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ABSTRACT

The growing gap between the processor and embedded memory speed is a major setback in the
overall performance of electronic systems. Since the sense amplifier (SA) forms an integral
part of the read circuitry in both volatile memories, such as SRAM, amdoiatile memories
(NVMs), such as FLASH, its performance has a significant effect on the overall performance
of memory. Access time, offset, power and area are the four important performance metrics of
SA. The memory access time and inptfset of SA geatly affect the speed of the entire
memory and therefore to patch up the gap between processor and memory speed, the SA is
required to be fast and efficient. As one SA is employed for each bitline in the memory array,

it is required to be compact in siaad should have low power consumption. Furthermore
scaling in technology makes it difficult to control the fabrication process leading to variation

in process parameters causing unpredictability in the performance of SAs. Therefore, it is very
important tokeep this aspect in mind while designing and estimatingehfermance metrics

of the SA.

This thesis includes the study of various conventional SA designs in detail so as to have a better
understanding of a basic SA and its operation and thus hefpimglerstanding what problems

are faced by designers in implementing the SA designs and how these problems can be tackled.
In addition to the conventional SA analysis, new sense amplifier designs have been proposed
for both current sensing in FLASH memoaynd voltage sensing in SRAM. Keeping the
variation in process parameters due to scaling in mind, these proposed designs have been
optimized in terms of access time, offset, power and area.
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1. INTRODUCTION

1.1 NVM OVERVIEW

In most electronic systems, some parts of information must be permanently stored such that,
the information could be retained even when the power supply is off. For example,
programmable systenmnequire a set of instructions to boot and those particular instructions are
often called #Afirmwareo. These particul ar
supply is switches off. The memory used for the purpose of storing permanent daedis cal
Non-Volatile memory (NVM). Solid state NVM are used in a variety of applications apart from
firmware. In electronic systems, there is usually some data which is set by the manufacturer,
distributors and by the users, and this data must be stored sydtesn permanently, even
when the power is switched offhus NVM came into existence and today it forms an integral
part of almost any electronsystem available in market suchsas top boxegyrinters laptops,

mobile phones and other hand hd&lices. Also, with time NVM has become advanced and

its capacity to hold data has increased manifolarder to fulfilsuch a variety of application
needs,NVMs are availablein a variety of capacities,ranging from a few Kilobytes to
Terabytes. Witlevolutionin integration technologynow NVMsare even beingmbedded into
processor chip

NVM can be basically categorized into electrically addressed systems such as read only
memory (ROM) and mechanically addressed systems such as hard disks and optical disks.
Electrically addressed systems have a high speed but are expensive whereas atigchanic
addressed systems are slow but are cost effedingre are various types of NVMs available

in market namely ROM, PROM, EPROM, EEPROM and Flash. The Read only Memory or
ROM is programmed at the time of manufacturing and its contents can be moelifiestiowly
incurring a lot of difficulty or not at all. The Programmable Read only memory or PROM is
manufactured as a blank memory and can be programmed once only using a PROM burner.
The erasable programmable Read only memory or EPROM can be erasedluainjolet

(UV) light through a window which is designed in the memory chip and it can be programed
or reusedThe EPROMSs consist of one transistor per cell and thus are capable of offering a
high density memorjl]. The Electrically Erasable Programmable Read only memory or the
EEPROMcan be erased electrically with a fine granularity of up to a byte and can be reused
or programmed. The EEPROMSs consist of two transistors per cell. The Flash memory is almost
similar toan EEPROM but it does not have a fine granularity of erasure and it can erase a block
of memory only. But due to the complex structure of EEPROMSs they are not as cost effective
when compared to Flash memory which consist of only one transistor percc8ERROMs

offer lower density of memory when compared to EPROMSs. Another performance metric to
judge the performance of NVMs is the endurance. Endurance signifies the number of cycles of
erasure and programming that a memory device can endure. Even EBRROMSs offer a

very high endurance of about one million erase/program cycles, their use is limited only to
specific applications due to their low density and high dagt. 1 compares the performance
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of various NVMs available in the market in terms @& ttvo main performance meisinamely
cost and flexibility.

A

Electrically erasable; Byte Rewritable
Electrically erasable; Erases complete block

Programmable; Erased by UV light
Programmed when manufactured

Flexibility
Figure 1. Comparison of various NonrVolatile memories in terms of flexibility and cost

Cost

The world has witnessed an impressive growth in the NVM market in the past decade. As the
technology has evolved over the years, every electronic system has become advanced and thus
requires memory which can perform faster, is more cost effective andoes$ess power as
compare to its previous counterpaifitbis impressive growtls mainly due tahe development

of personal portable electronic applianaad other hand held devices. Electronic systems such
as personal digital assistants (PDAs) and mgifilenes memories that are smallesize and
consume less power, theref@alemand for mass storagese. This requirement is mostly
fulfilled by Flash memorieg-ig. 2.Displays the improvement of the market share of NVM in

the semiconductor memorndustry Due tothe development of multimedia applications and

the movementof personal consumer appliances towabeésng portable and being able to
manage data, images, music and communicationncasased the demand for storage.a

result todaymemay cardsare available in different formats with data capacity ranging from

a few KB to GBs. All these factors have led to ginewth ofNVM market.

Flash Memory holds a significant share of the NVM market. The concept of Flash memory
arose due to the ragement of a dense and closely packed memory that can hold a significant
amount of data but at the same time the memory is required to be cost effective, should not
occupy a large space, should have good endurance and should be flexible enough o as fulfi
the constantly evolving demands of the electronics systems we have today. Therefore the last
decade has seen a significant increase in the demands of Flash memory.
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1.1.1 Types of Flash memory
NOR Flash

The memory cellén a NOR Flastare arranged in a NOR type organizatesshown in Fig.

3. The cells are parallebnnected wittommon groundnd the bitines are directly connected
with the drains of memory cell& NOR memory cell consists of orteansistorby stacking a
double poly floating gate MOSFET. It can be programm&dgchanné hot election (CHE)
injection and erased using FowNordheim (FN)tunnelling effecf2]. If we do not consider
cosmic rag and their effects, charge storagea floating gate is veryreliable mechanisrto
store data permanently. Duett@ very high (3.2 eV) enerdparrierthat theelectronsneedto
overcome in order to escafyfem the floating gatethis mechanism to store data permanently
proves to be efficienThe CHE programming techniqueakeshe system immuri® program
disturbs andscaling tunnel oxidés not required in order to reduce tbigannel lengthof the
cell, thusallowing a good data retentimapability. The NORFlash proves to bleestin case

of requirement ohigh speed and noise immunitye to the presence direct access to the
memory ell. CHE programmingalong with the advantages of NOR memory organization
make this technologyhe suitable for multilevel storagef datg which boost the density
making it suitable for cost sensitive applications. NOR memat@® twobits in each cél
thus providing high density of data in the overall menwanich allows 3840%savingin cost
when compared to memories that store one bitgieof thesame capacityNOR Flashes have
been proven to be compatible witlhany advanced logic processasaking it suitable to be
usedfor embedded memory system on a chips

