and storage
units are among these uses. It is a novel hybrid structure that combines SRAM and

RRAM technologies (NVSRAM). At low supply voltages, the proposed NVSRAM

cell is meant to be electrically stable.

4.5.1 8T1R NVSRAM memory cell

The suggested 8T1R structure is shown in Figure 4.10. In comparison to state-
of-the-art NVSRAMSs, this innovative cell features a small amount of control signals.

The two NMOS transistors N4 and N5 are coupled to the node QQ and Qb.

Figure 4.10: Proposed 8T1R NV-SRAM Cell.

The first phase in the RRAM process is FORMING, which involves applying a
high voltage across the memory cell to transition it from HRS (high resistance state)
to LRS (low resistance state). The FORMING procedure is only done once over the
device’s lifetime.

Following FORMING, the SET and RESET procedures are carried out by deliv-
ering a specified voltage to the OxRAM cell’s electrodes (i.e. VSET and VRESET).

The I-V curve, which magnifies low current levels, is the traditional depiction of the

38



OxRAM I-V hysteresis. N2 and N3 are the standard access transistors, whereas N4
and Nb are extra transistors utilised for the STORE and RESTORE non-volatile
storage operations. SET and RESET are the two operations that make up STORE.
In the OxRAM device, SET saves 1’ and RESET stores ’0.” BL and WLb are set
high during FORMING, whereas WL and BLb are set low. The OxRAM may be
constructed in one step at this point (M6 is ON: direct connection between the BL
and the OxRAM). The access transistors (N2 and N3) are triggered by delivering
a pulse to WLb, which is set to 5 V while BLb is grounded. A WRITE operation
comes before the STORE operation. B, and WLb are set low during the WRITE
”(0” operation, whereas WL and BLb are put high. RESET is the stage following
WRITE 70,” in which the WL and BL are both set to zero. Write ”1” operation is

also shown through waveform in Fig. 4.12.

Figure 4.11: 8T1R NV-SRAM Cell Write Operation.

4.6 Results and Discussion

A traditional SRAM is discussed in detail in this section. Complete array has
been proposed along with the peripherals such as Sense amplifier, 2-bit D latch, 1x2
decoder, bitline driver, write switch, 2-bit ATD, and Equalizing Circuit.

Novel 8t1r NV-SRAM cell is also proposed in this section. Cell is verified using
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Figure 4.12: 8T1R Bit-line behaviour.
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Figure 4.13: Restore Operation .

the output waveforms via blb discharge phenomena. Another waveform is also shown
to verify the restore operation when VDD is turned off. Lastly, hold power analysis
is performed as it is one of the crucial analysis parameter in any memory cell. It
can be seen from the curve (Fig 4.14) that the overall power reduction is significant
when complete array has been used as compared with the non-array (individual)
design.

BL and WLDb are set high during FORMING, whereas WL and BLb are set
low. The OxRAM may be constructed in one step at this point (M6 is ON: direct
connection between the BL and the OxRAM). The access transistors (N2 and N3)
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Figure 4.14: Hold Power Analysis.

are triggered by delivering a pulse to WLb, which is set to 5 V while BLb is grounded.
A WRITE operation comes before the STORE operation. BL, and WLb are set low
during the WRITE ”0” operation, whereas WL and BLb are put high. RESET is
the stage following WRITE 70,” in which the WL and BL are both set to zero.

