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Chapter 2
SRAM Circuit Design and Operation

2.1 Introduction

A significantly large segment of modern SoCs is occupied by SRAM:s. For instance,
SRAM-based caches occupy more than 90% of 1.72 billion transistors in the
Montecito processor [19]. Similarly, SRAM content in ASIC domain is also increas-
ing. Therefore, understanding SRAM design and operation is crucial for enhancing
various aspects of chip design and manufacturing.

In subsequent sections we will discuss the salient design and operational issues
of SRAMs in general and the SRAM cell in particular. SRAM cell design consid-
erations are important for a number of reasons. Firstly, the design of an SRAM cell
is key to ensure stable and robust SRAM operation. Secondly, owing to continuous
drive to enhance the on-chip storage capacity, the SRAM designers are motivated to
increase the packing density. Therefore, an SRAM cell must be as small as possi-
ble while meeting the stability, speed, power and yield constraints. Near minimum-
size cell transistors exhibit higher susceptibility with respect to process variations.
Thirdly, the cell layout largely determines the SRAM critical area, which is the chip
yield limiter. Meeting the design constraints requires deeper understanding of the
involved trade-offs. In scaled technologies the cell stability is of paramount signifi-
cance. Static Noise Margin (SNM) of a cell is a measure of its stability. Sections 3.2,
3.3 and 3.4 present an in-depth discussion on SNM and analytical approaches for its
computation.

2.2 SRAM Block Structure

Figure 2.1 shows an example of the basic SRAM block structure. A row decoder
gated by appropriate timing block signal decodes X row address bits and selects one
of the word lines WL_0-WL_N-1. The SRAM core consists of a number of arrays
of NxM, where N is the number of rows and M is the number of bits. If an SRAM

13
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core is organized as a number of arrays in a page manner, an additional Z-decoder is
needed to select the accessed page. Figure 2.1 shows an example of an SRAM with
four pages of NxM arrays with the corresponding I/O blocks.

SRAMs can be organized as bit-oriented or word-oriented. In a bit-oriented
SRAM, each address accesses a single bit, whereas in a word-oriented memory,
each address addresses a word of n bits (where the popular values of n include
8, 16, 32 or 64). Column decoders or column MUXs (YMUXs) addressed by Y ad-
dress bits allow sharing of a single sense amplifier among 2, 4 or more columns. The
majority of modern SRAMs are self-timed, i.e. all the internal timing is generated
by the timing block within an SRAM instance. An additional Chip Select (CS) sig-
nal, introducing an extra decoding hierarchy level, is often provided in multi-SRAM
chip architectures.

The main SRAM building blocks will be described in the following sections.
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2.3 SRAM Cell Design 15

2.3 SRAM Cell Design

An SRAM cell is the key SRAM component storing binary information. A typical
SRAM cell uses two cross-coupled inverters forming a latch and access transistors.
Access transistors enable access to the cell during read and write operations and
provide cell isolation during the not-accessed state. An SRAM cell is designed to
provide non-destructive read access, write capability and data storage (or data re-
tention) for as long as cell is powered.

We will discuss design and analysis aspects of three different SRAM cells: a re-
sistive load four-transistor (4T) SRAM cell, a six-transistor (6T) CMOS SRAM cell
and a loadless 4T SRAM cell. We will describe their advantages and disadvantages.

In general, the cell design must strike a balance between cell area, robustness,
speed, leakage and yield. Cell size minimization is one of the most important design
objectives. A smaller cell allows the number of bits per unit area to be increased and
thus, decreases cost per bit. Reduced cell area can indirectly improve the speed and
power consumption due to the reduction of the associated cell capacitances. Smaller
cells result in a smaller array area and hence smaller bit line and word line capac-
itances, which in turn helps to improve the access speed performance. Reducing
the transistor dimensions is the most effective means to achieve a smaller cell area.
However, the transistor dimensions cannot be reduced indefinitely without compro-
mising the other parameters. For instance, smaller transistors can compromise the
cell stability. Often, performance and stability objectives restrict arbitrary reduction
in cell transistor sizes. Similarly, cell area can be traded off for special features such
as an improved radiation hardening or multi-port cell access.

2.3.1 Four-Transistor (4T) SRAM Cell with Polysilicon
Resistor Load

Historically, 4T polysilicon resistor load cells are the remnants of the pre-CMOS
technologies. Ratioed inverters in the cell have lower gain in the transition region
and produce inherently less steep Voltage Transfer Characteristics (VTCs), which
reflects on the SNM values and the time necessary to recover from the metastable
state [20].

