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Abstract

This thesis presents a five-transistor SRAM intended for the advanced
microprocessor cache market. The goal is to reduce the area of the
cache memory array while maintaining competitive performance. Var-
ious existing technologies are briefly discussed with their strengths and
weaknesses. The design metrics for the five-transistor cell are dis-
cussed in detail and performance and stability are evaluated. Finally
a comparison is done between a 128Kb memory of an existing six-
transistor technology and the proposed technology. The comparisons
include area, performance and stability of the memories. It is shown
that the area of the memory array can be reduced by 23% while main-
taining comparable performance. The new cell also has 43% lower
total leakage current. As a trade-off for these advantages some of the
stability margin is lost but the cell is still stable in all process corners.
The performance and stability has been validated through post-layout
simulations using Cadence Spectre.

Keywords: SRAM, high-density, cache, five-transistor, 5T, memory,
microprocessor
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Chapter 1

Introduction

1.1 Background

The need for area effective cache is ever increasing. The first Intel®

Pentium® M processors, with around 77 million transistors, have 1MB
of L2 cache. That constitutes about 2/3 of the total transistor count, or
50 million transistors.

Many different types of memories exist today and new technolo-
gies and circuits are developed every year. But for cache applica-
tions in advanced microprocessors, few have been proven worthy. The
DRAM with its small, one-transistor cell, would be a strong candi-
date. It has however not been used due to the specialized process steps
needed, and associated prominent increase in manufacturing cost. Pla-
nar DRAMs using a standard CMOS process, on the other hand, has
not been proven to be viable for high-yield, high-volume production.
This, together with the high performance demands of microprocessors,
has resulted in the conventional six-transistor (6T) SRAMs being the
main choice for today’s cache applications.

The purpose of this thesis is to show a new approach to a fully
static SRAM that can be used to replace the standard 6T. To do that, it
has to have smaller area while still maintaining the high performance
of the 6T.

1.2 Outline of Thesis

• Chapter 1 - Introduction: An introduction and overview of
the entire thesis. Also includes a listing of some of the terms

1



2 Introduction

used in the rest of the thesis.

• Chapter 2 - Memory Fundamentals:Some basic memory
concepts and ideas.

• Chapter 3 - Existing Technologies:An overview of some
of the existing technologies today. These include, six-transistor
SRAM, resistive load SRAM, three-transistor DRAM and one-
transistor DRAM. The cell structures are discussed as well as the
read and write operations. Emphasis is put on the six-transistor
SRAM.

• Chapter 4 - Proposed Technology: 5T SRAM:The new
five-transistor cell is proposed. Thorough investigations are made
regarding read and write operation, stability and sizing. This
chapter is the main focus of the thesis.

• Chapter 5 - 5T-6T 128Kb Comparison: Comparisons of
area, performance, stability and leakage between two memory
arrays, one using the proposed five-transistor cell and the other
using a conventional six-transistor cell. These post-layout simu-
lation comparisons determine the viability of the proposed tech-
nology.

• Chapter 6 - Conclusion:A summary of the results as well as
a reflection of the work carried out.

• Chapter 7 - Future Work: A discussion of future work that
could be done to build on to, and validate results from this thesis.

• References:A listing of the references used in the thesis.

• Appendix A - Current Through a Transistor: Analytical
derivation of currents through the transistors during a read oper-
ation. The results are used in determining proper sizing of the
memory cell.

• Appendix B - Mismatch Simulations: Simulations made
to determine the impact of transistor mismatch within the five-
transistor cell. Important results are derived regarding the sizing
of the cell.
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1.3 Terminology

The following is a listing of terms and abbreviations used in this thesis
and explanations of them:

λ - Channel length modulation, parameter describing the change
of transistor gate length for differentVDS .

BL - Bitline, the wire connecting the drain (source) of the mem-
ory cells’ pass-transistors to the sense amplifiers.

Cache -A memory used to store data or instructions likely to
be used soon by the CPU. Its purpose is to speed up operation
by bridging the performance gap between the CPU and the main
memory.

CMOS - Complementary MOS, circuits containing both NMOS
and PMOS devices.

CPU - Central Processing Unit, the heart of a microprocessor.
Carries out the execution of instructions.

DRAM - Dynamic RAM, a RAM where the value is stored
dynamically on a capacitor.

gnd - Ground, reference for the low potential power supply
(0V).

gm - Transconductance, the current amplification with respect
to VGS . It is defined asgm = ∂ID

∂VGS
.

ID - Drain current through a transistor.

MOS(FET) - Metal-Oxide Semiconductor Field-Effect Tran-
sistor, a transistor utilizing a metal-oxide to insulate the gate
from the semiconductor, and an electric field to create an in-
version layer as channel.

NMOS - N-channel MOSFET, a transistor utilizing a n-type
inversion layer as channel for conducting current.

nT - n-transistor, memory cell made up of n transistors. For
example 6T, a cell made up of six transistors.
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PMOS - P-channel MOSFET, a transistor utilizing a p-type in-
version layer as channel for conducting current.

Process Corner -Parameters supplied by the manufacturer
delimiting the process variations for a specific transistor type.
For instance the Slow N corner specifies the parameters for the
NMOS transistors that result in the slowest transistors that can
occur during fabrication (within a given probability).

RAM - Random Access Memory, a memory where information
can be stored and retrieved in non-sequential order.

Sense Amplifier -A circuit used to amplify the differences of
the bitlines during read. It is used to speed up reading and restore
full-swing values.

SNM - Static Noise Margin, measure of a cells stability in re-
gard to static mismatch.

SRAM - Static RAM, a RAM where the value is stored stati-
cally in a latch.

VCC - Reference for the high potential power supply (1.8V in
this thesis).

VDS - Drain-Source potential, the difference between the poten-
tial at the drain and the source of a transistor.

VGS - Gate-Source potential, the difference between the poten-
tial at the gate and the source of a transistor.

VPC - Bitline precharge voltage for the 5T SRAM.

VSB - Source-Bulk potential, the difference between the poten-
tial at the source and the bulk of a transistor.

VT - Threshold voltage, the gate-source potential required for
the transistor to start conducting.

Wafer - A round disc of semiconductor material most com-
monly Silicon. Many chips are simultaneously fabricated on a
wafer during the fabrication process.

WL - Wordline, the wire connected to the gate of the pass-
transistors of the memory cells.
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Yield - Measure that describes the percentage of working chips
on a wafer.



Chapter 2

Memory Fundamentals

2.1 What is a Memory

A memory in terms of computer hardware is a storage unit. There are
many different types of hardware used for storage, such as magnetic
hard drives and tapes, optical discs such as CDs and DVDs, and elec-
tronic memory in form of integrated memory or stand-alone chips. In
this thesis I will only discuss the electronic memory, and more specifi-
cally, random access memories (RAM).

An electronic memory is used to store data or programs, and is a
key component in all computers today. It is built up of small units
called bits which can hold one binary symbol of data (referred to as a
’1’ or a ’0’). These bits are then grouped together into bytes (8 bits) or
words (usually in the range of 16-64 bits). In a normal PC several lay-
ers of abstraction are then applied to make up the memory architecture,
all the way from the processor’s registers to, for example, a file on the
hard drive. Within these abstract layers of memory, several physical
layers (e.g. RAM, hard drive) also exist, not necessarily corresponding
one to one.

The main focus of this thesis is the RAM. There are four basic
operations that have to be supported by a RAM. These are the writing
and reading of ’0’ and ’1’ respectively. This is in contrast to read only
memories (ROM) which only support the reading of ’0’ or ’1’.

6
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2.2 Cache

2.2.1 What is Cache

Cache, when talking about a microprocessor, is the general term for
memory that is embedded on a processor chip (however the termsec-
ondary cacheis sometimes used for memory off chip). The purpose
of the cache memory is to store instructions and data that are likely
to be used soon by the processor. Since this memory is embedded
on the chip, latency is much shorter than for the off-chip main mem-
ory. Also it can usually run at higher clock frequencies since there are
much shorter interconnects and no packaging bonds, which deteriorate
the signals, to pass through. With good prediction schemes and a large
cache, the performance of the system can be increased enormously.

Following the previous discussion of different abstraction layers,
most advanced microprocessors today have severalphysicallayers of
memory, making up the cache memory, embedded on the chip. The
closest one is called layer 1 (L1) cache and usually has direct con-
tact with the Central Processing Unit’s (CPU) pipeline. This gives an
extremely short access time, and therefore provides the highest perfor-
mance. This cache is usually run at the same clock frequency as the
CPU. The strict requirements of this L1 cache, and the fact that it has
to access the CPU pipeline means that it is very expensive in terms of
area. The relative large area per cell of this high performance memory
makes it very difficult to place large L1 caches close to the CPU. As an
example the Intel® Pentium® 4 processors have only 8KB of L1 cache.

To make up for the relatively small L1 cache, a larger level 2 (L2)
cache is often put on-chip. This cache is placed slightly further away
from the CPU, and is connected to it through an internal bus. This
results in a larger latency. It is also often run at a lower frequency
making it possible with smaller, less performance optimized, cells. As
a comparison most Intel® Pentium® 4 processors have 512KB of L2
cache.