Write 71”7 operation is also shown through waveform
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Chapter 5

Loading Effect Free MOS-only
Voltage Reference Ladder

A deeper neural network is required with the growing requirements, variants,
features, and complexities. For designing an efficient DNN accelerator, ReRAM-
based In-memory computing architecture is well matured. In the analog domain,
with the increase in ReRAM m x n crossbar array, the Loading Effect (LE) seems
to grow at the input of the comparator stage in analog to digital converter (ADC).
The reference voltage generating ladder nodes for ADC are susceptible to design
parameters due to small input voltages. We used the PMOS transistor for the design
of ladder circuitry. The circuit stability is evaluated for process variation and device
mismatch. Further, sleep mode is applied using the power-gating (PG) technique to
lower power dissipation. The more parallel transistors with ladder have shown more
stability but consume a much larger on-chip area and energy. Therefore, in this
article, a Pareto study has been performed to evaluate robust and stable circuitry
with minimum loading effect in reference voltage ladder for ADC. The analysis
is assessed that two parallel transistors have significant reliability. Further, we
analyzed Process, Voltage, and Temperature (PVT) variation impact on proposed
circuitry.  An NMOS based Current mirror is also designed and used along with
the proposed reference voltage ladder to achieve much better stability in terms of

power supply and reference voltage variations. Finally, at the 180nm technology
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node, the proposed ladder have consumed 0.7uWW and showed less variability for
parametric variations. Therefore, the circuit supports the power-gating technique
in sleep mode, saving 43% of total power. Our circuit’s Monte-Carlo simulation for

node voltage variation shows the minimum mean and o deviation.

5.1 Introduction

The semiconductor industry is reluctant to adopt memristor technology primarily
due to its high read and write latencies. Recent evolution in RRAM-based In-
Memory-Computing circuits is considered a breakthrough in Non-Volatile processing
technology. RRAM-based crossbar memory structures offer high operating speed,
high reliability, high integration density, and low power consumption, making them
quite effective in heavy data generation applications [10]. Energy efficiency has
become a significant task as the scaling of transistors on-chip increases continuously.
As in conventional Von-Neumann Architecture, the traffic between memory and
computing units is heavy, especially for deep neural network (DNN) accelerators [11,
12]. Tt adversely affects the area and power requirements of the entire chip. Further,
when physical interfaces are involved, digital can never outperform the best analog
systems, but it usually outperforms all-analog methods in practice. RRAM-based
memory architecture has been considered as the next generation of main memory
because of its high density in the crossbar array and is likely to replace DRAM [13].
Furthermore, RRAM has achieved read latency close to DRAM while the write
latency is less than 10% by optimization as compared to DRAM [13].

Consider the RRAM crossbar array of 1T1R configuration shown in Figure 5.1,
which depends upon the resistance-state of the RRAM where the different config-
urations mode can be defined. Theoretically, the resistance of an RRAM device
tunes into an arbitrary state by changing the tunneling gap to a specific length [14].
However, current work has shown RRAM device in crossbar can represent up to
5-bit data precision [15,16]. The array performs the computation in analog mode

(i.e., Volt/Reg). Therefore, up to 5-bit ADC and DAC are the essential blocks for
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Figure 5.1: RRAM Crossbar Array to show Loading Effect on the final accumulated
current output. Reference is taken out as voltage and sent to reference generation

stage which is designed to minimize the variation caused by LE.

digital intermediate data processing in analog computation. With increased feature
image size, the crossbar array size supplements. Therefore, the loading effect in
voltage reference generations for ADC in RRAM array increases with increasing
array size. In ADC, a reference voltage is required for the decision and conversion.
In order to design the reference voltage generation circuit depicted in Figure 5.1, a
resistive ladder is not an excellent choice due to its high power consumption and
more on-chip area utilization.

High-throughput computation is the primary necessity in edge-Al computing.
The RRAM-based architecture performs the computation in the analog domain and
needs converters such as ADC and DAC for intermediate data conversion [17]. In this
reference, flash-type ADC is preferred in the conversion. The flash ADC requires
ladder of reference voltages where N-bit ADC requires 2V — 1 node voltages (i.e

Vi,Va,...Vy) for the conversion. Typically reference node voltages are generated
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using a resistive ladder which is very power-hungry, not an efficient way for on-
chip implementation. Further, higher precision conversion circuitry acquires most
of the area in any memory-based chip, leading to enhanced power requirements. The
higher precision ADC/DAC is more sensitive to the design parameters due to its
small voltage comparison [18]. Besides, the offset voltage impact in the comparator
have at lower voltage has the main challenge. Therefore, efficient design is essential

mainly in applications where large converters are required.