NAND Flash

NAND Flashmemorybasicallyhas similamemory structure as NOR, hitg array is organized
in a different way as shown in Fig. 3. Taeay is organized in NAND arrangemesuch that
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16 or 32cells areall connected in series betwettre groundnode and the bit line nodim this
waythe densityof this particular memory array organization is dense when compared with the
NOR Flash.Eventhough the NAND Flash needs a ground kamel a bit line contadietween
every other cejla dramatic effecis seen in terms afpeed thus slowing it downTherefore,
in order to read a particulaelg 15 or 31other cellsare also read. Thusdronglyreducingread
currentwhich results in a higheaccess time (microseconds comparedo nanoseconds
NOR Flash. Furthermore the reatirough mechanismmtroduces a lot ohoisethus, posing
difficulty in usageof NAND Flash inmultilevel storageEventhoughNOR Flash storesvo
bits percell, NAND Flashstill stores one bit perell. The programming mechanismsed by
NAND Flash is FowleNortheimtunnelling effect whichs less reliablevhen compared with
CHE because iteedsa thinnertunnel oxideBut NAND Flash covers up for its reliability with
the help of eor correction technique©n the other handsince FN tunnelling effect is a
programming mechanisthat requires low current, allows a very higlidegree oparallelism
for programminganda very high writing throughpubDue to these being theey featurs for
mass storageNAND Flashes have become very populdre higher density and tlgreater
programming throughput make NAND thignificanttechnology for memory cards

B Bit Bit
Bit Line Lire

Line select
— —
T

e wad

LD —II
e e |
B
L x|
W2 4"

o] vea |l
wio —| >

WSALD —II
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Select =

rAMD-Flash Structure MO R-Flash Structure

Figure 3. Memory array organization of NOR and NAND Flash memory
1.1.2 Basics of Flash memory cell

The memory cell needs to hasemechanism in order to store data permanently and alter its
contentselectrically ina nondestructiveway. The solutionis to alter the threshold voltage of
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the cell sathat different thresholdalues may represent diffent sates of the memoryrhe
two basic states of aashmemory cellare callecerased and programmed sta#®s erased cell
is signified bya low thresholdvalue whereas high thresholdvalue signifies a programmed
cell. Equation 1.1 expresses tietation between thilreshold voltage of MO®ith the charge
stored on the floating gate:

w o+ — (1.1)

WhereK denotes a constant which dependgate and substrate material, channel doping and
oxide thickness. & denoteghe gate oxide thickness and Q is the charge trapped into the oxide
layer. From the equatiqi.l) it is clear that the parameter whicén be kept in control to alter
threshold ofthe devices Q which denotes the charge trappedhe oxidelayer. There are
charge injectiotechniques available to move charges in and out of the okidermal MOS

device cannot be uséd retain the chges into its oxid¢hus the device has been moelifi A
floatinggate (FG) device is used fthis purpose. FG transistolgave the capability toetain
charge in theifl oating gate foran extended period even aftére powersupply is turneaff.

The stucture of a floating gate device is explained with the help of a cross section of the device
as shown in Fig.4.

Figure 4. Cross section view of a Floating Gate device
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1.1.3 Operations in a Flash memory cell

Program Operation

During the WritéProgramoperation, the control gate and drain are biased atvulgageof

12V for the gate and 5 V for the drgiine voltages used for biasing are used as convention and
may vary for different manufacturersput the source is kepgrounded Under these
circumstancesa very strong electridield developswhich les the electrons pass from the
channel to théloating gate. These electrons overcadime potential barrigposedby the oxide
layer and his mechanism isalledHot Electronsmjection[2].

Due tothe presence oflagh voltage on the draimode the electronflowing from the source
tothe drain gain energy duettze orthogonal electriteld. Due to the presence of higlectric

fields, electron energy starts to increasel thus electrons are heatedmeelectrons gain
energyhigh enougho overcome the barrier between the oXaderand thesilicon conduction

band. These bt electronsneed toovercome the barrier irhé right directionso asto be
collected isidethe floating gateThe electrons trappedsidethe floating gate causing thery

of the flash memory cell to rise. Thughen a Read operation occurs, the cell agpieabein
theswitched off staterislogi ¢ pr ogr ammed d&o@dnduct surrentcdeeta t i s
its high Vru. Thus writing datain a memory cell brings the cétbm anerased state, which is
typically called dogic statedl§ to alogicstatéddd6 or p r o g rThertimeerefuiredbra t e .
this process igypically in the range ofmicrosecondsThe program operation in a Flash
memory cell is explained with the help of Fig. 5 (a).

Erase Operation

In Flash memories, a positive voltage is applied betweesdheceandthe control gate by
means of grounding the control gate and increagiegsource nodeoltageto 12 V or by
lowering the control gateoltage b1 8 V andby raising the source nod®ltageto about 5 V.
The first method described above is called pibsitive source raseoperation whereas the
second method described above refers todgative gateraseoperation The drain terminal,
in both these casgess left floating.

The erase operation utilizabe mechanism known as Fowlordheim EN) tumeling. The

time required for this process in the range of a few hundrexf milliseconds.The erase
operation is explained with the help of Fig. 5 #®Jrthe basimperationof a Flash memory

cell described aboveablel shows the node voltages foanous operationgl]. The shift in

VTH values of the memory cell with operations such as program and erase are shown in Fig.6.
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TABLE I|. Node Voltages of Flash memory cell for Program and Erase operations

Operation Gate (V) Drain (V) Source (V) Substrate (V)
Program 8 5 0 0
Erase -8 Floating 8 8
Control Gate Control Gate

Control Gate

Insulator

Source (S) Insulator

Mo Current - Floating Gate Programmed

(a)

Control Gata

Insulator
Floating Gate

Source (8) Drain (D)

Insulator

Current Flows - Floating Gate Erased

(b)

Figure 5 (a) Program operation in Flash memory cell. (b) Erase operation in Flash memory cell

AIDS

Qs >0
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<

Logic “1”

QFG <0
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Q
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Figure 6. Shifting of Threshold voltage of the memory cell with Program and Erase operations
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1.1.4 Test Modes in Flash memory

Apart from theuser modesn Flash memoryike read, program and erase tesbdesare
included in order to analyske behaviour of memory. These test modes are nahfouse of

the end user but are important from the manufacturer point of view. These test modes are used
for the purpose of characterization of the memory cell array and reference cell array, to observe
their silicon behaviour and to test other blockeneimory. The two main test modes Bieact

Memory Access (DMA) and Fast Direct Memory Access (FDMA)

Direct Memory Access DMA)

DMA test mode isused for the purpose obnnecing the cell terminals directly ttheexternal
Inputoutput pads.This helps incharacterizatiomf the memory, thenatrix and theeference
cellsin particular It is a difficult taskto filter the interference of thmmemory arrayMany
incorrectoutputscanbe obtained to the faults in circuitry if any. For exampléhéfvoltages
areapplied in the wrong wagr if there is a presence of amgltagespikesor glitches The
possibility of analysinggach and every ceal therefore a valuablepportunity Evena single
cell can be analysed with the help of DMA thus proving to be a major test oel®MA
test mode setup is shown in Fig. 7. It can be observed from Fig. 7. that in DMA the sense
amplifier and the output latchre bypassed such that ttein nodeof the cellis directly
connectedo theexternall/O padwhich is further connected to the external supphe supply
voltage of this external supply equal to that othedrainin case of aeadoperation. Also,
the gate voltage supplied to selectegllsin DMA modeis suppliedthrough an external pin.
This setugenableshe manufacturer tmeasureell current, transonductancandVrw of cells
undervarying conditions.