The main advantage of static 4T cells with polysilicon resistor load (PRL)
(Figure 2.2) is the approximately 30% smaller area as compared to 6T CMOS
SRAM cells. Due to the higher electron mobility (i, /p, = 1.5 — 3), all transistors
in a PRL cell are normally NMOS. The load resistors serve to compensate for the
off-state leakage of the pull-down devices. On one hand, the values of R;, must be as
high as possible to retain a reasonable noise margin NMj, i.e., to limit the “0” level
rise and reduce the static power consumption. On the other hand, a high R, severely
increases the low-to-high propagation delay for Vpp/2 precharge and it also in-
creases the cell size. Vpp/2 precharge reduces the read time. However, precharging
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16 2 SRAM Circuit Design and Operation

BLB BL

n &

Fig. 2.2 Four-transistor (4T) SRAM cell with polysilicon resistor load

the bit lines to Vpp /2 can compromise the cell stability. Precharge of bit lines to full
Vpp can alleviate the requirement for the low-to-high cell transition current at the
cost of the additional precharge time and the associated power consumption. The
upper resistance limit on Ry is set by the requirement to provide a pull-up current
of at least two orders of magnitude larger than the leakage current of the pull-down
transistor [21]. The lower limit on R, is set by the required noise immunity and
power consumption requirements. The technological variations of Ry, caused by the
limitations of doping and annealing techniques pose another constraint on the in-
crease of Ry.

As the technology scaled into sub-micron regime (beyond 0.8 wm technology
generation), the scalability of a PRL SRAM cell became an issue [22]. The polysil-
icon resistor in the PRL cell could not be scaled as aggressively as the cell’s transis-
tors. The switch from constant-voltage scaling to constant-field scaling to combat
the short-channel effects and electric field implications on the long-term reliabil-
ity, revealed non-satisfactory low-voltage power consumption vs. stability perfor-
mance tradeoff of the PRL cells. Moreover, the extra technological steps of forming
high-resistivity polysilicon are not a part of the standard CMOS logic technological
process. Insufficient tolerance to soft errors, which can be linked to an inadequate
SNM, adds to the list of disadvantages of a PRL cell. These factors prohibit using the
PRL SRAM cells in Systems-on-a-Chip (SoCs) that are traditionally implemented
using standard full CMOS processes. All the mentioned factors practically excluded
the PRL cell from being used the current mainstream scaled-down deep-submicron
technologies.

2.3.2 Six-Transistor (6T) CMOS SRAM Cell

The mainstream six-transistor (6T) CMOS SRAM cell is shown in Figure 2.3.
Similarly to one of the implementations of an SR latch, it consists of six transis-
tors. Four transistors (Q1 — Q4) comprise cross-coupled CMOS inverters and two

TSMC Exhibit 1046, Page 11 of 21
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Fig. 2.3 Six-transistor (6T) CMOS SRAM cell

NMOS transistors Q5 and Q6 provide read and write access to the cell. Upon the
activation of the word line, the access transistors connect the two internal nodes of
the cell to the true (BL) and the complementary (BLB) bit lines.

A 6T CMOS SRAM cell is the most popular SRAM cell due to its superior
robustness, low power and low-voltage operation. Therefore, we will discuss its
operation and design in greater detail. An SRAM cell must be designed such that it
provides a non-destructive read operation and a reliable write operation. These two
requirements impose contradicting requirements on SRAM cell transistor sizing.
SRAM cell transistor ratios that must be observed for successful read and write
operations are discussed in the following sections.

2.3.2.1 Read Operation

Prior to initiating a read operation, the bit lines are precharged to Vpp. The read
operation is initiated by enabling the word line (WL) and connecting the precharged
bit lines, BL and BLB, to the internal nodes of the cell.

Upon read access shown in Figure 2.4, the bit line voltage Vp;, remains at the
precharge level. The complementary bit line voltage Vprp is discharged through
transistors Q1 and Q5 connected in series. Effectively, transistors Q1 and Q5 form
a voltage divider whose output is now no longer at zero volt and is connected to
the input of inverter Q2 — 04 (Figure 2.3). Sizing of Q1 and Q5 should ensure that
inverter 02 — Q4 does not switch causing a destructive read. In other words, 04+ AV
should be less than the switching threshold of inverter Q2 — Q4 plus some safety
margin or Noise Margin.