In the RRAM crossbar array, the peripheral circuit requires around 90% area and
95% power consumption [19]. The design requires many ADCs for the conversion
and, therefore, a voltage reference ladder. Therefore, it occupies a large area and
consumes a large amount of power when its resolution becomes high. Therefore, low
precision circuitry is desirable for low-power applications. An application-specific
efficient flash ADCs have been design in state-of-the-art [20-22]. Design specific
efficient architecture have been implemented in [23-26]. The designs have used a
restive ladder and discussed the loading effect at reference voltage nodes. A reliable

reference voltages ladder is paramount in circuit design.

In RRAM-based analog computing, each column accumulated current in voltage
(V) form compared reference voltage. In this work, we proposed efficient reference
generation circuitry for ADC using PMOS transistors. The parallel transistor is
recommended for generation of reference node voltage. Moreover, Pareto studies
evolved the significant parallel MOSs for the design of reference ladder. The overall
power consumption using resistive ladder is 1.26mW whereas the proposed design
consumes very small power which is 0.98uW. Furthermore, power gating technique
is also applicable in the proposed design and it saved 43% of total power using sleep
signal in the ladder. The rest of the paper is organized as follows. Section 5.2
details the related work and introduces preliminaries required for this work. Sec-
tion 5.3 shows the design and analysis for an efficient reference generation circuit.
The detailed small-signal analysis for the Pareto studies of requires parallel PMOS
is discussed in Section 5.3.3. The simulation results and discussion is given in Sec-

tion 5.4. Finally, the summary is given in Section 5.5.
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5.2 Related Work and Motivation

RRAM-based In-Memory computing techniques have proven to be an effective
solution among several stages, as shown in Figure5.1. However, RRAM-based ar-
chitecture is susceptible to the design process parameters [15]. Since computing
is analog in nature and storage is digital, ADC and DAC must be added to com-
plete the operation. Moreover, with the increasing size of the crossbar array, the
requirement of the number of ADCs increases. An extensive crossbar array has a
more loading effect on reference voltage generation in ADCs. Therefore, we de-
scribe the related works that seek to achieve a reference generation circuit with a
more reliable and minor variant to design parameters and the motivation behind its
implementation.

The vast energy required to tune RRAM during training neural networks and
performing any operation within the network. The two primary reasons for high
tuning energy are enormous training iterations and frequent weight up-gradation
while the network operates. Thus, there exists a large number of tuning behavior,
which changes the resistance of RRAM cells into the target resistance. Hence,
overall the loading at the reference node voltage is variable in the RRAM crossbar
array [17]. Furthermore, in the case of In-memory computing, the data has to be
stored temporarily in some buffer memory other than the computing memory after
performing any operation within the array. Then, the next iteration must be sent
back to the computing memory to complete the process.

The high precision computation circuitry increases the resolution of ADC/DAC,
which comes with exponential increment in the number of hardware units [17,27].
The simple and faster flash converters have been investigated based on the TIQ
(Threshold Inverter Quantization) [28], and other techniques [29, 30]. Although
they reduce the converter’s complexity, they are sensitive to process variation and
consume significant power. The CMOS inverter is used as an analog voltage com-
parator. By keeping the transistor length constant and varying its width, one can

adjust the comparator’s threshold (as a reference to the comparator). It’s a long and
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current and Delay was obtained from an Inverter circuit simulated in the cadence

environment. [12]

repetitive task, and the reference point is highly dependent on the load, which may
generate erroneous output. In order to reduce the design process time and improve
the circuit reliability, it is required to investigate ways to mitigate these designs into

a more digital form by using stander-cells.