Sometimes a third cache on chip is used. It is referred to as level 3
(L3) cache and is, following the same convention as above, the furthest
from the CPU. It is in most cases quite comparable in performance to
L2 cache or slightly slower.
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2.2.2 Requirements

There are a some very important requirements for a memory when
it is to be embedded as on-chip cache. First and foremost it has to
be reliable and stable. This is of course true for all memories, but is
especially important for cache due to the more extreme performance
requirements and area limitations. If embedded in a microprocessor,
there is little space for redundancy (extra memory blocks used if certain
memory units have defects), and because of the size and complexity of
the chips the costs are very high for each chip. Faulty memories can
not be afforded and a high yield (percentage of working chips on a
wafer) is therefore extremely important.

Secondly the memory has to have high performance. The sole pur-
pose of cache is to speed up the operation of the CPU by bridging over
the performance gap between main memory and the CPU. Therefore
at least some of the on-chip cache is usually clocked at the same fre-
quency as the CPU. This means clock frequencies above 2GHz.

Another important requirement is low power consumption. To-
day’s advanced microprocessors use a lot of power and get very hot as
a result. With increasing memory sizes these contribute with more and
more power loss. This is especially important in mobile applications
where prolonging battery life strongly depend on minimizing power
loss. Low power architectures are therefore chosen for cache memo-
ries and low leakage is taken into account when the sizing is done.

All of these reasons together with the strive for simple operation
in already complex circuits have made the 6T SRAM the choice of
the day for advanced microprocessor caches. The 6T SRAM is fur-
ther described, along with some other existing memory techniques, in
chapter 3.



Chapter 3

Existing Technologies

3.1 6T SRAM

3.1.1 Cell Structure

The conventional six-transistor (6T) SRAM is built up of two cross-
coupled inverters and two access transistors, connecting the cell to the
bitlines (figure 3.1). The inverters make up the storage element and the
access transistors are used to communicate with the outside. The cell
is symmetrical and has a relatively large area. No special process steps
are needed and it is fully compatible with standard CMOS processes.

M1

M2

M6

BL

Vcc

M5

M4

M3

BL

WL

Figure 3.1: Six-transistor SRAM cell.

9



10 Chapter 3. Existing Technologies

3.1.2 Read Operation

The 6T SRAM cell has a differential read operation. This means that
both the stored value and its inverse are used in evaluation to determine
the stored value. Before the onset of a read operation, the wordline is
held low (grounded) and the two bitlines connected to the cell through
transistorsM5 andM6 (see figure 3.1) are precharged high (toVCC).
Since the gates ofM5 andM6 are held low, these access transistors are
off and the cross-coupled latch is isolated from the bitlines.

If a ’0’ is stored on the left storage node, the gates of the latch to the
right are low. That means that transistorM3 (see figure 3.1) is initially
turned off. In the same way,M2 will also be off initially since its gate
is held high. This results in a simplified model, shown in figure 3.2,
for reading a stored ’0’.

M6

M1
Cbit

BLBL

Vcc Vcc

Cbit

Q=1Q=0

Vcc

Vcc

M5

M4

WL

Figure 3.2: Six-transistor SRAM cell at the onset of read operation
(reading ’0’).

In the figure the capacitorsCbit represents the capacitances on the
bitlines, which are several magnitudes larger than the capacitances of
the cell. The cell capacitance has here been represented only through
the value held by each inverter (Q=0 and Q=1 respectively).

The next phase of the read operation scheme is to pull the wordline
high and at the same time release the bitlines. This turns on the access
transistors (M5 andM6) and connects the storage nodes to the bitlines.
It is evident that the right storage node (the inverse node) has the same
potential asBL and therefore no charge transfer will be take place on
this side.

The left storage node, on the other hand, is charged to ’0’ (low)
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while BL is precharged toVCC . Since transistorM5 now has been
turned on, a current is going fromCbit to the storage node. This cur-
rent dischargesBL while charging the left storage node. As mentioned
earlier, the capacitance ofBL (Cbit) is far greater than that of the stor-
age node. This means that the charge sharing alone would lead to a
rapid charging of the storage node, potentially destroying the stored
value, while the bitline would remain virtually unchanged. However,
M1 is also turned on which leads to a discharge current from the stor-
age node down to ground. By makingM1 stronger (wider) thanM5,
the current flowing from the storage node will be large enough to pre-
vent the node from being charged high.

After some time of discharging the bitline, a specialized detection
circuit called Sense Amplifier (see figure 3.3) is turned on.

BLBL EQ

Out Out

Vcc Vcc

PCPC

SE

Vcc

CS

Figure 3.3: Sense Amplifier for a six-transistor SRAM.

It detects the difference between the potentials ofBL andBL and
gives the resulting output. Initially the sense amplifier is turned off
(sense enable,SE, is low). At the same time as the bitlines of the 6T
cell are being precharged high, so are the cross-coupled inverters of the
sense amplifier. The bitlines are also equalized (EQ is low) so that any
mismatch between the precharges ofBL andBL is evened out.

When the wordline of the memory cell is assertedEQ andPC are
lifted and the precharge of the sense amplifier is discontinued. The col-
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umn selectorCSis then lowered to connect the bitlines to the latch of
the sense amplifier. In figure 3.3, for purpose of clarity, only one col-
umn selector transistor for each side of the sense amplifier is present.
However, normally several bitlines are connected to the same sense
amplifier, each one with its own column selector transistor. In this
way, several bitlines can be connected to the same sense amplifier, and
the column selectors are then used to determine which bitlines should
be read.

After some time, when a voltage difference of about 50-100mV
(for a 0.18µm process) has developed between the two inverters of
the sense amplifier, the sensing is turned on. This is done by raising
SE, and thereby connecting the sources of the NMOS transistors in
the latch tognd. Since the internal nodes were precharged high the
NMOS transistors are open and current is being drawn from the nodes.
The side with the highest initial voltage will make the opposite NMOS
(since it is connected to its gate) draw current faster. This will make the
lower node fall faster, and in turn shut of the NMOS drawing current
from the higher node. An increased voltage difference will develop
and eventually the nodes will flip to a stable state.

TheOut node in figure 3.3 is then connected to a buffer to restore
the flank of the signal and to facilitate driving of larger loads. Also
theOut node is usually connected to an inverter. This inverter is of the
same size as the first inverter in the buffer. This is to make sure that
the two sense amplifier nodes have the same load, and therefore will
be totally symmetric.

Note that it is essentially the ’0’ that is detected for the standard
6T SRAM, since the side with the stored ’1’ is left unchanged by the
cell. The output is determined by which side the ’0’ is on; ’0’ on the
normal storage node results in a ’0’ output while ’0’ on the inverse stor-
age node results in a ’1’ output. Therefore the performance is mainly
dependent on the constellationM1-M5 (see figure 3.1) orM3-M6 and
their ability to draw current from the bitline.

3.1.3 Write Operation

For a standard 6T SRAM cell, writing is done by lowering one of the
bitlines to ground while asserting the wordline. To write a ’0’BL is
lowered, while writing a ’1’ requiresBL to be lowered. Why is this?
Let’s take a closer look at the cell when writing a ’1’ (figure 3.4).

As in the previous example of a read, the cell has a ’0’ stored and
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M6

M1

BL=0BL=1

Q=1Q=0

Vcc

Vcc

M5

M4

WL

Figure 3.4: Six-transistor SRAM cell at the onset of write operation
(writing ’0’→’1’).

for simplicity the schematic has been reduced in the same way as be-
fore. The main difference now is that the bitlines no longer are re-
leased. Instead they are held atVCC andgnd respectively. If we look
at the left side of the memory cell (M1-M5) it is virtually identical to
the read operation (figure 3.2). Since both bitlines are now held at their
respective value, the bitline capacitances have been omitted.

During the discussion of read operation, it was concluded that tran-
sistorM1 had to be stronger than transistorM5 to prevent accidental
writing. Now in the write case, this feature actually prevents a wanted
write operation. Even when transistorM5 is turned on and current is
flowing from BL to the storage node, the state of the node will not
change. As soon as the node is raised transistorM1 will sink current
to ground, and the node is prevented from reaching even close to the
switching point.

So instead of writing a ’1’ to the node, we are forced to write a ’0’
to the inverse node. Looking at the right side of the cell we have the
constellationM4-M6. In this caseBL is held atgnd. When the wordline
is raisedM6 is turned on and current is drawn from the inverse storage
node toBL. At the same time, however,M4 is turned on and, as soon
as the potential at the inverse storage node starts to decrease, current
will flow from VCC to the node. In this caseM6 has to be stronger
thanM4 for the inverse node to change its state. The transistorM4 is a
PMOS transistor and inherently weaker than the NMOS transistorM6
(the mobility is lower in PMOS than in NMOS). Therefore, making
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both of them minimum size, according to the process design rules, will
assure thatM6 is stronger and that writing is possible.

When the inverse node has been pulled low enough, the transistor
M1 will no longer be open and the normal storage node will also flip,
leaving the cell in a new stable state.

Figure 3.5 shows the sizing for the 6T SRAM cell used for com-
parisons in this thesis.