Ignoring the short-channel and body effects, the maximum allowed value 0+ AV
of the node storing a logic “0” during read access can be expressed as [21]:

Vosara +CR(Vop—Vrin)—\/Visara (1HCR)+CR (Vpp—Vrpa)? 2
— 2.1

AV TR
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18 2 SRAM Circuit Design and Operation
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Fig. 2.4 Simplified model of a 6T CMOS SRAM cell during a read operation
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Fig. 2.5 The rise AV of the “0” node (a) and the SNM (b) as a function of the Cell Ratio (CR)

(CR =W ¥ — W % in Figure 2.3) in a 6T CMOS SRAM cell (simulated in CMOS 0.13 pm
] 5 =2 6

technology, Vipp = 1.2V)

where CR (B) is the cell ratio defined as

_ Wi /L,
Ws/Ls

B=CR (2:2)
Since the cell is fully symmetrical, the CR is the same for 02 and Q6.

The dependence of AV on the CR is shown in Figure 2.5(a). Typically, in order
to ensure a non-destructive read and an adequate noise margin, CR must be greater
than one and can be varied depending on the target application of the cell from
approximately 1 to 2.5. Larger CRs provide higher read current /.., (and hence the
speed) and improved stability (Figure 2.5(b)) at the expense of larger cell area. A
smaller CRs ensure a more compact cell with moderate speed and stability. Leakage
through the access transistors should be minimized to ensure robust read operation
and to reduce the leakage power.
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2.3 SRAM Cell Design 19

A preferred sizing solution can be to use a minimum-width access transistors
with a slightly larger than the minimal length channel and a larger than minimal
width with a minimal length driver transistors.

Once the complementary bit line discharges to a certain Vg 3 = Vpp — AV voltage
level sufficient for reliable sensing by the sense amplifier, the sense amplifier is
enabled and amplifies the small differential voltage between the bit lines to the full-
swing CMOS level output signal.

2.3.2.2 Write Operation

The write operation is similar to a reset operation of an SR latch. One of the bit lines,
BL in Figure 2.6, is driven from precharged value (Vpp) to the ground potential by
a write driver through transistor Q6. If transistors 04 and Q6 are properly sized,
then the cell is flipped and its data is effectively overwritten. A statistical measure
of SRAM cell writeability is defined as write margin. Write margin is defined as the
minimum bit line voltage required to flip the state of an SRAM cell [23]. The write
margin value and variation is a function of the cell design, SRAM array size and
process variation. A cell is considered not writeable if the worst-case write margin
becomes lower than the ground potential.

Note that the write operation is applied to the node storing a “1”. This is ne-
cessitated by the non-destructive read constraint that ensures that a “0” node does
not exceed the switching threshold of inverter 02 — Q4. The function of the pull-up
transistors is only to maintain the high level on the “1” storage node and prevent its
discharge by the off-state leakage current of the driver transistor during data reten-
tion and to provide the low-to-high transition during overwriting.

Assuming that the switching will not start before “1” node is below Vry g1, a
simplified overwrite condition can be expressed as [21]:

BLB BL
WL=Vpp

"L_% " Vpp—0
Qs ’ a6 | L
L

CaL

Fig. 2.6 Simplified model of a 6T CMOS SRAM cell during a write operation
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Fig. 2.7 The voltage drop at node Ve~ during write access as a function of the Pull-Up ratio (PR)

(PR=Y4/% = Y¥2/% in Figure 2.3) of a 6T CMOS SRAM cell (simulated in CMOS 0.13 pm
4! e s/ 13

technology, Vpp =1.2V)

Viyr =Vpp — Vray

) (2.3)
V2
== \/(VI)I) —Vra)? - Q%PR <(VI)I) — [Vrup|) Vosarp — 257 ’)
where the pull-up ratio of the cell, PR, is defined as:
pr = Walls (2.4)
Ws/Le

The V-« requirement is normally met using minimal-sized access and pull-up tran-
sistors only due to p, /i, ratio. Simulation results shown in Figure 2.7 demonstrate
that for a normal write operation, i.e., to pull the V+» node below Vrp,,, the W /L of
the pull-up transistor must be less than 3-4 W /L of the access transistor. The exact
maximum allowed PR is defined by the Vry, process option and by the switching
threshold of inverter Q1 — Q3 in Figure 2.3.