This work proposed an efficient voltage reference generation ladder for flash ADC
in the RRAM crossbar array. We have used parallel PMOS transistors for precise
generation of the reference voltage; in the case of 4-bit resolution, ADC with 1.8V
supply requires step size 0.1125V (16 equal steps). To make the design efficient and
significant parallel Pareto analyses have been performed. The study helped to select
minimum similar MOSs requirements with no performance loss. The current in the
MOSFET is proportional to the ratio W/L, where W is the width of the gate and L is
its length. So, the MOS device allows more current at lower technology nodes, which
comes with higher power dissipation and minimum delay as depicted in Figure 5.2.
Therefore, the power-gating technique introduces in our design allows keeping the
ladder in sleep mode. The proposed ladder uses voltage division property within
MOS to obtain varying voltage drops across itself with the variation in width and

length of the transistor.

The transistor’s sizing (width and length) depends upon the drop required across

it. To select the transistor sizing for the required voltage drop, the need to generalize
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equation to extend the reference ladder for different configurations of node voltages
generation. We used PMOS for circuit design with better stability and power con-
sumption of PMOS-based resistive ladder circuitry and better temperature stabil-
ity having a temp coefficient of Ambient (atmosphere) temperature. Therefore we
checked circuit behavior for PVT variations and device mismatch. The total power
has been reported for with and without power-gated ladder circuits. The leakage

power has been reduced through power Gating ( power shut off ).

5.3 Robust Voltage Reference Generation Circuit
in RRAM

Arithmetic computing requires a higher precision design architecture to obtain
better output accuracy. ADC/DAC is an important circuit in any analog In-memory
computing array used in the intermediate layer interface. Considering flash-type
ADC, with an increased single bit resolution, the number of resources involved gets
approximately doubled, and voltage comparison step size gets halved. With the
reduced step size, the voltage reference node in the comparator of ADC gets more
sensitive, and offset error occurs due to the loading effect presented, i.e., change in
overall impedance at the comparator input side. For an N-bit flash-type ADC, the

required number of comparators and no. of bits is given as

n=2N_1

Here n represents the required number of a comparator in N-bit flash ADC and one
can observe that number gets doubled for increasing 1-bit resolution. The analog
to digital conversion accuracy depends on the reference voltage input at the ADC
which needs to be more precise and must be error tolerant.

In order to address the reference circuit accuracy and robustness, the proposed
work focuses majorly on energy efficiency and minimum variability due to loading
effect. This section is divided into three sub-sections. In the first section, we have

explained the proposed single and multiple parallel MOS based reference voltage
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generation ladder circuit. The proposed circuit have entirely used PMOS transis-
tors as it has shown better stability towards temperature variation and process &
mismatch than NMOS based circuitry. Moreover, a single-level ladder circuit is ef-
ficient in terms of area and power consumption as depicted in 5.3(a). Still, it has
certain snag, which are explained in the later stages, followed by its compensated
multi-level reference generation circuit, which has shown excellent stability and it is
least immune to variability. However, circuit comes with some constraint in terms
of area utilization and power consumption. Subsequently Pareto analysis have been
done for selection of number of parallel stages. In which compares both the previ-
ous designs. The insignificant loss in variability has achieved a significant amount of
efficiency in terms of both area and overall power consumption of the entire ladder

circuitry.

5.3.1 Parallel PMOS transistors Analysis in reference lad-

der circuit

We have replaced the resistors of a conventional resistive ladder with the PMOS
device. Exploiting the basic feature of resistance of a MOS transistor, we can say
that the effective resistance of any transistor depends on the type of the device,
size and external biases of the transistor and also on the load of the overall circuit.
The implemented design for voltage reference generations using PMOS have shown
in Figure 5.3(a). Here, the Vi, V5, ..., V,, 1 are the reference node voltages used for
the comparison in the N-bit ADC. If the transistor is in the deep triode region
then we can represent the transistor as a voltage-controlled resistor, that is, with
Vbs << 2 (Vas — Vin). An equivalent resistance R in the case can be given by the
ratio between the drain to source voltage and the drain current shown in Eq 5.1. We
have not shown the term 0.5V3¢ in the above equation due to its insignificant impact.
However, the equation is valid in the triode region for Vpg < 0.2(Vgs — Vi) which
is typically smaller than 0.15V for deep submicron CMOS technologies. Whereas,

in the saturation region, the resistance can be estimated as the ratio between Vpg
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(a) Single-level (b) Multi-level voltage ref-
reference generator erence generator ladder.