Fast Direct Memory Access FDMA)

Operating in DMA modeso as to measutke cell current at different bias voltages tedious
job. Therefore to increase the speedhid procedureFast DMAor FDMA was introduced
FDMA mode is similato the read modbut in FDMA mode aconstantreference currens
maintainedandthe cell current is comparedith it with the help of a sense ampdifi The
referencecurrentcould begeneratednternallyor could be generategkternallywith the help
of theDMA pin. Thegate voltageouldbe controlledby an external 1/O padimilar to DMA
mode By varyingthis current and gateoltagethe cell characteristicare plot FDMA has an
advantage over DMA being faster due to tead operationThe advantagen the read
operation ighat it isvery fastbecause theurrent to the voltage consstonis carried outby
the sense amplifiekor exampleif the reference currens & A, easito distinguish all the
cells absorimg a highercurrent. By varying the curremaluesit is easily possible toplot a
histogramdescribing the celtlistribution. Therefore FDMA test mode helps n analysing the
memory cell array in a much faster way as compared to DMA.
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Figure 7. Setup for the DMA test mode

1.2 SRAM OVERVIEW

Static random access memory (SRABIa volatile memory whichperatessfast aghelogic
circuits, consuminga very low amount opowerin the standby modeAn SRAM is used to
provide aninterface with thecentral processing units or tPU atvery highspeedsvhich
camot be attainedby DRAM. Thus there is a requirement of a memory which operates
consumingvery low powerand is fast in order to replace the DRAMERAMSs are used as
caches and to interface between DRAMs a@BU. These featureprovided bySRAMs are
unattainableby any other memoriedike DRAMs and FlashThe SRAM memory array
occupies arountl/4thofthelogicc i r cui t s i n todayos tiolmey. Ther
integrated circuit (IC) chip suchs operating speedpowerconsumptionsupply voltage, and
sizeis greatly definedy the characteristics tfieir SRAM memory.A very importantdriving
factorfor the development cBRAM technology ists use inlow power applicationsAlso,
SRAMSs are used ielectronic systems that need to be light podable because thefresh
current needed bPRAMs much more than the SRAM standby curréhtis proving to be
heavier and less portable as compared to SRAMsaccess timéo access SRANE almost
comparable to DRAMT herefore, the design @hSRAM cdl andarray isa major requirement

in order to obtain efficienperformance, low poweoperation, low cost, and reliabilityh
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concept introduced earlier was thigh-R cell which was first proposeth the form of low
power consumingK SRAM. In thehigh-R cell, there was a high resistivity poly silicon layer
which wasused asheload d inverter in the SRAM cell. Aigh-R cell does natequire a bulk
PMOS thus contributing to the small sizeted memory cellevensmaller tharthe 6T SRAM.
The resstivity of thepolysilicon layerhad a value around 13thus thestandbycurrentfor the
memory cell wasround10™? per cellwhich was a very low valuéhe highR cell wasthen
extensively used to manufacturgh density andBRAM integrated circuits which consumed
low power and had a capacity rangiingm 4K to 4Mbits A major drawback of theigh-R
cell was itslow voltage operationand for spply voltages less than 1.5%e node voltage
need tde charged tthesupply voltagdevelrequiredduring write operationAs the resistivity
of the load polysilicorwas highit required a lot ofime in orderto charge up the high node to
thesupply voltageThus it was difficult to operate tliegh-R cell at supply voltages less than
15V. Then the 6T SRAM cell was introduced bb¢re werea lot of problems in ordeto
obtain low powerconsuming, reliabland small cell sizef the 6T SRAM cell. As the 6T
SRAM cellgets scaled wittMo or e 6 s | a whetransibt@s irs GISRAM cellfis also
reduced withMoor ebés | aw. ST e ib glso veduted asgtree featdre size is
reduced.Due to scaling in technology, sonumpredictabilityis introducedin the process
parameters thus the variation in tieeshold voltage of thetransistorshas increasedAlso,
theleakage othetransistors habeen observed to increadee tothe process obcaling.Due
to scaling, thewgpply voltage othe SRAMmemorycell hasalsobeen reducedrecently, other
low power consumingcircuit teciqueslike Dynamic Voltage Frequency ScalitBVFS)
furtherrequire operation dow voltage Thedesign of thesT SRAM cellis such thattimust
be electrically stable a@venlow supply voltagegven thougtihere ardarge variatios in the
transistorsToday, due to the need for smaller hand help electronic devieemdémory cell
sizeneeds tdoe as small as possibieorderto obtainintegrated circuits with amall chip size
Even thdeakagen 6T SRAMcells, needs tbevery smalleven though there ikrge leakage
in thetransistorof the cell.Also, there should bienmunity to soft errorgaused by anglpha
particlesin order to have reliable integrated circultsorderto reduce operatingowerof the
integrated circuits, the S®V cell needs to work at a low voltage and should be abiet#on
data witha verylow leakagein the standby mode. Many low powgechniqueshave been
proposed over the years to obtiw power SRAMmemory Reliabilityis anotherssuewhich

is inevitable for SRAM memory cell and arragsign.Soft errorswhich occur due talpha
particlesare one of the main reliability issues

1.2.1 6T SRAM Memory cell

The SRAM cell basically consists of a flilop. On theinternal or storage nodes of this flip

flop, binarydat a hHA0DO bs stored. The mos SRAMaelimon co
consists of dull CMOS 6transistor or 6Tnemory cellconfigured as a cross coupledch[3].

It can be seen from Fig, ie SRAMcell consistof two inverterscomected as shown. From

Fig. 9the SRAM cell consists of two load transistors M1 and M® driver transistors M2

and M4,two access transistors M5 and M@éich are connected to a pair of bit lin@&L and

BLB). The gates of theéwo access transis®@are connected to a word line (WL).order b
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form aflip flop, the input and the output of onétheinverter are connected to the output and
input of the other inverterA system on chip (SOQd} fabricatedby the same process the
CMOS logic which is used to fabricate the CMOBrGemory celland thus SRAM memory
is the most suitable choice for SOCs.