BL BL

0.28/0.18

M6

M2

0.62/0.18
M1

0.62/0.18

0.28/0.18
M4

Vcc

0.28/0.18
M3

WL

M5 0.28/0.18

Figure 3.5: Standard six-transistor SRAM cell with sizes.

3.2 Resistive Load SRAM

3.2.1 Cell Structure

The resistive load SRAM is very closely related to the 6T SRAM. The
only difference is that the PMOS transistors of the latch have been
exchanged for highly resistive resistor elements (figure 3.6). The resis-
tors sole purpose is to maintain the state of the cell by compensating
for the leakage current. To reduce static power dissipation the resistor
values must be very high. Un-doped polysilicon with a resistance of
several TΩ/� is used [6]. In terms of area this exchange is fairly good
(about 30-50%), but it leads to a higher static power and a lower Static
Noise Margin (SNM) [7]. Also special process steps are needed which
increases the cost. The resistive load SRAM is therefore not used in
sensitive applications, such as microprocessor cache.
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RL RL

M4

M1

M3

M2

BL

Vcc

BL

WL

Figure 3.6: Resistive Load SRAM cell.

3.2.2 Read Operation

The read operation is identical to the 6T SRAM case (see section
3.1.2).

3.2.3 Write Operation

The write operation is identical to the 6T SRAM case (see section
3.1.3).

3.3 3T-DRAM

3.3.1 Cell Structure

The three-transistor dynamic RAM (3T DRAM) is fundamentally dif-
ferent from both the 6T and the resistive load SRAMs. In the SRAM
cells the data is stored in a latch which holds the data statically, whereas
in the 3T DRAM the data is held dynamically on a capacitor. This
means that, if left unused, the cell will eventually lose its information
since the charge stored on the capacitor disappears through leakage.
To solve this problem occasionalrefreshis needed. That is, each cell
has to be read and then written back periodically, typically every 1 to
4ms [6].

In figure 3.7 the schematic for a 3T DRAM cell is shown. The
capacitor,CS, can either consist of the internal gate and source ca-
pacitances alone or a separate capacitor can be added. The latter is
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to ensure a higher capacitance, which increases stability. Due to the
cells small area and relative simplicity, 3T DRAM is still used in many
application specific integrated circuits [6].

WWL
RWL

BL1

M1
M3

M2

CS

BL2

Figure 3.7: Three-transistor DRAM cell.

3.3.2 Read Operation

As opposed to the 6T SRAM, the 3T DRAM has a single ended read
operation. This means that only one bitline is used for detecting the
stored value (in this caseBL2). The read operation is started by the
precharge ofBL2 (normally to VCC). After that the read wordline
(RWL) is asserted which results inM3 turning on. Now, depending on
the value stored onCS, transistorM2 will either draw current fromBL2
throughM3 (when a ’1’ is stored), or it will be turned off (’0’ stored).
Note that if a ’1’ is stored, the voltage onBL2 is lowered, and if a ’0’
is stored the bitline is left high! Consequently 3T DRAM cell is an in-
verting cell. Another thing that distinguishes the 3T DRAM from most
other DRAMs is the fact that the read operation is non-destructive, i.e.
the stored value is not affected by a read operation.

3.3.3 Write Operation

For write operation there is a separate bitline (BL1) and wordline (WWL).
Initially BL1 is either held high (writing ’1’) or low (writing ’0’).WWL
is then asserted and transistorM1 is turned on. The potential on the bit-
line is thereby transfered toCSbefore the lowering ofWWLcompletes
the write cycle. Note that, while a ’0’ can be transfered well by the
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NMOS transistor (M1), a ’1’ can not. A threshold voltage is lost over
the NMOS transistor and the resulting potential acrossCSis reduced to
VWWL-VTN . This will reduce the current flowing throughM2 during
a read operation and thereby degrade performance. To overcome this
problem many designs use a technique calledbootstrappingto increase
the voltage on the write wordline toVCC+VTN . This will ensure that
VCC will be stored when writing a ’1’.

Another thing worth noting is that there are no constraints on the
transistor ratios for the 3T DRAM, as opposed to the 6T SRAM (see
sections 3.1.2 and 3.1.3). The sizing is instead solely based on area,
performance and stability considerations.

3.4 1T-DRAM

3.4.1 Cell Structure

In terms of cell area, the one-transistor (1T) DRAM is by far the small-
est of the memories discussed here. The cell structure is extremely sim-
ple and the most straight forward of all the memories in this thesis. It
consists of one storage element, capacitorCS, and one pass-transistor,
M1 (figure 3.8).

CS

BL

WL

M1

Figure 3.8: One-transistor DRAM cell.

As for the 3T case, the 1T DRAM is dynamic. It holds the stored
value on a capacitor and therefore occasional refresh is needed, the
same way as for the 3T in section 3.3.1. To achieve a satisfying stabil-
ity CShas to be fairly large (at least 30fF) [6]. If the capacitor is made
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planar using metal layers, much of the area gain is lost. Therefore a
specialized process withtrenchedcapacitors are mainly used. While
this makes the cell extremely small, it adds a large extra cost and is
therefore usually not used in embedded cache. Planar capacitors made
up from MOS devices can instead be used, which gives fairly large ca-
pacitance for a small area. These have, however, not yet been proved
to be viable for high-yield, high-volume microprocessors.

Another term that sometimes is used for a variation of the 1T
DRAM is 1T SRAM [3]. This is a bit misleading since it is dynamic,
not static. The reason why it is called SRAM is that the refresh istrans-
parent, meaning it is hidden and in most cases will not be affecting the
access time at all. This can be achieved by making separate mem-
ory banks, where all the banks not currently being accessed instead go
through the refresh cycle.

3.4.2 Read Operation

The read operation of the 1T DRAM is very simple from the cell point
of view. The bitline,BL, is precharged to some value,VREF , usually
aroundVCC /2. Then the wordline,WL, is asserted and a charge transfer
betweenCS and BL takes place. If a ’0’ was stored in the cell the
bitline voltage will decrease, and if a ’1’ was stored it will increase.
The capacitance of the bitline is much larger than that of the cell so the
voltage change on the bitline will be small.

In the 3T DRAM and the 6T SRAM one of the bitlines is contin-
uously pulled down which means that a longer wait before trying to
detect the value, results in a larger difference on the bitline. For the
1T this is not the case. Once the charges have been equalized nothing
more will happen on the bitline. This means that the changemustbe
detected and amplified using a sense amplifier, where as in the 3T and
6T, the sense amplifier only is used to speed up the read-out.

One obvious problem with the read operation in the 1T cell is that
when the charge transfer occurs, the value stored in the cell is de-
stroyed. This is calleddestructive read, and complicates the reading
scheme further. It is now vital that a read always is followed by a
write-back procedure. This can be done by having the output from
the sense amplifier imposed onto the bitline, so that when the ampli-
fier switches to full swing the BL is pulled up or down and the cell is
written.

This type of operation, read followed by write-back, is exactly
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what should be done during the refresh. For the 1T DRAM the refresh
therefore constitutes of reading all cells.

3.4.3 Write Operation

Writing in the 1T DRAM cell is a very simple process. The value to be
written is held on the bitline,BL, and the wordline,WL, is raised. The
cell storage capacitance,CS, is thereby either charged or discharged
depending on the data value. When the value has been transferred the
wordline is lowered again and the value is locked on the capacitor. As
with the 3T DRAM, this cell will not store a ’1’ very well since one
threshold voltage is lost over the pass transistor,M1. To overcome
this problem, the same technique of bootstrapping is used for the 1T
DRAM.



Chapter 4

Proposed Technology:
5T SRAM

4.1 Background

As shown in chapter 3 many different memory technologies have been
proposed over the years. With their different properties, different struc-
tures have been proven useful for different applications. In this thesis
the focus has been put on high-performance cache, a market that has
been totally dominated by the standard 6T SRAM (see section 3.1).

The key to the microprocessor cache market is high performance,
high stability and small area. With the excellent performance and sta-
bility of the 6T SRAM, it has been dominating even though the area
has been comparatively very large. In this thesis it is shown that with
some modifications of the cell, a reduction of area while still maintain-
ing comparable performance can be achieved.

4.2 Cell Structure

In a normal 6T cell both storage nodes are accessed through NMOS
pass-transistors (see section 3.1.1). This is necessary for the writing of
the cell since none of the internal cell nodes can be pulled up from a
stored ’0’ by a high on the bitline. If this was not the case an accidental
write could occur when reading a stored ’0’.

However, if the bitlines are not precharged toVCC this is no longer
true. With an intermediate precharge voltage,VPC , the cell could be

20
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constructed so that a high on the bitline would write a ’1’ into the cell,
but a precharged bitline with a lower voltage would not. Also a low
on the bitline could write a ’0’ into the cell, whereas the intermediate
precharge voltage would not, thus giving the cell aprecharge voltage
window (see section 4.5.3) where correct operation is assured. This
would eliminate the need for two NMOS transistors, since the cell now
can be written both high and low from one side. In turn, that would also
result in one less bitline. From a high density point of view this is very
attractive. Figure 4.1 shows the structure of the proposed, resulting
five-transistor (5T) SRAM cell.