MOS ladder

Figure 5.3: Output voltage is taken out as V1, V2, ..., V(n-1). Output voltage can
be varied by changing the (W/L) ratio of the respective parallel transistors of a

single reference level.

and Ip having both Vpg and Vg equal to the power supply i.e. Vpp and therefore

an equivalent resistance is shown in Eq. 5.2.

1
N R, (Vs — Vi) o1

R= Voo (5.2)

K;a(%)p(VGS - V;thp)2

N =

An empirical estimation was adopted for the resistances of the NMOS and PMOS
devices in estimating the charging and discharging delay time with the dependence
between equivalent resistance and (W/L)n and (W /L)p being inversely proportional
which is observed in [31]. According to the approximation, the equivalent resistances

of the NMOS and PMOS devices have represented using Eq. 5.3(a) and 5.3(b)

51



respectively and are given by:

12.

Ry = 225 kq (5.32)
(f)n

Rp= ) Ko (5.3b)
(f)p

The factors 12.5 and 30 depend on the technology. These values works well for
most of the CMOS technology including 0.25um, 0.18um, and 0.13um [32]. Sev-
eral parameters such as threshold voltage and the short channel effects were not
taken into account but although estimating the performance of design using these
equivalent resistance is simple. So, depending upon the size and the control voltage
applied between source and drain, the overall resistance of the PMOS device and of
the ladder gets changed.

We have observed MOS ladder having a single PMOS for each reference gen-
eration has more variability with the process parameters. Keeping in mind the
importance of variability of any reference generation circuit and especially in the
RRAM based circuit, we increased the number of MOSs in the reference levels of
the ladder. With the increase in number of levels the overall stability of the circuit
was improving. So more the number of levels that were increased, more number of
control parameters we have gained such as sizing of each transistor in a single row
of multiple levels. The circuit with less variability is shown in Figure 5.3 (b). Here
we have used more than one PMOS transistor in Parallel for each reference node (i.e
1,2,...k). It is observed that with increasing parallel transistors circuit show more
endurance with variation in process parameters. However, more transistor comes
with area overhead. In order to make the design efficient in all aspect, we have

analysed the Pareto points.

5.3.2 Pareto analysis for finding parallel MOSs in reference
circuit

The high level RRAM system model is shown in Figure 5.4. On can observed
that the accumulate input at the ADC is depends on the size of Resistive RAM array.
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with the reference voltage generated from the proposed Voltage reference ladder

block.

Therefore with increasing size of array and impedance variability at RRAM shows
the loading effect at reference voltage of ADC as depicted in Figure 5.4. In order
to analyse parallel MOS versus reference voltage variability at desirable load, we
perform a Pareto analysis. The single transistor based ladder is unable generate all
the required reference voltages due to constraint of W /L aspect ratio. Furthermore,
it has more variability with respect to change in output load. The limitations are
overcome by implementing parallel transistor. There is a trade-off between Area,
Power, and variability. Though Pareto analysis shows with insignificant compromise
in the variability, a significant amount of area and power have been reduced. The
two parallel transistors have used to generate the all reference node voltages that
required at analog to digital conversion. The detail analog analysis and design
parameters has explained in Section 5.3.3. We have operated all the MOS in the

triode region. Simplified circuit architecture have shown in Figure 5.5.

53



5.3.3 Small signal analysis of the two parallel MOS in node

voltage

For an N-bit flash-type ADC, the required comparators increases exponentially

2N=1 where n is the number of voltage comparators. The proposed work

ie, n=
focuses majorly on energy efficiency along with minimum variability. We have con-
sider the both the MOSFET’s are in operated in linear region. The equation of
current (Ip) in linear region at each reference node is shown in Figure 5.3 (a) is

elaborated bellow.