Word Line

e—1 L 4 ¢ T 14
G

BLB BL

Figure 8. SRAM memory cell as two interconnected inverters
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| TT : | N I I |
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BLEB. — % -

Figure 9. SRAM memory cell

BL




1.2.2 SRAM Cell Operation

Read

For theread operationfirst the BL and BLBare prechargetb Vdd andthenthe word line
(WL) is enabled. During the read operatitite bit line voltagef the node BLB at that side of

the SRAM

explanation),remains at the prechargmltage equalto Vdd. The complementary bit line

voltageBL a t

transistors M4 and Méonnected irseries as shown in Fig. Bhus the transistors M4 and M6
form a voltage divider whose outputtiee connectedvith theinput ofthe inverter M T Mdb
shown in Fig. 9The Sizing of M4 and M& kept insucha way thathe voltagebumpwhich
occursat the node BLshould not be more than the trip voltage of dki@erinverterM3 1 M4
which will otherwise produce an incorrect outgtiy. 10 shows &lock diagram for the read

operation.
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Figure 10. Block diagram for Read operation
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Write

Let us onsider the write '0' operation assuming thatbit'l' isalreadystored in themnemory
cell at the node Q beforeharid1l and M4are initially turnedoff, while M2 and M3operage
in linear modeFor the write operatiorhoth the bit lines BL and BLBeed tabe precharged
and the bit line BL needs toe discharged to zefia sucha way thatthe internal node)
discharges anthus tre positive feedbackffect cause8lipping of data.lt is important to note
thatthe strength of the access transistor shouldtgerthanthat of thepull downtransistor.
Therefore, theatio of W/L of the pull up should ket least 3.5 to 4 times le8santhat of the
WIL of the pull down transistokJsudly, in orderto decrease¢he cell areavhich will lead to
anincreasen the density, the sizing of the pull up and access transistors needshtuska to
minimize the area. Budtronger access traistors or wela pull ups may berequired to ensure
an efficientwrite when considering various process corners. Fig. 11 shows a block diagram for
the write operation.

Word Line

|
ELB|—’ o ‘jm.

Column Decoder

bl l L

—
L,

Write Circuitry

Input

Figure 11. Block diagram for Write operation
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1.3 MOTIVATION AND AIM FOR RESEARCH

Nowadays as the demands and requirements of electronic systems is increasing, memory plays
a vital role in all these electronics devices. The electronics are becoming smaller, faster and
more intelligenthus increasing the expectatioort memory as well. The speed of memory
mainly depends on the sense amplifier block. The sense amplifier is responsible for accessing
the memory, and converting the voltage fluctuations in the bitline into output data. A lot of
research has gone into semsiachniques for memory, thus making the memory we use today
compact, fast, low power and efficient. Obtainitig correct output when accessing the
memory isthe most important process and thus a lot of research and effort goes into designing
a sense amibiler. Also due to scaling, controlling all the parameters during fabrication is very
difficult thus causing unpredictable behaviour due to parameter variations, particularly the
threshold voltage ¥i. Thus these parameter variations need to be kept ohwiien designing

a sense amplifiein this work, two new sense amplifiers designs have been proposed. A cross
coupled latch type SA has been proposed for NVM, particularly flash memories which works
on a power supply as low as 0.85mV and shows high spewdher low offset high speed

cross coupled latch type SA has been proposed for SRAM in which body biasing has been used
in order to reduce the offset. These two designs have been implemented and simulated using
ELDO simulator in 65nm technology. Keepitige variation in parameters in mind, while
analysing these designs, Monte Carlo (MC) simulations are launched incorporating V
variation of 10mV in all the devices. Also, this work includes a detailed study and analysis of

a few conventional SA designs.

1.4 Thesis Organization

This thesis has been organized into fsections. Section 2 discusses about a few conventional
SA designs and includes their detailed study. Section 3 firstly introduces a high speed low
offset cross coupled latch type current sense amplifier for NVM applications and the Flash
memory in particlar. The design and its working has been explained in detail, the design has
been simulated an analysed by incorporating: Variations and the outpithave been
presented. Sectiondiscusses about the low offset high speed cross coupled latch type SA for
SRAM applications, in which offset and sensing delay lowing have been achieved using body
biasing techniques. In this section, the design has been explained in detall, it has been simulated
and analysed by incorporating MGpAvariations of 10mV in all ta devicesThe outputs for

this sense amplifier design for SRAM have been presented in section 4. Finally the conclusions
and scope for future work have been discussed in section 5.
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2. Conventional Sense Amplifier designs

2.1 Conventional Sense Amplifier forNVM

A sense ampliéir has threesections,the first section coverts the current signals from the
reference and cell matrix into valie signals, the second section compares these voltage
signals from cell and reference matrices and the third sdatires the outpy#l]. For current
sensing techniqued)ée idea is to convert treairrentswhich aredrawnfrom the reference side
and cellsideinto voltagesignals so that they can bempare by acomparatorcircuit which
produce the outputin the formof recognizabldogic levelss uc h as .dle&@urrennd 6106
which is drawn fronthe referenceell (Iref) is slightly more as compared to the current drawn
from aprogrammectell (Icer) due to the high Wi value ofa programmed cell. The current
which is drawn from reference cellf) is slightly less as compared to the current drawn from
the erased cel(lcen) due to the lowth value of the erased cell. This difence in currest
betweerrer and tei are required to beonvertednto adiff erential voltage which isufficiently
recognizedby the comparatofThe suitable setup to measure the cell current and reference
current is Bown in Fig. 12In order to selec suitable comparataircuit for theSA, the gain
required by the comparatéor minimum input diférential voltage neado becalculated. In
order to resolvehis minutedifferencein current, thegain requirements are calculatddhe
minimum difference in voltage at the cell side and reference side is observegh all PVT
corners This minimum voltage difference thus observed is used to calculate the migaimum
requirement as following:

~

" AET—— (2.1)
"AEA" ¢n T G—— (2.2)

Where\vbhdenotes the |Ilodeéecottdd tvhhéthgeghrdend@dod vol
the minimum voltage differential between tbell side and the reference sidden a single

stage differential amplifieas shown in Fig. 1& employedvhich acts as the ogparator and

compares the voltages at the cell side and referededasigive the required outpyty. The

gain is calculated asuation (2.2)The following steps are used in order to realize the required
comparator:

! C & (2.3)
C t# 7, 6 6 ) (2.4)
2 O O (2.5)

Where ¢ denotes the transconductance of the input devices to the differential amplifier and
Routis the resistance as seen from the output. The power consumed by the circuit is calculated
as:

0 6 ) ) (2.6)
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2.2 Conventional Sense Amplifier for SRAM

A conventionakense amplifier circuit for an SRAM consistsaafross coupled inverters along

with access transistors that couple the bitline voltage with tH&]SAhis whole circuit is also
provided with proper preharge circuitry. A basic SRAM SA is shown in Fig. 14. Initially the
internal nodes and the bit line nodes of the circuit arepaeged, then the wordline signal is
pulled to high voltage. The bitline nodes discharge or stay at their initial voltage in accordance
with the data stored on the SRAM cell. As soon as thesadcansistors to the SRAM SA are
switched on, the bot line voltages are coupled to the SA. After a short time, the SAEN signal
is switched on thus activating the SA. The circuit is then simulatedifferent conditions and
through different pvt cornerand the minimum bit line differential voltage is observEde
probability of success is calculated as:

3 OAAAGG— (2.7)

The SAEN signal is triggered at various instaatel the data is observed for various
percentages of success until the probability of success ieddka points are then used plotted

in order to obtain the CDF and PDF plots. The standard deviation and offset voltage are hence
determinedThe sensinglelay is calculated from the transient behaviour of the SA.
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3. High Speed Low OffsetModified Latch Type Sense
Amplifier for NVM

Sense Amplifiers (SAs) form an integral part of memories. These ciaraiteesponsible for
readng the contents of memor¥yhis is done byamplifying the small signddit line differential

voltage and converting them intecognizableoutputlogic levelss uc h as .OQ@6f and
all the SA topologies available todaiyhas been reported that a cross coupled latch type sense
amplifier possesses high sensitivillyis capable of achieving a low sensing dedian to the
presence of strong positive feedin the cross coupled topolofg]. The use of such a cross
coupled latch type topology, with proper modificatidns current sensing in newolatile
memory (NVM)particularly the flash memoriespuld be beneficiah order toachie\e faster
sensing using a lower supply voltageday as the electronic market is evolving, there is a
requirement of faster memories even though the dapdcitancéas increasedver the years

and also these memories need to be operated lovder power supplies so as to save power.
The CMOS cross coupled inverter pair is used in order to design a fast and reliable sense
amplifier. The main advantage of this design is the positive feedback provided by the cross
coupling. The positive feedblacan thus be exploited in order to achieve faster sensing during
read operationA lot of research and analysis has been donthe cross coupled inverter pair

SO as to be able to use it as an SAch aopology can therefore find applications in the/éo

CMOS technology nodes in which the SAs are highly constrainerirs ofaccess time and

offset due to inase in bitline capacitan{®.

Furthermore, witlscaling in technology it difficult to control thefabrication processviost

of the semiconductor produstavailable today are due tioe improvementsn recent times
which wee adirect orindirectresult of theshrinkingin devices and circuit3.herefore scaling

of devices has resulted performance emancements at lovabrication cost At the same
time, theprocess variationand intradie variations have been observedntcrease with each
the shrinkingechnology node Since major higlperformance analog circuitsquirematched
devices andignalpaths, thiscaling has led to decreasing yields and reliabalitintegrated
circuit chips. Basically, he main problem is thathe parameters of devices ome die exhibit
variationswhich results irdifferent characteristiceadingto variatiors in process parameters
which causesinpredictability in the performance of SAs. For examiblere may beariation

in oxide thickness and the number of dopant atoms in the transistor chaentel various
reasons whicltieads to variation in the thresholdltage (M+) and oher parameters of the
device[2]. These variationsnay result in dramatic changes in performance metrics of the
circuits, in bothpositive and negative directionghereforethe design proceshanges bewse
the design is constrained by particidpecificatiors like speedTo account for these variations,
the circuit needs to be designed according touwlest case values for all device parameters.
Monte Carlo(MC) analysissimulates the circuit over Augerange of randomly chosen
parametersThus it isextremely important to keep this aspectrirmind whendesigning an
SA and estimating its performance in terms of access time, offset, power, and area.
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This work proposes a maiied latch type SA forcurrent sensing. The design has been
implementd in 65nm CMOS technology amahibits a small sensing delay at a supply voltage
of 1.2V. The SA topolgy is also capable of working kiwer powersupplies albeit with a
substantially degraded performanceeThported topology can be easily modified in terms of
sizing and sensenable triggering in order to achietree desired specifications of the supply,
sensing delay, and offset for various applications.

3.1 Design of the Modified Cross Coupled Latch Type Sese Amplifier

The SA circuits hasden designed as shown in Fig. k®onsists of a modified cross coupled
latch. It can be seen from Fig. 15at there igesistive access coupling in which the resistors
are realized with MOSFET devices. In this topology, the idea is to ctiupleross coupte

SA latchwith the load during sensing phasapacitively using the devices M5 and M®6he
benefitobtained by sucl scheme is that during the discharging stage, these devices will be
automaticallyin the OFF state. Thereforethis schemewill substantially reduce the power
consumption during read operation. Anothageadvantage of using this configuration is the
reduced coupling effect at nodes V_out and Vouthis reducing the voltage bump in the
output signals due to the switching of input signals to the 8.also resultén thereduction

of the overalpower dissipation.

Vdd Vdd Vdd

Pre_en—{ MI12 - I.Pre_m

Ydd
Vdd

"

P"_“-{ M7 M8

1BL ¢

Vdd Vdd

T— g r—ac_T

v
Cell Side Reference Side

Figure 15. Schematic of the Modified Latch Type SA for current sensing
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3.2 Operation

A sense ampliér has threesections,the first section coverts the current signals from the
reference and cell matrix into valie signals, the second section compares thvedage
signals from cell and reference matrices and the third section latches the Batprurrent
sensing techniqued)e idea is to convert treairrentswhich aredrawnfrom the reference side

and cellsideinto voltagesignals so that they can bempareal thus producinghe outpuin the

form of recognizabldogic levelss uc h a s .dBeécurrantvdich & Hrawn fromthe
referencecell is keris fixed at & A(The value of reference current is fixed buy convention and
may vary from manufacturéo manufacturer)At the same bias condition, current drawn from

a programmedcell (lcer) observed to bdess than der due to the high M; value of a
programmed cell. The current drawn fromexased cel(lcn) is observed to bgreater than

Iref dueto the high \f1 value of the erased cell. This @ifence in currestbetweenresand el

are required to beonvertednto adifferential voltage which can sufficiently triggerccarrect
sensing operatiorburing precharging phase, the signal Pre_gririggered causing devices

M7, M10, M12 and M13 to switch ON. As soon as thegirarge is switched off, the voltage

at nodes BL_c and BL_r is coupled to the internal nodes Vout and Vout_b through the devices
M5 and M6 respectively. The timing diagram fggeration of the proposed seramplifier is

shown in Fig. 16For a programmed cell, the bit line node on the cell side discharges slower
as compared to the reference side and for an erased cell, the bit line node on the cell side
discharges faster ammpared to reference side. As soon as a sufficient bit line differential
voltage is formed, the signal SA_en is triggered and the device M11 switches ON so as to
obtain the output.

|
L Tpre charge
|

Pre en :

,J

Ts ensmg delay
‘ 5 Y

Vout

Read access time

Figure 16. Timing Diagram for signals
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3.3 Offsetand Delay Estimation