WL

BL

M3

M4

M5

M1

M2
Vcc

Figure 4.1: Five-transistor SRAM cell.

With one less bitline the 5T cell also shares a sense amplifier be-
tween two cells (see section 4.3). This further reduces the area giving
the 5T memory block an even greater advantage over the 6T SRAM.
One version of a 5T SRAM was presented in 1996 by Hiep Tran [9].
That cell differ fundamentally from the cell proposed in this thesis, in
that the latch of the cell is disconnected from thegndsupply to facili-
tate write. This requires an additional metal wire and also destabilizes
all cells on the bitline during write. The approach in this thesis is in-
stead to mimic the behavior of the well proven 6T cell as closely as
possible, while still reducing the area.

4.3 Read Operation

The operation scheme when reading a 5T cell is very similar to the 6T
SRAM. Before the onset of a read operation, the wordline is held low
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(grounded) and the bitline is precharged. This time however, the bitline
is not precharged toVCC , but to another value,VPC . This value is care-
fully chosen according to stability and performance requirements (see
sections 4.5.1 and 4.5.3). Figure 4.2 shows the simplified schematic
corresponding to the onset of a read ’0’ operation. Note that the bitline
now has been precharged toVPC .

BL

M5

WL

Q=0

Cbit
M1 Vcc

Vpc

Figure 4.2: Five-transistor SRAM cell at the onset of read operation
(reading ’0’).

One drawback of the intermediate precharge value is the apparent
problem of obtaining this voltage. One obvious way is to supply this
voltage externally. The trend today is that microprocessors demand
several different supply voltages, so this might in fact not be a signifi-
cant drawback. However, an internal scheme shown in Fig. 4.3 is also
proposed.

During precharge, one bitline is grounded and the other bitline,
connected to the same sense amplifier, is charged to a valueVCC-VTN

obtained from a diode-coupled NMOS. These bitlines are then equal-
ized during the address decoding through a NMOS transistor and the
correct precharge voltage is obtained. If the diode-coupled NMOS is
not desired, a similar scheme using six bitlines where two of them are
charged toVCC and four are grounded can be used. In this thesis the
externalVPC approach has been used. This is to facilitate easy evalu-
ation of the chip using different precharge voltages. The above men-
tioned scheme has, however, also been validated through post-layout
simulations.

The next phase of the read operation scheme is to pull the wordline



4.3. Read Operation 23

PC
EQ

Bitcell

Bitcell

PC EvaluateEqualize

PC

BL

BL2

EQ

PC

Vcc

BL

S/A

BL2

Figure 4.3: Internal bitline precharge scheme utilizing charge splitting.

high and at the same time release the bitline. This turns on the access
transistorM5 and connects the storage node to the bitline. If reading
a ’0’, BL will now be pulled down through the transistor combination
M5-M1.

If instead a ’1’ is to be read, the situation is slightly different from
the 6T case. Figure 4.4 shows the simplified schematic corresponding
to the onset of a read ’1’ operation. In this case the PMOS transistorM2
is used to pull the bitline up, whereas for the 6T cell it was only used to
hold the stored value internally. The implication of this is thatM2 now
has to be sized a bit differently since it affects the performance of the
cell. These sizing issues are described more thoroughly in section 4.6.

Another apparent difference between the 5T SRAM and the 6T
SRAM is how the sensing of the stored value is done. While the 6T
cell has two bitlines and the stored value is sensed differentially (see
section 3.1.2), the 5T cell only has one bitline. Depending on the value
stored, the 5T bitline is either raised or lowered. The challenge then
becomes how to determine if the bitline voltage has increased or de-
creased. A few different techniques can be used for this.

One idea might be to use a type of sample and hold circuit that
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WL

M5
Q=1

BL

M2

Cbit

Vcc

Vpc

Figure 4.4: Five-transistor SRAM cell at the onset of read operation
(reading ’1’).

would sample the value before the read and then use this value as a
reference in a differential sense amplifier . The advantage of this is
that the regular sense amplifier used for the 6T SRAM (see figure 3.3)
is quite small and fast and has been used extensively and therefore has
very well known properties. The disadvantage is the extra circuit and
read scheme complexity that comes with the sample and hold circuit.

Instead, another way of obtaining the needed reference can be used.
If the memory is partitioned in two sections so that only one section
will be accessed at any given time, the other section can be used as a
reference. In other words, one bitline from section one is connected
to one side of the sense amplifier, and one bitline from section two is
connected to the other side of the sense amplifier. This technique is in
fact often used in 1T DRAMs [4] since the 1T cell also only have one
bitline (see section 3.4).

One implication of this scheme is that the output from the sense
amplifier will either beOUT or OUT depending on which section is
accessed. This is because one is connected to theBL side of the sense
amplifier and a higher value on that line will result in a low output
(see figure 3.3). Another thing that should be noticed is that since the
bitline is not precharged toVCC as in the 6T case, the column selector
transistor will be more efficient if a NMOS transistor is used.
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4.4 Write Operation

Writing in the 5T SRAM cell differs from the 6T cell mainly by the
fact that it is done from only one bitline (see section 4.2). For the 5T
cell the value to be written is held on the bitline, and the wordline is
asserted. Since the 6T cell was sized so that a ’1’ could not be written
by a high voltage on the bitline (see section 3.1.3), the 5T cell has to
be sized differently. An in-depth discussion regarding the sizing and
write-ability of the 5T cell is given in section 4.5.2.

4.5 Operation Stability

4.5.1 Read Stability

The first important property when reading a static memory cell is that
the cell does not flip state (accidental write) while trying to read the
stored value. For the 5T SRAM cell this occurs, for a stored ’0’, when
the voltage of the storage node (the node common toM1, M2, andM5)
exceeds the switching threshold of theM3-M4 inverter. Simplified, it
can be viewed in terms of the read current drawn or supplied to the
storage node (see figure 4.2).

The currents through the transistorsM5 andM1 can be described
as in equation 4.1 and 4.2 respectively if the channel length modulation
is ignored (see appendix A).

ID = k′
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At the switching point,VM , the current drawn (when reading a
stored ’0’) through transistorM1 must be greater than the current sup-
plied from the bitline throughM5. Otherwise the node will rise and the
cell will flip. This relation can be written as in equation 4.3. This is
a simplified view not taking the changes of the feedback (output from
the M3-M4 inverter) into account. When the storage node is getting
close to the switching value a significant change in the feedback will
occur. However, if the formulas are used with a lowerVM than the
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actual switching voltage, this gives a safety margin and the changes in
feedback will have little effect on the calculations. Furthermore, these
formulas are used to give an understanding of the concept rather than
calculating the transistor ratios.

k′
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2

)
> (4.3)
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2

)

Now one thing should be pointed out. If the precharge voltage
VPC is chosen to be equal to the switching voltageVM the right side
of the equation equals zero and the relation is always true. This is
easy to understand because if the bitline is not precharged higher than
the switching point, it can never pull the storage node over that point.
A more interesting situation, from a sizing point of view, is therefore
whenVPC is chosen higher.

For explanatory purposes,VPC is chosen at 1.2V (M1 andM5 are
still operating in the same regions, see appendix A), and all other val-
ues are substituted asVCC=1.8V,VM=0.9V, andVT =0.4V. The relation
can then be simplified as in equation 4.4.

W1

L1
> 0.22

W5

L5
(4.4)

In other words, withVPC=1.2V and both transistors at minimum
length, M5 can be 4.5 times wider thanM1 without destroying the
stored value while reading a ’0’. This is for a sizing of the inverter
M3-M4 resulting in a centered switching point (VM=0.9V). It can also
be seen from equation 4.3 that a higherVPC will lower the acceptable
M5/M1 ratio.

A similar discussion can be made regarding the reading of a ’1’
(see figure 4.4). The difference is that the PMOS transistorM2 is active
while M1 is turned off, and that the acceptableM5/M2 ratio is lowered
by a lower VPC . The mobility will then also be a factor which can
not be canceled out in the equations, but for all other purposes the
discussions remain the same.
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4.5.2 Write Stability

To make it possible with one sided write operations, the cell must be
sized accordingly. In section 4.5.1 some guidelines were given for
the sizing of transistorsM1, M2 and M5 to facilitate a proper read
operation. For instance it was concluded that under certain conditions
M5 could be at most 4.5 times wider thanM1. However, to facilitate
proper write operation there is also a minimum value for theM5/M1
ratio.