Normally, to minimize the cell area and hence, increase the packing density, the
sizes of the pull-up and access transistors are chosen to be minimal and approxi-
mately the same. However, stronger access transistors and/or weaker pull-up tran-
sistors may be needed to ensure a robust write operation under the worst process
conditions e.g., in the fast PMOS and slow NMOS process skew corner. On the
other hand, a relatively strong pull-up PMOS also benefits the read stability due
to the increased P/N ratio of the back-to-back inverters (@3 — @1 and Q4 — Q2 in
Figure 2.3) of the cell’s latch. The read stability of an SRAM cell on one hand and
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2.3 SRAM Cell Design 21

the writeability of the cell on the other hand are conflicting design requirements. It
is getting increasingly more difficult to balance these requirements by conventional
transistor sizing and Vry optimization as the design window becomes increasingly
narrower [23] with the technology scaling.

Despite the larger number of transistors compared to the other discussed cells, 6T
CMOS SRAM cells offer superior stability and packing density provided the same
performance and environmental tolerance.

2.3.3 Four-Transistor (4T) Loadless SRAM Cell

Recently, the new loadless 4T CMOS SRAM cell shown in Figure 2.8(b) was pro-
posed by NEC [24,25] for ultra-high density SRAM macros [26,27]. A 4T SRAM
cell uses minimal-size NMOS (Q1, Q2) and PMOS (Q3, Q4) transistors. Data re-
tention without a refresh operation is ensured if the leakage current of the PMOS
transistors is higher than the leakage current of the NMOS transistors. This condi-
tion is normally met by using dual-Vry process with Vrg_, < Vry,. For stable
data retention and to account for the I, s process distribution, the leakage current of
the PMOS transistors in a 4T loadless cell must be around 100 times higher than that
of the driver NMOS transistors. In a 4T SRAM cell, PMOS transistors Q3 and Q4
serve as access transistors as opposed to NMOS access transistors Q3 and Q4 in a
6T SRAM cell (Figure 2.8(a)). Due to the mobility ratio of the NMOS to the PMOS
transistors [, /i, which is normally around two to three, all the transistors in a 4T
SRAM cell can be of minimal size. Recall that for a 6T SRAM cell to guarantee a
non-destructive read operation, NMOS driver transistors Q1 and Q2 must be 1.5-2.5
times larger than NMOS access transistors Q3 and Q4 in Figure 2.8. This fact, in
addition to the larger number of transistors in a 6T SRAM cell, makes a 4T SRAM
cell an area-efficient choice.

For the same access speed and comparable SNM, the area of a 4T SRAM cell is
50-65% of the area of a conventional 6T SRAM cell. Since memory blocks occupy
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Fig. 2.8 Six-transistor (a) and four-transistor (b) CMOS SRAM cells
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22 2 SRAM Circuit Design and Operation

considerable chip area in SoCs, SRAM cell area is a critical factor in the SoC design.
The area savings offered by the 4T SRAM cells have been one of the main driving
forces behind the 4T CMOS SRAM cell development.

However, 4T CMOS SRAM cells are not without drawbacks. Reliable data
retention in a 4T cell can be guaranteed only if /j.q_p is significantly larger than
liear_, under the worst case PVT conditions. This condition is increasingly more dif-
ficult to fulfill in nano-scaled processes with higher process parameter variations.
The size advantage of 4T CMOS SRAM cells may be compromised by the sta-
bility degradation caused by the growing statistical spread of transistor parameters
in nano-scaled technologies. Another disadvantage of 4T CMOS SRAM cells can
reveal itself during a write operation. When writing to a certain column, the write
driver drives the bit line from Vpp to OV. During this time, PMOS transistors in
the other cells in the same column cannot provide the leakage current Ipy0s jear to
maintain the nodes storing “1”. If the ratio of precharge time to the cycle time is not
sufficient and the same memory address is being successively write accessed, there
is a risk that other cells in the same column may flip.

2.4 Cell Layout Considerations

The layout of an SRAM cell defines the area density of the array and is key to man-
ufacturing yield of the SoC containing large SRAM arrays. As the process technol-
ogy continues to scale down, the limitations of lithography, etching and CMP call
for modifications in the layout of SRAM cells. The general trend in the cell layout
modifications is to streamline the patterns. By avoiding complex geometries, the re-
producibility of the minimum feature sized patterns that define W and L of SRAM
cell transistors can be greatly improved.