1

Ip = ,chox([) [(VGS —Vth). Vs — 2v,35] (5.4)

L

Furthermore, the transconductance of each transistor depends on the gate input
voltage (V) and source node voltage (V,.). The transconductance of each transistor
can be evaluated using below Eq 5.5:

VeV,

Gm (5.5)

The resultant current (I) passing through the PMOS-based reference circuit shown
in Figure 5.3 (b) have been calculated using bellow equation as:

I = up(lm(K

2) [(Vas = vi = van). (v, = v2) - 5% - 7]

+ upcox<%>2|:<VGS -V, =Vith).(V, = V,) — %(Vy _ ‘/1)2]

_|_

At lower technology, the circuit is more sensitive for process, mismatch, and vari-
ation in environmental parameters. Further, it is dominating at higher resolution.
Therefore, the reliability of transconductance is variable with applied voltage vari-
ation and current through the MOS transistor. The equation for transconductance

is given bellow as

ol

O e
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(a) Reference generator parallel (b) Equivalent small-signal model where both

MOS ladder. Considering V,,  the MOS transistors are replaced by their GM

applied as input and V, is taken as  equivalents.

output voltage.

Figure 5.5: Single section of the proposed 2-level MOS based circuit. VG is the
voltage applied at the Gate terminals of both the PMOS transistors. Here, GM1

and GM2 are the transconductance of the M1 & M2 transistors respectively.

We have discussed about the edge of parallel MOSs in ladder returns less variability
, and the overall conductance for the K** parallel MOS is evaluated using Eq. 5.6.
We can observe that overall transconductance depends on the number of MOS in
the parallel. Therefore, we can achieve as minimum reference voltage by implicating

many transistors unlike the case of reference generation using single transistor.

G = upCow(%>l(% . V) + uncox(%>2(% V) o+ (5.6)

From the Pareto points we have analysed that using two transistors we can
achieve required minimum reference node voltage by changing the W/L of both the
transistors. In this respect two parallel MOS is shown in Figure 5.5 (a) and the small
signal model of efficient proposed circuit model in Figure 5.5 (b). Here, V,, and V,
are the upper and lower node voltage respectively for each reference. Therefore,
for Figure 5.5, we can evaluate the total conductance at the each reference using
Eq. 5.7. Systematically, we analysed W/L for both the PMOS and generated sixteen
node voltages ( i.e Vi, Va,...Vig). The reference voltages have used as a input to

two-stage comparator considering as a load at reference point and output reference
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Figure 5.6: Parallel generated reference voltage output from V1-V15. 1.8V is divided

into 16 equal steps having minimum step size as 112.5mV.

voltages observed as shown in Figure 5.6.

o= mcat v (5), < (1)) o7

5.3.4 Low power and robust voltage reference ladder circuit

A power supply’s primary objective is to regulate the output voltage at a desired
fixed value even when variations in input voltage or load current. Therefore, load
and line regulation are performance parameters of a power supply. Making the
circuit robust for the input variation current mirror circuit has efficiently used and
evaluated the performance analysis. The current mirror circuit copies or mirrors the
current flowing in one active device in another, keeping the output current constant
regardless of loading.

The proposed efficient design have shown in Figure 5.7. The design should be less
power-consuming concerning static and dynamic power. Static power accounted for
many things concerning a device (CMOS or process technology). The major thing a
designer can do to reduce it is leakage power reduction through power gating (power
shut off ) with the help of Common Power Format (CPF) and Unified Power Format
(UPF). Power gating is a technique in which we shut off power to a domain reference
ladder Vpp to ground connection when that is not in use; thus overall saving power

on a chip. The power gated transistor with high V};, is shown in Figure 5.7.
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from power supply.

5.4 Simulation Results and Discussion

To validate the design, we perform the simulation at different abstraction levels.