Starting out from the sizing of a standard 6T SRAM cell in sec-
tion 3.1.3, the important differences in sizing considerations can be
highlighted. The 5T cell with the same sizing (only withoutM6 and
BL) will be stable for read ’0’ according to section 4.5.1 sinceM5 is not
4.5 times larger thanM1. However, it also has to beinstableenough so
that a high voltage (VCC) onBL will write the cell within a reasonable
amount of time. Therefore simulations were done for different widths
of transistorM5 during a write ’1’ operation. Figure 4.5 shows the in-
ternal cell nodes during the operation for different values of the width.
The width was varied in steps of 0.1µm.
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Figure 4.5: Internal cell nodes for five-transistor SRAM cell writing
’1’ with width of M5 varied between 1µm and 1.5µm (typical process
corner).
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From the figure, it is evident that the width ofM5 must exceed 1µm
or the cell will not be written at all. Given that the pass-transistors
of the 6T SRAM are only 0.28µm wide and that the main objective
of the 5T cell is to reduce the area, a different approach is needed.
The cross-coupled inverters must be resized and the switching point
adjusted. As a first step the two NMOS transistors of the inverters
(M1 and M3) are made minimum size (0.28/0.18µm) and the pass-
transistor (M5) is made 0.72/0.18µm. Note that cross-coupled inverters
are still symmetrical at this point. Further sizing issues are discussed
in sections 4.5.4, 4.5.6, 4.6 and appendix B.

4.5.3 Precharge Voltage Window

In the above discussions of read stability (section 4.5.1) it was con-
cluded that the bitline precharge voltage (VPC) was one factor in de-
termining the stability. In fact the possible sizes of the transistors de-
pend on the value ofVPC . In section 4.5.2 a preliminary sizing was
proposed, which allow both reading and writing of the cell if a proper
precharge voltage is used.

Now the question is within what limitsBL can be precharged and
still allow for proper read operation (note:VPC does not effect the
write operation since the bitline is held at eitherVCC or gnd during
write). In other words, what is thePrecharge Voltage Windowfor the
above sizing?

To answer this question, a few simulations were made with differ-
ent values ofVPC to show when the read operations would fail. One
study was made of the read ’0’ case, giving the upper boundary of the
window, and another one of the read ’1’ case, giving the lower bound-
ary. The results can be seen in figure 4.6 and figure 4.7 respectively.

For the read ’0’ case the internal nodes flip ifBL is precharged to
1.75V but not if it is precharged to 1.65V. Also, for the read ’1’ case,
the nodes flip ifBL is precharged to 0.45V but not is it is precharged
to 0.5V. TheVPC windowfor this configuration is therefore 0.5-1.65V.
This, however is for typical process parameters. To get a better under-
standing of the stability, in regard to precharge voltage, the same proce-
dure as above was conducted for four more process corners. The mag-
nitudes of the resulting voltage windows are compiled in figure 4.8.
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Figure 4.6: Internal cell nodes and bitline for a five-transistor SRAM
cell reading ’0’ with VPC at 1.65V and 1.75V respectively (typical
process corner).

4.5.4 Sensitivity to Process Variations and Mismatch

As seen in figure 4.8, process variations can have a large impact on
stability. These process variations however only take into account dif-
ferences between types of transistors, not differences between transis-
tors of the same type. For example, the corner N Fast/P Slow means
that all NMOS transistors are in the fast process corner and all PMOS
transistors are in the slow corner. Today another type of variation is
becoming increasingly important. It is the so calledmismatchbetween
transistors. This means that two transistors of the same type can have
different properties. For instance the lengths can vary slightly, or the
size of the drain area. To simulate the effects of mismatch aMonte
Carlo simulation is usually done.

Monte Carlo simulation is a way of using given process variations
and applying statistical spread. The same simulation is performed very
many times and for every time, slightly different parameters are used.
The statistical spread between transistors is supplied by the manufac-
turers, and the values used for each simulation are determined accord-
ing to Gaussian distribution.
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Figure 4.7: Internal cell nodes and bitline for a five-transistor SRAM
cell reading ’1’ withVPC at 0.5V and 0.45V respectively (typical pro-
cess corner).
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The CMOS process used for this thesis however, did not come with
Monte Carlo parameters. Instead variations between transistors of the
same type were done by manually changing theVT of the transistors
and thereby making them faster or slower. Appendix B shows the dif-
ferent simulations and the impact given on read and write performance
and the precharge voltage window. These results also provide very
valuable information when sizing the cell. ChangingVT of a transistor
is, in effect, making it stronger or weaker. Since this can also be done
by changing sizes of the transistors, the results regarding performance
and stability will also be a good indication of how a change in size will
affect the cell.

4.5.5 Static Noise Margin

The static noise margin (SNM) of a 6T SRAM cell is defined as the
minimum DC noise voltage necessary at both of the two cell storage
nodes to flip the state of the cell [7]. Static noise is due to static errors
in the chip that, for one reason or another, gives the cell an voltage
offset or other mismatch. To measure the sensitivity to this type of
mismatch a quasi-static transient simulation, where the noise sources
are introduced and slowly increased (compared to the cells switching
speed), is often used [5]. The most critical point in a SRAM cell is dur-
ing a read [1], and SNM is therefore typically measured while holding
the bitlines at the precharge value and the wordline asserted.

The same method has been used for evaluation of SNM in the 5T
SRAM cell. Figure 4.9 shows the schematic used for the SNM simu-
lations. Two noise sources have been introduced in the cross-coupling
of the inverters. These are put so that their respective noise is working
the same direction. If one source is increasing the gate voltage of one
inverter, that inverter is giving a lower output. That output is therefore
further lowered by the second noise source before being coupled back
to the other inverter.

The noise sources in the simulation were swept from 0 to 500mV
in 2µs which can be considered slow, since the switching speed of the
cell is far less than 1ns. Figure 4.10 shows the graph of such a mea-
surement. The two nodes are initially stable but as the noise increases
the margin between the nodes diminish. At some point (about 120mV
in this case) the storage nodes flip and the cell settles in this new stable
state.

One difference between the 6T and 5T cells in these simulations
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Figure 4.9: Static noise margin simulation setup for five-transistor
SRAM cell
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Figure 4.10: Measurement of static noise margin for a five-transistor
cell.

should be pointed out. The 6T cell has two connections to bitlines,
both of which are open. One bitline will try to pull up the node that
has a ’0’ stored, thereby lowering the noise margin. The other one will
try to hold the node with the ’1’ high, thereby keeping the cell from
flipping and increasing the noise margin. For the 5T cell there is only
one bitline. This bitline will pull the node towards the switching point
regardless of what value is stored, and since the cell is not entirely
symmetric, both values should be simulated for worst case analysis. In
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both cases the static noise margin will be lowered by the connection to
the bitline. Since there is no other bitline to help the cell retain its state,
the static noise margin can be expected to be substantially lower for the
5T cell compared to the 6T cell. On the other hand the introduction of
two noise sources for the 5T cell might be a little pessimistic. Perhaps
the node not connected to a bitline would experience less static noise
statistically. This however, is beyond the scope of this thesis and the
same SNM simulation setup has therefore been used for both the 6T
and the 5T cell. The results from these simulations can be seen in
section 5.3.

4.5.6 Voltage Scaling

Another important issue in today’s IC design isvoltage scaling. How
well will a particular design work if the supply voltage is lowered?
This will in some way be an indication of how well the design can
be used in a smaller technology since the supply voltage generally de-
creases with every new generation of processes. But it is also important
from another perspective. Power dissipation is a large problem in to-
day’s microprocessors. It limits the battery life of mobile applications
and it also makes the chips so hot that malfunction can occur. To deal
with these issues the supply voltage is often lowered.

To evaluate the sensitivity to voltage scaling, performance sim-
ulations were conducted, using the 5T cell sizing described in sec-
tion 4.5.2. Also, to get some idea of how well the 5T cell handles
the scaling compared to other cache memories, simulations were con-
ducted for the 6T cell with sizing according to section 3.1.3. The re-
sults were then normalized for each type of operation and memory
individually, and summarized in figure 4.11. The write time was mea-
sured from the assertion of the wordline to the flipping of the internal
nodes. For the read time, only the time from the assertion of the word-
line to a 100mV bitline development was measured. This allows for the
sense amplifier to be detached from the measurements and the impact
on the cell can be better evaluated. On the other hand, the relative dif-
ference between the measurements will be much larger since the total
evaluation time is not taken into account.

It can be seen from the figure that the 5T SRAM compares well
with the 6T SRAM for the write and read of ’0’. Both memories only
suffer a 10% penalty when the supply voltage is decreased by about
10%. For the read ’1’ case the 5T memory is slightly worse but still
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Figure 4.11: Impact of voltage scaling on internal operation times.
Precharge voltages at 750mV for five-transistor memory andVCC for
six-transistor memory.

within reasonable limits. However, for the write ’1’ case, the 5T cell
has a very dramatic increase of operation time. When the supply volt-
age has been decreased by 10% the write time doubles compared to
the nominal case. This indicates that the 5T cell has been sized too
close to the limit of when writing a ’1’ is possible. To avoid this kind
of problem, which might also occur for normal supply voltage but in a
worst case process corner, resizing is needed.

4.6 Sizing and Layout

The stability of the 5T SRAM cell has been thoroughly investigated in
section 4.5. Several different metrics have been used to show what is
important in the sizing of the 5T cell. One thing has, however, not been
discussed in detail so far. That is the inherent asymmetry of the cell.

A 6T SRAM cell is absolutely symmetric in the layout. Since the
cell is read differentially (see section 3.1.2) this is very important. Both
storage nodes must have the same capacitances and the same sizing of
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the transistors connected to them. For the 5T SRAM cell this is not
important. The cell does not use the inverse storage node as a refer-
ence, but instead another 5T cell (see section 4.3). Therefore it is only
important that the different cells are the same, not the storage nodes
within each cell. Also, the cell is by nature asymmetric since only one
of the storage nodes is connected to a pass-transistor. This increases
the capacitance in that node making it different from the inverse node.