Offset estimation i®ne of the most important tasks in the design of SAs as it is one of the
performance metrics of the SA. The offset of an SA characterizes its perfor@#seefor a
current sense amplifier is measured in teohgurrent which is defined as the minimum
difference of cell current and reference current when the output voltage crosses Vdd/2. For
proper operation, the current difference between cell and reference must always exceed this
offset. Hence sense amplifigifset must be as low as possiff@. In addition to current offset,

there exists a voltage offset for the latch type sense amplifier. The minimum differential voltage
between the bit line nodes which is able to triggerreect sensing is referred to as the offset
voltage. An ideal SA exhibits infinitely small offset but in all practical designs there will be
always a finite offsefThis finite offset if not accounted for in the design of the SA, can cause
failure in memoryTherefore, itis a critical task to characterize and account for this finite offset
in order to ensure the efficient working of memory and avoid any failures. Along with
incorporating any mismatch in the values of the df the devices due to parametariations,

the SA requires a minimum voltage differencgs\between the bit lines BL and BLB. This

Vit needs to be above a certain threshold for the circuit to opfimiently. Toidentify the

effect of process variations, 1000 Monte Carlo (MC) simulations were performed by
incorporating a total of 10mV variation in VTH of devices. In the current situation, current
offset is defined as the minimum current difference between thkneg of the cell and
reference sides for achieving full success rate (i.e. success rate of 100%). Similarly, voltage
offset is defined as the minimum differential voltage between the bitline nodes for 100%
success rate. The success rate (S), can thelefdormulated as:

3 8 (31)

Furthermore, the read access tiMgscess Which signifies the time utilized by the SA to read
the contents of memory, in tikase oNVM can be expressed as:

4 4 4 4 (3.2

As seen from equatior8@), the read access time has been divided into three parts namely
Tprecharge Tsensing dela)and TLatching Apparently, apprpriate design and topology of SAs can
enable the control of first two parts, nameledharge@Nd Tsensing delay While latching time is

fixed depending upon the output load and buffering tisehe load on memory has increased
over the years, this lding time Tawching has also been observed to incredsehe present
work, sensing delay, sksing delay IS predicted by utilizing the transient behaviour of SA at the
estimated current and voltage offset for 100% suctesgporating \fn variations in all
devices in order to account for any variation in parameters at the fabricatiofil®fage



30

3.4 Simulation Resultsand Comparison

The proposed SA is implemented in 65nm CMOS bulk technology at a sugifalge (Vdd)

of 1.2V. The selected aspect ratios for respective transistors of the core sense amplifier circuit
are mentioned in Tabld.lIn order to demonstrate the performance of sense amplifier with
respect to Offset Voltage of sense amplifier, Mo@gelo (MC) simulations are launched by
incorporating a total threshold voltage variation of 10mV in all the devices and simulations
were carried out in ELDO simulator for a ref
load of 1pF at temperatur27 C. In order to calculate the current offset, two different
simulation sets were carried out for programmed and erased memory cells. The term yield (S),
is determined at each differential bitline voltage by projecting SA_en signal for specific
differenial bit line voltage by running 1000 MC simulations using equation (1). It is important

to note that the analysis carried out here in terms of voltage offset assumes that the transistors
in the designed circuit are with random mismatches. The CumulatstedbDiion Function

(CDF) and the Probability Density Function (PDF) of the sensing probability for the proposed
SA at supply voltges of 1.2V are shown in Figs. 17 andr&8pectively. The corresponding

bit line voltages (VBL_c and VBL_r) were maintainadl.2V. The triggering of sense enable
signal has substantial effect on the access time of the SA and therefore MC simulations were
carried out by including VTH variations and applying SA_en signal at various time instants till
100% success is achievedarder to calculate the Cumulative Distribution Function (CDF)
Samples from the CDF were fit into the nearest Gaussian distribution function to obtain the
Probability Density Function (PDF) which is given in equation (3):

A ApA ] (3.3)

After the analysis, the coefficients in equatiorB(&re obtained as al=63.77, b1=0.0002097

and cE0.008847. It can be observed that 100% success in sensing the correct value is achieved
when SA_en signal was applied at 7ns at a differential bitline voltagé.s8mV which is

shown in Fig. 17In addition, the standard deviation in the offset voltag@.002 mV as
obtained from Fig. 18

TABLE II. Transistor Aspect Ratios

Transistor WI/L (pm)
M1=M2 0.4/0.09
M3=M4 0.4/0.09

M5=M6 9/0.1
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Figure 18. Probability Density function of the Sensing Probability depicted in Fig. 1

The transient behaviour of the modified sense diapliopology is shown in Fig. 1& can be
observed from Fig. 18hat the sense amplifier achieves sensing delay of 0.946ns. Furthermore,
in order to check the effectiveness of the sense amplifier with respect to sensing delay, V
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variations were introduced in all the devices using Monte Carlo method at a biasaug \ajlt

1.2V and temperature of 2Z. The distribution of the obtained sensing delay fogmmed

cell is shown in Fig. 20In order to verify the effect of supply voltage on offset voltage, the
power supply of the sense amplifier is swept from 1.2V to IR\6 observed from TabldI

that with increase in supply voltage the bitline differential voltage increases thus decreasing
the sensing delayhich is an intuitive resu[tL1]. Subsequently, the sense amplifier is assessed

in order to check the distribution of offset voltage under % and MirMin corners.The
outcome is plotted in Fig. 21t can be observed from the plot that when both the NMOS and
PMOS are MaxMax, the bitline differential voltage has lower values@aspared to MirMin

corners because of higher leakage.
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TABLE Il . Variation of Bit line Differential Voltage with Supply Voltage

Supply Voltage (V) Bit line Differential Voltage (V)
1.2 0.0240
14 0.0241
1.6 0.0279
1.8 0.0303
2.0 0.0309
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Figure21. Variation of Bit line Differential Voltage at different PVT corners

In order tocompare the performance of the proposed sense amplifier with other conventional
designs, an equival ent bitline | oad of 0.5p
acording to the setup given ifi2]. The supply voltag is swept from 1.3V to 2V for the

modelled setup and the results fansing delay are shown iRig. 22 To observe the
effectiveness of the proposed SA in terms of sensing delay, equivalent bitline load for the SA

is varied from 0.2pF to 1pF at a fixedltage supply of 1.5V aceding to the setup given in

[12]. The corresponding results farsingdelay are shown in Fig. 28 can be observed from

Fig. 22 and 23hat the obtained results for the proposed sense amplifigpare favourably
with[12],[13] and[14]. Also, as reported if12], the power consumed by the design at a power
supplyof 1.5Vandai t l i ne | oad of O.5pF is 85&W where
type proposed SA under the exact same condit
of 32.6% in terms of power.
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Then, the proposed SA is simulated under different supply and temperature conditions, the
results forwhich are mentioned in Table I\VFurthermore, it can be ee from the results in

TableV that the success rate decreases with the decrease in offset current. Essentially, it can
be observed that the SA exhibits 100% succe
degrades as the cant offset is decreased. Finally, the proposed topology was analysed for
power consumed in the cell. The total power consumed can be expressed as:

0 ) &AA (3.4)

The total power consumed can teught in two parts namely the power consumed during
sensing and the power consumed during differential bitline formation gives as:
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For calculation of the above powelues, the average curreniglthrough the comparator or
core of the SA is measured and then the power is calculated. Then the various consumed power
at varying supply level was obtained which are given in in Tablét \¢an be seen in Tabld V

0

0

35

(3.9

that thetotal power consumed by the SA decreases with decrease in supply voltage.