The results evaluation and observation are discussed in the following subsections.

5.4.1 Process-Voltage-Temperature (PVT) variations im-

pact

On-Chips circuit may suffer from these variations due to process, voltage, or
temperature change, making the transistor have differing performances. The over-
all design has been evaluated for (Process, Voltage, Temperature) PVT variations.
From Figure 5.8 (a), it can be observed that for supply voltages ranging from 1.4V
to 2.2V, the maximum variation detected was approximately 7% from its expected
value. To achieve the same performance from a circuit at a higher temperature,
it consumes more power than a lower temperature in order to evaluate the cir-

cuit stability for temperature variation. In Figure 5.8 (b), temperature variation
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Process Variation
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(¢) Node voltages variation at differ-

ent Process corners (ss, fs, tt, sf, ff).

Figure 5.8: On-chip generated reference node voltage variation at various Voltage,
Temperature, and Process corners. At lower node, voltages variation is less than the
high potential reference nodes. Whereas, Variation is large at lower node voltages

as compared to high potential reference nodes.

can be seen, which was least detected at higher potential and maximum at lower
potential (< 1%). The design has also been tested to run on different process cor-
ners, and it can be observed from Figure 5.9 similar to temperature variation. The
maximum variation detected was 3.47% from its expected reference value, decreas-
ing towards a higher potential. Further, during the chip manufacturing process at
the foundry, there are minute attribute variations in transistors considering oxide
thickness, length, and wealth. Therefore, the circuit has been simulated at differ-
ent process corners. We have depicted in Figure 5.8 (c), the performance at both
slow(s) and fast(f) process corners, i.e., tt, ss, sf, fs; and ff. One can observe that
lower voltage nodes are more sensitive to process variation than the higher voltage

node.
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Figure 5.9: Monte-Carlo Simulation for Process variation and Mismatch. Voltage
variation from Node V; to Node Vi35 is shown, and mean along with standard devi-

ation at each node is also calculated and shown in the graph.

5.4.2 Monte-Carlo for Process-Variation and Mismatch

Analysis

Process variation is the device and peripherals characteristics such as length,
widths, oxide thickness when the integrated circuits are fabricated. The amount of
process variation becomes particularly pronounced at smaller process nodes (below
180nm) as the variation becomes a more significant percentage of the total length
or width of the device and as feature sizes approach the fundamental dimensions
during the lithography masks. Therefore, process variation and device mismatch
have a significant role in circuit physical parameters’ stability and reliability at lower
technology. There is a substantial variation in static current due to process variation
and mismatch. Monte-Carlo simulation calculates the probabilistic distribution of
device conductance variation due to process variation and device mismatch in the
characteristics of similar design devices, which occur during the manufacturing of
IC’s. At lower technology, MOS triode region characteristics are more sensitive for
naturally occurring variation. Therefore, the Monte-Carlo simulation is carried out
for 1,000 samples to validate the power variation due to process and mismatch.

The Mont-Carlo simulation is performed in Virtuoso-Cadence for 1000 samples
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Table 5.1: PERFORMANCE PARAMETERS OF PROPOSED MOS BASED RESISTIVE LADDER
AND STATE-OF-THE-ART DESIGNS FOR REFERENCE GENERATION IN 4 BIT RESOLUTION

ADC APPLICATIONS.

Physical Parameter [33] [34] [35] [36] Proposed
Technology (pm) 0.18 0.18 0.18 0.25 0.18
Supply Voltage (V) 1.25-1.8 =>1.2 2.3 1.2-3 14-22
Power Consumption (W) 0.67 0.23 1.4-32.7% 1.1 0.7
-40 - 85 0-380 0 - 100 -20 - 100 0 - 100

Temperature (°C' )
(Room temp.) (Room temp.) (Room temp.) (Room temp.) (Room temp.)