Four-transistor (4T) SRAM cells with a resistive load have dominated the stand-
alone SRAMSs since first introduced in the 1970s to around mid-1990s [28]. The
stand-alone SRAM that used 4T cells often employed a special process, which al-
lowed to shrink the cell size at the price of more process steps. However, the process
for stand-alone SRAM often was not compatible with the logic process. The 6T
SRAM cells, which are extensively used for on-die caches, are fabricated using
the same process steps which are used for the logic, which warranted their use as
embedded memory for microprocessors. The larger cell area due to two extra tran-
sistors was the main factor that initially prevented wide use of the 6T cell in the
stand-alone applications.

A schematic and a sample layout of a 4T cell with a resistive load is shown in
Figure 2.9(a). The cell uses NMOS driver (Q1 and Q2) and access (Q3 and Q4)
transistors. The state of the “I” data node was preserved by a highly-resistive
undoped polysilicon load resistors laid out on top of the cell (not shown in the
layout). The pull-up current provided by the polysilicon resistors was chosen as a
trade-off between the cell stability and the dissipated power per cell. If the resistance
of the load is too large, the leakage current of the driver transistor can discharge the
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Fig. 2.9 Schematics and sample layouts of 4T SRAM cells: 4T polysilicon resistor load cell (a);
4T loadless cell (b); layout layers legend (c)
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“1” data node. On the other hand, if the resistance is too small, the resulting voltage
on the “1” data node caused by the voltage divider action of the load resistor and
the driver transistor could partially turn the driver transistor of the other cell inverter
on. Moreover, the power dissipation per cell in case of a small load resistor value
multiplied by the number of cells in the array can become a significant part of the
total power dissipation.

In an attempt to improve the insufficient stability margin in technology genera-
tions with the power supply voltage below 5V, the 4T SRAM cells with polysilicon
resistor load are replaced by the cells with TFT-transistor load. The “on” resistance
of TFT transistors is lower than the “off” resistance, helping to reduce the cell size
and the power and improve the noise immunity.

The schematic and a sample layout of another reincarnation of a 4T cell — a 4T
loadless cell — is shown in Figure 2.9(b). The operation of this cell is described in
more details in Section 2.3.3. The functions of the load and access transistors of
this 4T cell are performed by two PMOS transistors (O3 and 04). SRAM designs

using these cells have been reported for 180 nm [27,29] and 130 nm [26] process
technologies. Since the cell relies on the ratio of ili’%, the data retention capa-
off

bilities of this cell is strongly dependent on a strict process control.
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By the mid-1990s and process technology generations with a feature size below
0.35pum [28], the industry had mostly migrated from 4T cells with a resistive or
TFT load to 6T CMOS cells for both the stand-alone and the on-chip storage. The
constant electric field technology scaling drove the supply voltages below 5V and
became the main reason of the change in the cell type and layout. The 6T CMOS
SRAM cells demonstrated the best stability in low-voltage operation while the ad-
vances in the process technology helped to improve the area efficiency of 6T cells.

A schematic and layout types of a 6T CMOS SRAM cells are shown in
Figure 2.10. With a PMOS transistor as an active load, the stability margin and
the power dissipation of an SRAM cell dramatically improved. Due to its form
factor, the layout in Figure 2.10(a) is coined “tall”. Tall layouts of SRAM cells
were widely used down to the 90 nm technology generation. Due to high capital
costs, the lithography equipment was updated at a slower pace than the progress
of the transistor scaling, which followed the Moore’s Law. Reproducible pattering
of the design features that are much smaller than the wavelength of the lithogra-
phy light source became problematic. The growing number of cells in the scaled
SRAM arrays together with poor pattern reproducibility led to a higher number of
marginal cells in the array which can reduce quality and yield and the efficiency
of the power reduction techniques. Further scaling of a “tall” cell became more
problematic due to poor reproducibility of the multiple pattern corners in the lay-
out. Therefore, beyond the 90 nm technology generation node, the “tall” SRAM cell
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Fig. 2.10 Schematic and sample layouts of 6T SRAM cells: 6T CMOS “tall” cell (a); 6T CMOS
“wide” cell (b); schematic of a 6T CMOS SRAM cell (c); layout layers legend (d)
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layout shown in Figure 2.10(a) has been commonly replaced by the “wide” lay-
out shown in Figure 2.10(b) [30-33]. The much streamlined layout of a “wide” cell
and the uniform orientation of all the transistors in the cell provide better pattern
reproducibility (W and L matching) and transistor Vry matching. The impact and
importance of good transistor matching in an SRAM cell is described in more de-
tail in Chapter 3. Since the word lines in the “wide” bit layout are implemented
in metal, the “wide” cell layout can offer reduced word line resistance and shorter
propagation time of the WL signal to the parts of SRAM array which are further
from the word line drivers. Another benefit of migrating to the “wide” SRAM cell is
the shorter bit line length per cell. The shorter bit line length per cell transfers to the
lower bit line capacitance Cpr. In turn, a lower Cgy /bit can be beneficial in one of
the following ways. Firstly, it can be transferred to a faster developing of the bit-line
differential signal and, thus, helps to achieve a faster cycle time of an array built
of “wide” SRAM cells. Secondly, it increases the number of cells per bit line while
keeping the same bit-line differential signal slew rate and, thus, helps to improve the
array efficiency.