TABLE IV. Variation in Sensing Delay and Current Offset with variation in supply voltage and Temperature

vdd (V) Temperature (C) | Sensing Delay (ns)| Current Offset (LA)
1 27 1.298 0.4
1.35 125 1.493 0.7
1.65 27 0.246 0.7
1.95 -125 0.356 0.4

TABLE V. Variation in Percentage Success and Voltage Offset with Cell current

Cell Current (pA) Percentage Success (%) Voltage Offset (V)
7.0 100 0.0262
7.1 98.765 0.0198
7.2 95.37 0.0138
7.3 88.88 0.0116
7.4 79.11 0.0102

TABLE VI. Power consumption at different values of power supply

vdd (V) Power consumed during Bit Power consumed Total Power
line Differential Formation during Sensing consumed (UW)
(W) (W)
1.2 18.458 27.054 45512
1 15.175 20.082 35.257
0.9 13.642 16.589 30.051
0.85 12.859 14.801 27.66
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3.5 Conclusions

A new SA topobgy for nonvolatile memoryhasbeen presented in this workhe proposed
topology has beeanalysedn 65nm CMOS technology operating at a supply voltage of 1.2V
and allows operation at supply voltages as low as 0.85V. The proposed topology when
compared to the existing topology exhibits better performance in terms of sensing delay and
offset voltage. Tie proposed SA exhibits a sensing delay of 0.452ns and 0.946ns in the best
and worst case scenarios respectively at typical corners with a voltage offset of 26.23mV and

current offset of 1e¢A. The mini mum dunflf er ent
out to be 23.39mV and 23.85mV at MiRax and MinrMin corners respectively. The SA
consumes a total power of 45.512¢W at a powe

be inferred from the above discussion that, the proposed topology coultebégiy useful
for high speed, low voltage, and low power applications.
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4. A Cross Coupled Latch Type Sense Amplifier for
SRAM with Delay Reduction and Offset Lowering
Using Body Bias

A sense amplifier (SA) is one of the most essential and cpenitd of memory as these circuits
define the read access time of memory. An SA is used to retrieve the data stored in memory.
The whole purpose of a memory is to store data and to be able to retrieve that data whenever
required, and thus SA is one of theshcrucial parts. SAs amplify any small signal variations
inthe bitlinesso as to obtain a recognizable output
possible The minimum sensing voltage at which the SA is able to trigger a successful sensing
operdion is called the voltage offset. The smaller this sensing voltage is, the faster the SA will
produce the output. Also, smaller sensing voltage reduces the overall power dissipation because
as soon as the contents of the memory are sensed, the bialmiearestored to their original
states without any further del ay. | nthet oday¢
performanceof memory and the central processing units (CPUrefore therées a need for

highly efficient, fastand stablenemories on chip in order to decrease this performance gap,
thus faster SA designs will definitely help in bridging up this dam. an SAdesign, it is
important to focus on two factors which are high yield and low dé&kly High yield is crucial
because there is one SA for each bit line and hence is responsible for a large segment of
memory.To design dast, high yielding, lowpower ancefficient SA circuit, one may have to

face many challengeswing to thefact thatin tod a yd@ssgnsbit lines exhibit high load
because of the requirement of high capadityerefore thespeedof the SA is limited. Even

though with scaling inechnology and supply voltagéhe logic circuit delayhas shown
improvement over the yeavdth each technologgyode,the speed of thememory as a whole

has beerimited due to thedelay caused owing tdonger interconnects andit lines which

carry huge loadslue to increased capacitanédso, there are constraints @RAM design

such as theequirement of being compact, thus the need tanisenumsizing intransistos

for the memory cellThus thesemall memory ceflare required tdrive bit lines bearing large
capacitancevhich resultan smallvoltagesignal swing thus limiting speed dhe memory

The use of a latch type SA orderto read the contents of memdrgs been promoted over the
years. A latch type SA possesses strong positive feedback which helps to achieve the required
output faster. As the dimensions of the devices scale, with scaling in technpfoggss
variationspose a significant threat to thesigns. Due to process variations, there is mismatch
between the devices on the same die thus leading to decrease [h6jielthe SA arcuitsthus

suffer due tomismatchesn devices,as mismatches lead to changesoiperding conditions

like offset Thus resulting in errors and failures, ultimately leading to a significant decrease in
the yield.In modern technology node$iegremay be manygources oYariatiors in parameters

pf the devicesA major cause of device mismatches is the variatiggarametergike effective
channel lengttand \ViH within the samedie thus affecting the performance of the circuit
crucially.An SA esentially requirematching devices ardentical devicgparameters order

to perform efficientlyRandom dopant fluctuatiqiRDF) has been observed as the major cause
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for variations in the device parameters such as effective channel lengthtafqd7y
Lithography hasiso been observed to causeunicess variatian Variations in thexposure

of light and varying resighicknessalso cause variations Wiy and effective channel length.

Thus with scaling in technology it is becoming more difficult to control thesatians in
parametersNowadaysSRAM designare required to be denser thus resulting in the use of
minimally sized devices, also for a dense SRAM design, the SA needs devices which have been
matched carefully so as to minimize any variations in the dg@acametersHowever,even

with devices which have been matched so carefully, the yield and performance are of major
concern. Out of all parts of tf®RAM circuit, an SA forms the vital componenA latchtype

SA asshown in Fig.24 is usedbecause oits advantagesuch adow power dissipation and

low sensing delay due to the presence of strong positive feedback

4.1 Design of theModified Cross CoupledLatch Type Sense Amplifier

The design of the cross coupled latghet SA has been shown in Fig.. 2tbasic SRAM cell
has beershown in the figure along with tH@A. It can be seen from Fig. 2Aat there is a
potential divider circuit represented by M16 and M17chtproduces an output of Vdd/2

vad B
Pre_en _c{ M14 I MI1S lD—Pre_en
WL
WL i |>_ —<:| M2 —1
po——
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Vin_b

—| M4
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58 M7
a13
12 Vout
R — —_—
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M1 |— SA en

BB_en BB _en

el | == ID_l

Figure 24. Modified Cross Coupled Latch Type Sense Amplifier along with SRAM cell
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4.2 Operation

As seen from Fig. 24he SA has been modified by providing body biasing to it. The potential
divider formed by devices M16 and M17 produces an output of Vdd/2 which is 0.6V as the
power supply has been fixed at 1.2V in this céds®ordingto the signals shown in Fig. 25
initially the bit line nodes and the nodes Vout and Vout_b are precharged to Vdd. Assuming
that the data has been stored in the SRAM cell already, the wordline WL is switched on. As
soon as the WL is switched on, the signal SS is switched on to allow thkngoof bitline
voltages with the cross coupled SA. At the same time the body bias signal BB_en is switched
on. Initially, before the switching on of the SS signal, BB_en remains at high voltage, switching
on M18 thus shorting the source and substratbeopull downs M3 and M4 (§= 0). After

SS is switched on, BB_en switches to low voltage thus switching on M19 thus providing the
substrates of the pull downs withvoltage 00.6V. As soon as SS is switched off and SAEN

is switched on, the source vadfe of the pull downis pulled down to 0. Now for M3 and M4,

Vsg = -0.6V. This enables the lowering of threshold voltages of the pull downs and thus
speeding up the read operat@amd enhancing the positive feedbaaid resulting in a lower
offset voltagan accordance with the following equation:

6 6 r $ Bs $Hs (4.1)

WhereVio denotes the threshold voltage of the devicewhes v 0, o9 denotes t he
p ar ame t rdenotes thd fermni potential of the substrate.