From appendix B it is apparent what impact changes to individ-
ual transistors have on the performance and stability. This, together
with the results from the preliminary sizing used in section 4.5, gives
enough information for proper sizing of the 5T cell. Now one more
factor should be considered. Will the acquired sizing be suitable for
layout and therefore result in a smaller cell?

To answer this question a suitable transistor sizing must first be
determined. First, to give the cell a balanced read (where read of ’0’
and ’1’ take about the same time) the inverterM1-M2 must be resized.
Since a NMOS transistor is stronger (due to better mobility) the PMOS
must be made larger so that they can draw the same current from the
bitline.

Next, the write time and stability issues must be addressed. As
seen in section 4.5.6 the write time gets very large with a little lower
supply voltage. It is actually the writing of ’1’ that is the problem not
the writing in general. The cell must therefore be made a little more
unstable in regard to writing ’1’. There are two ways to do this. Either
the pass-transistorM5 is made larger which will make the cell more
unstable for writing in general, or the switching point of the cell could
be lowered, making it easier to write a ’1’. Since the writing of ’0’ is
already fast, the second option is chosen.

To lower the switching point of the cell, the switching point of the
inverterM3-M4 should be lowered. It is the gate of this inverter that
is connected to the bitline throughM5, so when that node reaches the
switching point the cell changes state. Now two things can be done to
lower the switching point of the inverter. Either transistorM3 is made
stronger or transistorM4 is made weaker. None of these transistors
affect the reading performance, so the the only aspects of this sizing
are area, stability and write performance.

To get a sufficiently good write performance in all corners, the
switching point has to be lowered considerably. If this was done only
by increasing the width ofM3 it would have to be very large, which
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would make it very difficult to get a small cell after layout. Therefore
transistorM4 should also be made weaker. However, this transistor is
already minimum width, which prevents it from being scaled down. In
equations 4.1 and 4.2 it can be seen that the current through a transistor
is dependent onWL . So instead of making it thinner it can be made
longer.

Now all of these parameters can be adjusted together until a satis-
factory result is achieved. For instanceM5 can be made a little smaller
to reduce the area and increase the stability, while the write-ability can
be assured through keeping the switching point low. Figure 4.12 shows
the resulting sizes.

BL

M2

0.28/0.18

0.4/0.18

M1
0.4/0.18

0.28/0.3
M4

Vcc

0.62/0.18
M5

M3

WL

Figure 4.12: Five-transistor SRAM cell with final sizes.

When making a layout of a 6T cell it is, as mentioned above, im-
portant to match the cell so it is as symmetric as possible (figure 4.13
shows a typical layout).

This is not the case with the proposed 5T cell. To make an area
efficient layout it is important to minimize the empty space. If a sim-
ilar layout to the 6T layout is attempted for the 5T, there will be a
hole where the second pass-transistor was (at the bottom of the cell
layout). To be able to reduce the size when the cells are connected
together that hole has to be filled. One thought would be to turn one
cell 180° and then fit it so that the new cell’s pass-transistor fits where
the old cell’s second pass-transistor was. The problem with that is that
the new pass-transistor is much wider and would therefore not fit in
that configuration without making the whole cell wider. Also, the area
gain would be equivalent to one half of the total length of the pass-
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Figure 4.13: Layout of standard six-transistor SRAM cell.

transistors (including the active area) at best.

Instead the remaining pass-transistorM5 could be moved to the
side of the cell, which results in a area gain from the height of the cell
equivalent to the total length of the pass-transistors. That, on the other
hand, would mean that the cell would be three transistors wide instead
of two. So was anything gained? The answer is yes! The 6T cell
shared the top and bottom contacts with neighboring cells, therefore
limiting their area contribution to half. The new 5T cell also shares top
and bottom contacts with the neighboring cells, but it now also shares
the left hand contact. Figure 4.14 shows the layout of the 5T cell with
the pass transistor on the side and sizing according to figure 4.12.

The 6T cell was limited by metal1 on the sides (the distance to
the neighboring cells was determined by the minimum space allowed
between metal1). This means that the three NMOS transistors of the
5T cell (with the left contact shared) actually can fit within the same
width as the metal1 took up for the 6T cell. This reduces the total
cell area by 21.2%. Further comparisons, of both the cell area and the
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Figure 4.14: Layout of proposed five-transistor SRAM cell.

memory array area, can be found in section 5.1.
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5T-6T 128Kb Comparison

In this chapter all the properties of the 5T and 6T SRAM cell are com-
pared. To be able to make this comparison two memory blocks were
designed. One with a standard 6T cell and one with the proposed 5T
cell. In order to show all the different aspects of the memories rela-
tively large blocks were made. Each block is 128Kb and consists of a
total of 1024 bitlines (and inverse bitlines for the 6T case), where each
bitline is connected to 128 cells. These bitlines are then merged into
a 64 bit wide word through the sense amplifiers. Figure 5.1 shows the
organization for the 5T SRAM.

The difference for the 6T case is that the column selectors are
PMOS and thatBL2 is replaced byBL. Consequently, double the amount
of sense amplifiers are needed, resulting in 128 outputs from the whole
memory, which have to be merged into 64.

For the performance simulations a 600mV bitline precharge volt-
age (VPC) was used for the 5T array and 1.8V (VCC) for the 6T array.

5.1 Area

The purpose of this thesis it to show that a SRAM cache memory can
be designed using a 5T cell with smaller area than the 6T, while not
sacrificing too much performance. Assuming that the 5T is functional,
the area comparison is therefore the most important one.

Figures 4.13 and 4.14 show the layouts of the two cells to scale.
The most apparent difference is that the 5T is asymmetric and almost
square, whereas the 6T is symmetric and oblong. With the shared left-
side contact the 5T has the same width as the 6T, but the height of
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Figure 5.1: Proposed organization of 128Kb five-transistor SRAM.

the cell has been reduced by one total pass-transistor length. With the
design rules available for the standard CMOS process that was used,
the 6T cell is 3.12µm high and 2.56µm wide, which results in a total
cell area of 7.99µm2. The 5T cell has a height of 2.46µm and a width
of 2.56µm using the same design rules. This results in a total cell area
of 6.30µm2 which is 21.2% less than for the 6T.

When making memory however, the usual CMOS design rules are
not used. Instead special memory cells are developed, following much
tighter rules and then evaluated for yield in a foundry. These rules are
not available for fabrication (or development) for customers, which
is why they have not been used here. In studying different, tighter
(SRAM-like) rules, a 15-21% area improvement has still been con-
firmed for the cell.

The area comparison did not stop at the cell however. As discussed
in the beginning of this chapter the 6T cell demands double the amount
of sense amplifiers. This will increase the area slightly and further
strengthen the case for the 5T cell.

Another thing that can be seen from the layouts of the cells is that
the 6T cell has a poly wordline, whereas the 5T cell has a wide metal2
wordline. While not significant to the cell, it has a major impact when
many cells are connected together. Figure 5.2 shows the difference of
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signal propagation in a poly wordline versus a thin metal2 wordline.
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Figure 5.2: Wordline development for six-transistor memory with poly
and metal wordline (64 cell/wordline).

With a difference of 100ps (more than 100%) until the midpoint
(0.9V) is reached, it is clear that something other than poly is needed.
The problem with the 6T cell layout is that there is no room for a
poly/metal1 contact to connect the gates of the pass-transistors to a
metal wordline. Instead of making every cell larger in an attempt to fit
in the contact, a technique calledstitchingcan be used. The main idea
of stitching is to run a metal wordline on top of the poly wordline and
tap down to it between cells every so often (see figure 5.3).

ContactContact

Cell CellCellCell Cell

Metal
Poly

Figure 5.3: Cross-section showing stitching between metal and poly
wordline every third cell.

This means that the cell can be kept small, but a little extra space is
needed between cells every time a stitch occurs. In the 128Kb memory
stitching has been used every 16th cell.

All this together results in a 128Kb memory array that is 1671µm
wide and 686µm high for the 6T SRAM. For the 5T SRAM the corre-
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sponding measurements are 1395µm wide and 630µm high. Figure 5.4
shows a micrograph of the 5T array and the 6T array next to each other.
The total area for the 6T memory array is 1.15mm2 and for the 5T it is
0.88mm2, a reduction of 23%.

Figure 5.4: Chip micrograph of 5T and 6T memory chip.

5.2 Performance

In the performance comparisons, the extra merging of the 6T cell has
been left out. Although this would make the 6T performance a little
slower, the 5T cell also might need a converter after the sense amplifier.
This converter should invert the output from the sense amplifier if a
cell from the inverse side is read. Then again, if the cells on the inverse
side instead were written with the inverse value, this value would be
inverted back by the sense amplifier and therefore the converter would
not be needed. Instead the write operation would be slightly slower.
For a synchronous SRAM using the same cycle time for read and write
this is not a problem. The read operation is generally slower and is the
factor that determines the operation frequency, leaving a little idle time
after a write operation.

