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ABSTRACT

The purpose of this thesis is to introduce a new low-power, reliable and
high-performance five-transistor (5T) SRAM in 65nm CMOS technology, which
can be used for cache memory in processors and low-power portable devices.
An area reduction of ~13% compared to a conventional 6T cell is possible. A
biasing ground line is charged by channel leakage current from memory cells in
standby, and is used to pre-charge a single bit-line and bias the negative supply
voltage of each memory cell to suppress standby leakage power. A major
standby power reduction is gained compared to conventional 5T and 6T designs,
and up to ~30% compared to previous low-power 6T designs. Read, write, and
standby performance and reliability issues are discussed and compared with

conventional and low-power 6T SRAM designs.

Keywords: Static Random Access Memory; Five-transistor SRAM; Low-power
SRAM; Area-efficient SRAM; Leakage-power reduction
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1: INTRODUCTION

With the recent aggressive CMOS technology scaling, standby leakage
power is increased nearly five times each technology generation while active
power remains constant [7]. In addition, process variations and hence
performance fluctuations are widely noticed in 65nm and beyond CMOS
technologies [5]. Fig. 1.1 illustrates the memory hierarchy of a personal computer
(PC). A significant part of today’s microprocessor chips consists of SRAM cells
and it is predicted to reach 90% of the chip area in some applications by 2013
[3][9]. Although not the most power and area efficient type, Static Random
Access Memories (SRAMS) are attractive due to their higher reliability and
performance compared to other types of memories. Thus, they are used
extensively in processors as cache memories in different levels, and
consequently account for a large amount of power consumption, and the chip
area in most System on Chip (SoC) applications. Fig. 1.2 demonstrates a
prediction of the transistor density in high volume microprocessors consisting of
6T SRAM cells and 4T logic gates and area trends with respect to year and
technology nodes [3]. Therefore, SRAM density growth is much more rapid than
the logic elements and hence, it shows the significance of development of new
power and area reduction techniques for this type of memory. Leakage power
reduction, especially in more advanced technologies, is particularly important in

portable and battery-powered electronics such as cellular phones, PDAs,



wireless, and low-power biomedical devices since standby leakage power

ultimately determines the battery life.

Register:

L1 Cache
(SRAM)

L2 Cache
(SRAM)

Main Memory
(DRAM) Q%

Local Non-Volatile Storage
Devices (Hard Disks, Flash
Memory, Optical Disks)

Remote Storag
Devices

Fig. 1.1 Personal computer (PC) memory hierarchy.
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SRAM cell vs. 4T logic gate

Fig. 1.2 Prediction of microprocessor technology density and area trends of 6T SRAM and 4T
logic gates vs. year and technology node (Courtesy of [3]).



Unlike other types of storage devices, such as DRAMs, where data needs
to be refreshed due to the destructive nature of their operations, SRAMs have
higher performance in the sense that the stored value needs to be written to the
cell only once. Therefore, SRAMs are storage elements, which are suitable to
high performance applications although they consume more power. 6T SRAM
cells are typically used in high performance cache memories in microprocessors
due to their symmetry in cell layout, high stability and reliability. Five-transistor
(5T) SRAMs are attractive due to their advantage in area and power efficiency
compared to 6T SRAMSs due to one fewer transistor and a single bit-line
[1][2][14][15]. Research in the past on this type of memory has been mostly
focused on improving performance and stability while maintaining the promised
area saving in a particular technology node. On the other hand, with continuous
scaling down of CMOS transistors, new techniques have been developed in 6T
SRAMSs such as Dynamic Standby Mode [9][17], Data Retention Voltage (DRV)
method [7], and well biasing, some of which are summarized in [7] and [9].
Therefore, in order to suppress leakage power consumption and combat
performance fluctuations due to process variations, the previous research in 5T
SRAMSs such as [14] and [15], can no longer compete with current 6T SRAMs

and that is why 6T SRAMs are still predominantly used in current systems.

In this thesis, an improved low-power design of a 5T SRAM cell featuring
differential ground lines (5TSDG), and a novel biasing technique are introduced
that will guarantee operation under all process variations and temperatures while

taking benefit of area reduction. Also, this design has improved performance



compared to previous research results in [2][14][15]. Another 5T SRAM type
known as the "Portless" memory, is introduced in [23] which appears to need

larger PMOS and access transistors than 5TSDG.