Pre_en : Tprecharge |

P

1 1
1 1 1
1
I | I
| 1 | ]
: | L
1
WL S I '
| | | |
I i I !
D I I
SS i I
| 1 !
v I I
BB en 4 I | |
2 I ‘ I I
1 1 1
| b
oo I :
1o | :
P! I
| ! I
1 : |
SAEN : . : Tdelay |
1 1 |‘ .: Reads '1'
i I
Vout : I

|
! |
Figure 25. Signal diagram for sense amplifier operation



40

4.3 Offset and Delay Estimation

One of the major performance metrics in SA design is the offset and hence its estimation is a
crucial task. Tie offset of an SA characterizes its performaéset for avoltage sense
amplifier is measured in terms tfe minimum voltagelifferential between the bit line nodes
which is able to trigger a correct sensiAg ideal SA exhibits infitely small offset but in all
practical designs therie always a finite offsetThis finite offset if not accounted for in the
design of the SA, can cause failure in memory. Therefore, it is a critical task to characterize
and account for this finite ofés in order to ensure the efficient working of memory and avoid
any failuresHence sense amplifier offseust be as low as possibidong with incorporating

any mismatch in the values of then/of the devices due to parameter variations, the SA
requires a minimum voltage differencegy between the bit lines his Viirr needs to be above

a certain threshold for the circuit to operat#iciently. To identify the effect of process
variations, 1000 Monte Carlo (MC) simulations were performed by incdrpgra total of

10mV variation in VTH of devices. In the current situatigoltageoffset is defined as the
minimum voltagedifference between the bit lin@s order to achieva full success rate (i.e.
success rate of 100%d)he sucess rate (S), can therefore be formulated as:

3 8 4.2)

Furthermore, the read access tiMigcess Which signifies the time utilized by the SA to read
thecontents of memory, in the caseNd¥M can be expressed as:

4 4 4 4 (4.3

As seen from equatiort @), the read access time has been divided into three parts namely
Tprecharge Toelayand Tlatching Apparently, appropriate design and topology of SAs can enable
the control of first two parts, namelyrEchargnd Toelay, While latching time is fixed depending
upon the output load and buffering tivdes the load on memory has increased over the years
this latching time Tawching has also been observed to incredsethe present work, sensing
delay, Tsensing delay IS predicted by utilizing the transient behaviour of SA at the estimated
current and voltage offset for 100% sucdessrporating \f+ variations in all devices in order

to account for any variation in parameters at the fabrication.stage

4.4  Simulation Results and Comparison

The proposed SA is implemented in 65nm CMOS bulk technology at a supply voltage (Vdd)
of 1.2V. The selected aspectioa for respective transistors of the core sense ampifieuit

are mentioned in Table VIIn order to demonstrate the performance of sense amplifier with
respect to Offset Voltage of sense amplifier, Monte Carlo (MC) simulations are launched by
incorporating a total threshold voltage variation of 10mV in all the devices and simulations
were @rried out in ELDO simulatowith abit line capacitive load of 1pF at temperature7
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The term yield (S), is determined at each differentidif@tvoltage by projecting SAEbignal

for specific differential bit line voltage by running 1000 MC simigla$ using equatiord(2).

It is important to note that the analysis carried out here in terms of voltage offset assumes that
the transistors in the designed circuit are withdam mismatches. Therobability Density
Function (PDF) of the sensing probaélyilfor the proposed SA at supply vaies of 12V is

shown in Figs. 26The corresponding bit line voltages were maintained at 1.2V. Theringge

of sense enable signal has cru@éfiect on the access time of the SA and therefore MC
simulations were gaed out by including W+ variations and applying SAES8Ignal at various

time instants till 100% success is achieved in order to calculate the Cumulative Distribution
Function (CDF)Samples from the CDF were fit into the nearest Gaussian distributictiofiun

to obtain the Probability Density Function (PDwhich is given in equation (4:4

A ApA ] (4.4)

After the analysis, the coéffents in egation (4.4) are obtained as @201, b1=14.412nd
c1=5.545 It can be observed that 100% success in sensing tleetceatue is achieved whe
SAEN signal was applied at 5142, at adifferential bitline voltage of 18.014V which is
shown in Fig. 26In addition, the standard deviation in the offset voliage454nV.

TABLE VIl . Transistor Aspect Ratios

Device WI/L (um)
M1=M2 0.4/0.09
M3=M4 0.9/0.09
M5=M6 9/0.09
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Figure 26. Probability Density function of the Sensing Probability



42

The transient behaviowf the modified sense amfiér topology is shown in Fig. 21t can be
observed from Fig. 2that the sense amplifieclieves sensing delay of 42.432ps when a single
cell was simulatedrFig. 28 and Fig. 22ompare the performance of the cross coupled latch
type SA with body biasing and without body biasing in terms of sensing delay and voltage
offset performing MC simulations and incorporatingxWariations. From Fig. 28an
improvement of 10.861% for th@rcuit with body biasing has been observed over the circuit
without body biasing in termof sensing delay. From Fig.,2&n improvement of 8.098% has
been observed for the circuit with body biasing over the circuit with no body biasing in terms
of voltage offset.It can be observed from Fig. 28 and FigtR2&t the worst case sensing delay
and voltage offset for the proposed SA are 42.127ps and 18.014mV respectively, in the
presence of Wi variations.Furthermore, in order to check the effectiveness ef dénse
amplifier with respect to sensing delays{Wariations were introduced in all the devices using
Monte Carlo method at a suppigltage of 1.2V and temperature of €7 The distribution of

the obtained sensing delagd ofset voltage is shown ini¢z 30 and Fig 31In order to verify

the effect of supply voltage on offset voltage, the power supply oktisesamplifier is swept

from 0.9V to 1.&. It is observed froniig. 32that with increase in supply voltage the bitline
differential voltage inaases thus decreasing the sensing delay which is an intuitive result [6].
Subsequently, the sense amplifier is assessed in order to check the distribution of offset voltage
under MaxMax and MirMin corners.The outcome is plotted in Fig. 33 and Fig. B&an be
observed from the plstthat when both the NMOS and PMOS are Mdax, the bitline
differential voltage has lower values as compared to-Mim corners because of higher
leakagethus resulting in the corresponding values of sensing delay forlmtotners
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Figure 27. Output Waveform for the proposed Sense Amplifier
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Figure 33. Sensing Delay for various pvt corners