To avoid this organizational discussion, the performance has strictly
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Table 5.1: Read performance (WL high→ OUT high) [ps]

Process Corner 6T 5T
Typical 110 °C 499 421
Fast N / Slow P, 3σ 110 °C 495 415
Slow N / Fast P, 3σ 110 °C 529 452
Fast, 3σ 110 °C 390 349
Slow, 3σ 110 °C 597 513

been measured from the midpoint of the wordline transition to the out-
put of the sense amplifier buffer (read case) or flipping of the internal
nodes (write case).

Table 5.1 shows the worst case read performance of the memory
arrays, in different process corners.

The corners have been evaluated at deviations equivalent to 3σ
Monte Carlo analysis. This means that the deviations exceed the sta-
tistical Gaussian spread of three standard deviations. In other words,
less than 0.14% of transistors would exceed these values [2]. Tests
have also been conducted showing a stable read with similar results
when 4σ was used. Only 0.003% of the transistors would exceed this
deviation [2].

From the table it is apparent that the 5T SRAM is 10-15% faster
than the 6T SRAM in all corners. On closer inspection this appears
to mainly be because of faster sense amplifier operation. This is due
to the higher voltage difference between the bitline and the precharged
latch nodes of the sense amplifier for the 5T memory. The latch nodes
are therefore pulled down faster, which results in a faster switching of
the sense amplifier.

For the write case the performance is compared in table 5.2.

Additional tests also verified a stable write operation when 4σ de-
viation was used. From table 5.2 it can be seen that the 6T array is quite
a bit faster than the 5T array. Especially in the Slow N/Fast P corner.
However, on comparison with table 5.1, it is apparent that the read time
is larger than the write time in all corners. For a synchronous memory
where the read and write cycle have the same timing, this means that
the operation frequency would depend on the read time alone. Thus
the 5T SRAM can operate at a slightly higher frequency than the 6T
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Table 5.2: Write timing (WL high→ internal switching) [ps]

Process Corner 6T 5T
Typical 110 °C 135 191
Fast N / Slow P, 3σ 110 °C 120 133
Slow N / Fast P, 3σ 110 °C 183 354
Fast, 3σ 110 °C 97 128
Slow, 3σ 110 °C 183 277

SRAM.

5.3 Stability

The stability of the 5T SRAM was evaluated in several different ways
as described in section 4.5. For the comparison to the 6T SRAM, the
SNM (section 4.5.5) was studied especially closely. Table 5.3 shows
the results of that study.

Table 5.3: Static Noise Margin [mV/noise source]

Process Corner 6T 5T
Typical 110 °C 255 117
Fast N / Slow P, 3σ 110 °C 180 85
Slow N / Fast P, 3σ 110 °C 315 161
Fast, 3σ 110 °C 210 105
Slow, 3σ 110 °C 289 128

It is evident from the table that the 6T SRAM has a significantly
higher static noise margin. As discussed in section 4.5.5 however, this
comparison might be a little pessimistic for the 5T case. To answer the
question of whether the 5T cell has a large enough SNM or not, the cell
has to be evaluated for yield. This involves fabrication and evaluation
of several chips and is discussed further in chapter 7.
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5.4 Leakage

The leakage of a memory cell can be divided into two separate dis-
cussions: leakage to the bitline(s) and total leakage through the latch.
The total leakage is interesting from a power dissipation point of view.
The total power dissipation should be held down to stop the chip from
overheating and increase battery life of mobile applications.

The bitline leakage is interesting from two different perspectives.
One is that it contributes to the total power dissipation. The other is
a performance issue. As described in sections 3.1.2 and 4.3 a stored
value is read by amplifying a difference between one bitline (BL) and
a reference (BL or BL2). To ensure a correct evaluation, the bitline and
the reference must have a significant voltage difference. If we consider
the case when all cells on a particular bitline (6T SRAM), except for
the cell being read, has a ’0’ stored, an interesting situation occurs.
After the precharge both bitlines are high (VCC), but as soon as the
precharge is lifted the sub-threshold leakage of the cells start affecting
the bitline. If all the cells are storing a ’0’ all the leakage currents
will dischargeBL whereas the referenceBL will remain high (a ’1’ is
stored on the inverse node). When the wordline is asserted the cell
to be read (storing a ’1’) starts to dischargeBL and chargeBL, while
the other cells are still leaking. It now takes a bit of time before the
voltages ofBL andBL pass each other; time that has essentially been
wasted since the same voltage difference as before must be developed
for reliable read. This is a worst case scenario, but since there is no
way of knowing what values are stored in the memory, the timing has
to be designed for the worst case.

Another implication of this is that more cells on a bitline increases
this problem. Therefore, if there is a lower leakage current from each
cell, more cells can be put on the same bitline. This increases the area
efficiency since less overhead per cell is needed. A lower leakage to
the bitline can in other words mean smaller area and/or higher perfor-
mance.

Table 5.4 shows the leakage comparison between the 5T and the
6T cells. It should be pointed out that the total leakage of a 6T cell will
be equal no matter what value is stored since one of the storage nodes
always store a ’0’ and the other a ’1’.

From the table it can be seen that the 5T cell has a significantly
lower leakage current, both to the bitline and as a total. The reason
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Table 5.4: Leakage/Cell (standby, Typical 110 °C)

Setup 6T 5T Diff.
To BL, low node 3.16nA 0.794nA 75%
To BL, high node 0 0.484pA N/A
Whole Cell, ’1’ stored 7.08nA 3.36nA 53%
Whole Cell, ’0’ stored 7.08nA 4.78nA 32%

for this is the lower bitline precharge voltage. When a ’0’ is stored the
VDS of the pass-transistor is only one third in the 5T case compared to
the 6T. This results in a leakage current reduction of 75%. For the case
when a ’1’ is stored, there is instead a higherVDS . The NMOS pass-
transistor, however, transfers high voltages poorly. It can only pass a
voltage equal toVCC-VT , andVT is also increased in this case due to a
higher source-bulk voltage (VSB) [6]. The result is a very small bitline
leakage current, less than 1/1000 of the current in the stored ’0’ case,
and therefore practically negligible.

For the 128Kb memory arrays the total leakage currents, assuming
equal amounts of ’0’s and ’1’s, are 0.93mA and 0.53mA respectively.
This is a reduction of 43% for the 5T case compared to the 6T.



Chapter 6

Conclusion

In this thesis a new approach to a fully static five-transistor (5T) SRAM
cell was proposed. It resulted in a smaller, yet still stable cell, and
with comparable performance to the conventional 6T cell. It also has a
considerably smaller leakage current.

A 128Kb memory array was implemented, using this cell, in a stan-
dard 1.8V, 0.18µm CMOS process. A separate 128Kb memory array
was implemented using a standard 6T cell in the same technology. The
results from the comparison between the two memory arrays are sum-
marized in table 6.1

Table 6.1: 5T and 6T Comparison (Typical at 110°C)

Metrics 6T 5T
Read Time (WL high→ OUT high) 499ps 421ps
Write Time (WL high→ state flip) 135ps 191ps
Static Noise Margin 255mV 117mV
Bitline Leakage/Cell 3.16nA 0.794nA
Cell Area (Logic Design Rule) 7.99µm2 6.30µm2

Area (128Kb) 1.15mm2 0.88mm2

Further, more in-depth, studies were conducted for the 5T array de-
tailing the memory’s sensitivity to process variations. These are sum-
marized in figures 6.1 and 6.2.
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Figure 6.1: Bitline precharge voltage,VPC , ensuring correct operation
and static noise margin,SNM, vs. process variations at 110°C.
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Chapter 7

Future Work

There are some obvious ways to continue the above described work.
The first step is to fabricate a chip using the memory array layout cre-
ated throughout the work with this thesis. This would be a way to val-
idate all the simulation work, and show that the memory really works
in its physical form. At present this work has already started and is
expected to finish before the end of April 2004 when the chip is sched-
uled to go to fabrication.

Depending on the results from these physical measurements there
is further interesting work in the future. For instance a porting to a
0.13µm technology could be done to evaluate the impact of scaling
on the 5T SRAM cell. The alternative internal precharge scheme dis-
cussed in section 4.3 could be evaluated in a physical chip.

The layout of the cells used in this thesis have been made using
regularlogic design rules. When a SRAM memory is fabricated these
rules result in much too large cells. Therefore special SRAM rules
are used by the foundries when memories are fabricated. These rules
are the result of manufacturing many chips and then settling for rules
that give a high enough yield. One interesting continuation of this
work would be a yield evaluation, using tighter rules, and compare
the results to the regular 6T SRAM. This would in fact be one of the
most important factors regarding the viability of the 5T SRAM in real
microprocessors. Unfortunately these investigations require access to
a foundry, and are completely out of the scope for a university, and
even for most companies.
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Appendix A

Current Through a
Transistor

The unified model for deep submicron MOS can be described as fol-
lows [6]:

ID ≈ 0 for VGT ≤ 0 (VGT ≥ 0 for PMOS)

ID = k′ W
L

(
VGT Vmin − V 2

min
2

)
(1 + λVDS)

with Vmin = min(|VGT |, |VDS |, |VDSAT |)

and VGT = VGS − VT

Studying the 5T cell in different situations we can derive expressions
for the current through transistorsM1, M2 andM5 (see figure 4.1).