Diffusion, poly, contact and metal 1 are the four masking layers considered crit-
ical in the processing of SRAM cells. The tightened design rules applied to the
SRAM array in these layers increase the risk of bridging/shorting. The fidelity of
the patterns in these layers is, however, critical to cell stability, drive and leakage
currents. To improve the pattern fidelity, the patterns in deep-submicron processes
are corrected using Optical Proximity Correction (OPC). OPC of SRAM cells is es-
pecially challenging considering the tighter design rules. SRAM OPC often apply
the accumulated knowledge of lithographic conditions and properties of the pho-
toresist to be employed for each masking layer and a careful study and simulation
of the resulting photoresist pattern on Si. The automated OPC algorithms though
more generic, help to account for the process condition modifications [34]. Table 2.1
summarizes the issues associated with the critical layers in SRAM cell layout.

Table 2.1 Layout issues addressed during SRAM cell design

Layer Issues addressed

Diffusion  (a) Critical Dimensions (CDs) (for /,.;4)
(b) Bridging
(c) Adequate area for contact (for low Reonract)
Poly (a) Critical Dimensions (CDs) (for /reqq)
(b) Symmetry (for SNM)
(c) Bridging
(d) Adequate end-cap
Contact (a) Adequate coupled contact coverage over diffusion and poly
(b) Bridging with adjacent contacts
(c) Adequate clearance from potential ILD voids
Metal 1 (a) Bridging
(b) Adequate overlap of contact and via (for low Reppiacr)
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Depending on the target application, SRAM cells may undergo layout modifi-
cations. While optimized for maximum bit density and minimum cell leakage, the
cells for high density (HD) applications may have smaller area than cells for high
speed (HS) applications. HS cells need larger driver transistors to provide larger cell
currents and improved SNM.

2.5 Sense Amplifier and Bit Line Precharge-Equalization

Sense amplifiers (SA) are an important component in memory design. The choice
and design of a SA defines the robustness of bit line sensing, impacting the read
speed and power. Due to the variety of SAs in semiconductor memories and the
impact they have on the final specs of the memory, the sense amplifiers have become
a separate class of circuits.

The primary function of a SA in SRAMs is to amplify a small analog differential
voltage developed on the bit lines by a read-accessed cell to the full swing digital
output signal thus greatly reducing the time required for a read operation. Since
SRAMSs do not feature data refresh after sensing, the sensing operation must be
nondestructive, as opposed to the destructive sensing of a DRAM cell. A SA allows
the storage cells to be small, since each individual cell need nol fully discharge the
bit line.

Design constraints for an SA are defined by the minimum differential input signal
amplitude, the minimum gain, A, and tolerance to the environmental conditions and
mismatches. The gain is a function of the initial bit line voltage (precharge level). In
addition, it influences the sense delay ty,s.. However, a high A does not necessarily
reduce fyepge. Usually, ty,, is traded off for reduced power consumption, layout area
and for improved tolerance of environmental conditions [17].

Special attention is given to the SA area. Depending on the SRAM array column
architecture, the area requirements for the SA may vary. Architectures using column
multiplexing can share a single SA among the multiplexed columns such that only
one column is connected to the sense amplifier at any given time. The (otal area
available for the SA is defined by a multiple n of the bit line pitch values, where n can
normally be from 1 to 16. In turn, the bit line pitch is defined by the size of a memory
cell. This example illustrates the complexitly of SRAM design and layout planning.
The choice of the cell size, number of columns, number of cells per column, the
minimum differential swing, the choice of the SA architecture and size are all the
factors taken into consideration when designing an SRAM compliant with the target
power, speed and reliability.

Generally, the parameters characterizing a sense amplifier include:

Gain A = Vnul/vin
Sensitivity § = Vj,_nin — minimum detectable signal

o Offsets Vv and Ly rrye — the difference at the outputs with the common mode
signal at the inputs
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