Line Regulation (%/V) 7.5 0.58 0.13** +0.60 0.02

Load Regulation (%/V) - 0.25 NA - 0.01

for all 15 reference voltages generated. The simulation result is extracted at 180nm
technology node. The proposed design has less dynamic power variation and stan-
dard deviation. The mean dynamic power and o deviation at 180nm technology
for reference V5 is 115.4mV and 2.98mV respectively and for all other 14 nodes
deviation and mean value is shown in the individual graphs. To draw conclusion on

individual basis, all the graphs from node V; to node Vi5 is shown in Figure 5.9.

5.4.3 Physical performance parameters evaluation of pro-
posed MOS-based resistive ladder and comparison

with the state-of-the-art

The proposed circuit was designed using 180nm standard CMOS process. We
have designed the circuit to generate voltages of equal with maximum accuracy.
For 4-bit reference voltage generation, we require 16 quantization levels and thus,
complete voltage range needs to be divided into equal step size of 112.5mV for
1.8V as input. The overall power consumption came out to be 0.7ul/ at 1.8V
power supply. Almost a constant voltage reference was obtained when analysed

over varying factors such as temperature, supply voltage and process corners. Supply
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voltage was varied for Vpp £ 10%. The line regulation observed was 0.02%/V while
the load regulation was 0.01%/V which is compared with the state-of-the-art designs
as shown in Table 5.1. Our design was able to achieve an appropriate trade-off

between area, power consumption and overall stability.

5.5 Summary

RRAM-based architectures require high-speed detection of generated current,
which is very low in magnitude(uA) and with minimum variations. In this paper,
a low-power, high-speed reference generation circuit is designed using SCL 180nm
technology at the supply voltage of 1.8V. The proposed design provides better results
and low power consumption for Flash-type ADC and addresses the Loading effect for
RRAM-based circuits. Hence, the proposed reference generation circuit can be used
in any RRAM array to provide accurate results with Flash-type ADC. The power
gating technique has also been used to avoid static power loss and minimize the
power requirements. The temperature-compensated voltage reference generation
circuit has been presented. The proposed circuit is useful as a voltage reference
circuit for low-power LSIs. In future work, low-power startup circuitry can be
designed, which can be used along with a voltage reference generator in several

RRAM-based circuit applications to further improve efficiency.
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Chapter 6

Conclusion

Towards the efficient design and implementation of next-generation ALUs in
RRAM-based computational memories, this work highlighted some promising de-
sign concepts to consider, introducing a segmented NV-SRAM (array) that uses
an augmented peripheral circuitry to improve logic latency of non-stateful logic
schemes, where computations are performed via modified memory read operations.
Alternative designs for the in-memory circuits were proposed that were proved to be
robust in the presence of device-to-device variability in memristors. We identified
the set of all supported primitive operations/instructions of the proposed computa-
tional memory system and addressed system-level design issues towards the design
of a ReRAM-based general-purpose computational memory with ALU functionality.
Circuit simulation results validated the functionality of the designed system, which
demonstrated important performance improvements over other state-of-the-art in-
memory computing approaches both for elementary logic operations and for other

combinational operations.
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6.1 Future scope of work

Logic-in-memory computing designs using RRAM has been first proposed in this
work. Later, we moved on to the designing of Non-volatile SRAM cell and array
design. However, there are certain steps that may be taken in the future to increase
the quality of the planned work. The following are some of the most important

points in this regard:

1. In this thesis work we focused on the CMOS custom design approach for mem-
ory architecture design. The proposed NV — SRAM can be further investi-

gated based on semi custom VLSI design flow and hardware implementation.

2. NV-SRAM memory architecture can be applied to a variety of applications,
including sensor applications in distant places, smart energy metres, and other

high-speed applications since it provides instant non-volatility.

3. For the study, we employed the 130nm and 45nm technology nodes. For
further research, recent technological nodes like as 22nm, 12nm, and beyond

can be employed.

Finally, we conclude that the goal of building an efficient logic-in-memory cell

using RRAM has been accomplished.
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