To determine in which region each transistor is operating,Vmin

has to be evaluated.Vmin=VGT means that the transistor is saturated,
Vmin=VDS means that it is in the triode region andVmin=VDSAT

means that it is velocity saturated. The latter happens in short-channel
devices where the electrical field in the channel is so high that an in-
crease inVDS will not increase the current through the transistor (if
channel modulation is ignored). The current is limited by the veloc-
ity of the carriers, and the velocity is constant due to scattering effects
(collisions suffered by the carriers) [6]. The value ofVDS where this
occurs is calledVDSAT .

BeforeVmin can be evaluated,VDSAT must be determined. Fol-
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lowing the above discussion it is clear that it could be determined by
studying the current through the transistor. However, normal saturation
of a transistor behaves similarly. In both cases the current through the
transistor remains constant even ifVDS is increased. One observation
that can be made is that a velocity saturated transistor has a linear cur-
rent dependence onVGS , whereas a normally saturated transistor has a
square dependence. Therefore the transconductance (gm) can be used.

A transistor’s transconductance is defined asgm = ∂ID
∂VGS

[8]. In
examining the current equations it is clear thatgm is linear and in-
creasing in the saturation region, but constant in the velocity saturation
region. ThereforeVDSAT can be found by plottinggm, for a transi-
tor with gate and drain shorted (the transistor vill be saturated as soon
as it is turned on). Figure A.1 showsgm for a NMOS transistor, in a
standard CMOS process. In the graph, lines have been added showing
the approximate linearity and the off, saturation and velocity saturation
regions respectively.

0 0.5 1 1.5 2
V
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 [V]

g
m

Off Sat. Velocity Sat. 

Figure A.1: Transconductance (gm) for a NMOS transistor, in a stan-
dard CMOS process.

From the figure it can be seen that velocity saturation occurs for
VGS1≈0.8V. Also, for this processVT≈0.4V. It is furthermore stated
in the above equations that the linear dependence ofVGS (and there-
fore constantgm) occur whenVDSAT <VGS-VT . All this leads to the
conclusion thatVDSAT =VGS1-VT≈0.4V. From this,Vmin can be deter-
mined for different situations.
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A.1 Read ’0’

When reading a ’0’ in the 5T SRAM the schematic can be simplified as
in figure 4.2. To find out in which region the transistorsM1 andM5 are
operating, we study the situation around the switching point, i.e. when
Q is equal to the switching voltageVM . For transistorM5 the gate-
source voltage (VGS) is VCC-VM and the drain-source voltage (VDS)
is VPC-VM . The value ofVmin will therefore be the minimum ofVCC-
VT -VM , VPC-VM andVDSAT . With the values from figure A.1 this
gives the values 1.4V –VM , VPC-VM and 0.4V. This means that as
long as the precharge voltage is lower than 1.4V and the difference
between the precharge voltage and the switching point of the cell is
less than 0.4V,M5 will be in the triode region.

For transistorM1, the same discussion can be applied. In this case
the gate-source voltage (VGS) is VCC and the drain-source voltage
(VDS) is VM . ThereforeVmin will be equal toVDSAT (0.4V) and
M1 in the velocity saturated region as long asVM is higher than 0.4V.

A.2 Read ’1’

When reading a ’1’, the simplified schematic is instead as in figure 4.4.
Again we study the situation around the switching pointVM . For tran-
sistorM5 the situation is identical to the situation in section A.1. For
transistorM2, however,Vmin has to be evaluated.

The gate-source voltage (VGS) is in this case -VCC and the drain-
source voltage (VDS) is VM -VCC . Also, VT is approximately -0.45V
andVDSAT is -0.5V for PMOS in this process. All this together results
in Vmin evaluating toVDSAT as long asVM is below 1.3V, andM2 is
therefore in the velocity saturation region.



Appendix B

Mismatch Simulations

The impact ofmismatchon the five-transistor SRAM cell was evalu-
ated by manually changing the threshold voltage,VT , of the transistors
and thereby making them faster or slower. One at a time all the transis-
tors were adjusted and the impact evaluated. Each transistor’s thresh-
old voltage was adjusted in the range +/- 40mV which is equivalent to
about a 20% spread.

The simulations were conducted, on the schematic level, by adding
an ideal voltage source in series with the gate of each transistor. In turn,
these were then set at plus and minus 40 mV and the read and write per-
formance was evaluated. In the following graphs,VTn is the threshold
voltage for transistorn according to figure 4.1. The first graph (fig-
ure B.1) shows the performance for typical process parameters. To get
a good measure of the read performance, and make it independent of
sense amplifier, three different measurements have been made, mea-
suring the time taken for a relative bitline development. The times are
measured from the wordline going high until there has been a bitline
development of 20mV, 50mV and 100mV respectively. The write time
is measured as the time taken from a high on the wordline to the state
of the cell is flipped. All values given are worst case out of read/write
’0’ and ’1’.

The write time has been plotted in the whole range of the precharge
voltage window, whereas the read times have not. The reason for this
is that the pass-transistor of the 5T cell is a NMOS and can therefore
not pull the bitline up more thanVCC-VT . This means that a voltage
development on the bitline cannot occur for too high precharge volt-
ages. This, in effect puts another limitation on the precharge voltage
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Figure B.1: Write performance and bitline development during read
for typical process parameters

other than the one concerning cell stability.

Following are the graphs for the cases whereVT has been individ-
ually changed for the transistors. Figure B.2 and figure B.3 shows the
graphs whenVT1 has been changed +40mV and -40mV respectively.
From these it can be seen that a higherVT for transistorM1 results in a
faster write, but no change for read. It also decreases the possibleVPC

window but theactualwindow (limited by bitline development during
read) stays the same.

Figure B.4 and figure B.5 shows the graphs whenVT2 has been
changed +40mV and -40mV respectively. From these it can be seen
that a higherVT for transistorM2 does not change the write time, and
the read time is only increased very slightly. The possibleVPC window
stays unchanged and theactualwindow is decreased very slightly.

Figure B.6 and figure B.7 shows the graphs whenVT3 has been
changed +40mV and -40mV respectively. From these it can be seen
that a higherVT for transistorM3 drastically increases the write time
but leaves the read time virtually unchanged. The possibleVPC win-
dow becomes larger, but theactualwindow is decreased slightly. This
latter is due to a shifted precharge voltage window where the lower
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limit goes up slightly, whereas the upper limit is still limited by the
read bitline development.

Figure B.8 and figure B.9 shows the graphs whenVT4 has been
changed +40mV and -40mV respectively. From these it can be seen
that a higherVT for transistorM4 decreases the write time, but leaves
the read time virtually unchanged. The possibleVPC window becomes
smaller, and theactualwindow also decreases slightly.

Figure B.10 and figure B.11 shows the graphs whenVT5 has been
changed +40mV and -40mV respectively. From these it can be seen
that a higherVT for transistorM5 increases the write time and the
read time. The possibleVPC window becomes larger, but theactual
window decreases.
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Figure B.2: Write performance and bitline development during read
for a 40mV increase ofVT1
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Figure B.3: Write performance and bitline development during read
for a 40mV decrease ofVT1
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Figure B.4: Write performance and bitline development during read
for a 40mV increase ofVT2
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Figure B.5: Write performance and bitline development during read
for a 40mV decrease ofVT2
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Figure B.6: Write performance and bitline development during read
for a 40mV increase ofVT3
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Figure B.7: Write performance and bitline development during read
for a 40mV decrease ofVT3
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Figure B.8: Write performance and bitline development during read
for a 40mV increase ofVT4
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Figure B.9: Write performance and bitline development during read
for a 40mV decrease ofVT4
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Figure B.10: Write performance and bitline development during read
for a 40mV increase ofVT5
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Figure B.11: Write performance and bitline development during read
for a 40mV decrease ofVT5
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Linköping, 23rd March 2004


	Firstpage
	Abstract
	Acknowledgment
	Introduction
	Background
	Outline of Thesis
	Terminology

	Memory Fundamentals
	What is a Memory
	Cache
	What is Cache
	Requirements


	Existing Technologies
	6T SRAM
	Cell Structure
	Read Operation
	Write Operation

	Resistive Load SRAM
	Cell Structure
	Read Operation
	Write Operation

	3T-DRAM
	Cell Structure
	Read Operation
	Write Operation

	1T-DRAM
	Cell Structure
	Read Operation
	Write Operation


	Proposed Technology:  5T SRAM
	Background
	Cell Structure
	Read Operation
	Write Operation
	Operation Stability
	Read Stability
	Write Stability
	Precharge Voltage Window
	Sensitivity to Process Variations and Mismatch
	Static Noise Margin
	Voltage Scaling

	Sizing and Layout

	5T-6T 128Kb Comparison
	Area
	Performance
	Stability
	Leakage

	Conclusion
	Future Work
	References
	Current Through a Transistor
	Read '0'
	Read '1'

	Mismatch Simulations