Throughout this thesis, all simulation results have been obtained using ST
65nm CMOS models with BSIM4 and HSPICE. In the following sections of this
chapter, some related background and previous research work is presented. In
Chapter 2, operation of a 6T SRAM and simulation results addressing common
issues are discussed. In Chapter 3, the proposed 5T SRAM (5TSDGQG) is
introduced, and the results are compared with previous research in this area. In
Chapter 4, layout design of 5TSDG structure is presented in comparison with the
conventional 6T cell, and the area saving opportunity is illustrated. Finally, In
Chapter 5, a summary of this research, potential future work, and conclusions

are presented.

1.1 SRAM block organization and structure

A typical SRAM cell is, like other types of storage devices, a device that is
capable of holding a ‘0’ or a ‘1’, and is also capable of being written to and read
from without causing disturbance in neighbouring cells or the destruction of its
own stored data. Essentially, a 6T SRAM cell consists of a pair of cross-coupled
inverters connected to two wires known, as true and complementary bit-lines (BL,
BLZ), via two access transistors enabling the cell to communicate with outside
when word-line (WL) is enabled as shown in Fig. 1.3. The operation of a 6T

SRAM cell is discussed in detail in Chapter 2.
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Fig. 1.3 A conventional 6T SRAM cell.

A simplified and popular 6T SRAM block structure is demonstrated in Fig.
1.4. A memory array is usually divided into blocks and sub-blocks, each including
columns. Each column can be divided into two or more sub-columns. Row and
column decoders can be staged with pre-decoders to optimize efficiency. In Fig.
1.4, an M x N sub-block is shown with M rows and N columns. In this example,
there are no sub-columns and thereby, the sense amplifier and write circuits are
required one per column. In a case where more sub-columns are required (for
power and performance requirements), a sub-column and its adjacent one can
share a sense amplifier. The row and column decoders decode M rows and N
columns given the row and column addresses. For example, if a cell in row i and
column j is to be accessed (C;;), the row decoder will provide the word-line WL,
and the column decoder will provide the column address to the write and sense
amplifier circuits as well as the input output bus (Global 1/0). The column

decoder allows sharing a sense amplifier between 2, 4 or more sub-columns.



The control circuitry generates the timing signals required to control the memory

array.
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Fig. 1.4 SRAM block structure.

1.2 CMOS SRAM and technology scaling

A microprocessor chip mainly consists of cache memory and computing
core(s). As shown in Fig. 1.1, SRAM cells are used as on-chip cache in different
levels and are designed based on performance and power requirements. The
demand for high-density SRAM structures continues to grow so rapidly that

millions of SRAM cells, tightly packed beside each other, occupy most of the SoC



area. Hence, SRAMs will ultimately account for a major part of the chip cost and
power consumption. Chip area efficiency, minimized to its design limits, low-
power consumption, high performance, reliability in data storage, and a yield in
ultra-large scales are the main objectives in any SoC. Therefore, it is essential to
find a balance between cost, memory density, power consumption and
performance depending on the design requirements. With increasing demand on
these types of memories and growth of CMOS scaling, designers encounter
complications and effects, such as leakage power and parameter mismatch,
which were more or less negligible in previous generations. Technology scaling

has the following major aspects:

e Scaling down of the transistor critical dimensions: Results in reduction
of the total chip area and power consumption, and improves the
performance due to reduction parasitics, and hence signal swing delay.

» Scaling the operation voltage: Results in lower static and dynamic

power consumption, but may affect performance.

On the other hand, scaling transistor dimensions increases the design’s
susceptibility to random fluctuations in the transistor parameters, and therefore
results in more challenges in manufacturing repeatability and reliability. In
technology scaling, gate oxide thickness needs to be scaled to maintain effective
gate control on the channel region. However, smaller gate oxide thickness will
exponentially add to the leakage power [20]. Therefore, more accurate simulation
models, such as BSIM v.4, are required for design purposes. Major types of

process variations appear in the transistor’s threshold voltage, Vi, and mobility,



which will cause a mismatch in drive current. SRAMs are low-current, sensitive,
and bi-stable devices in which performance and reliability can be affected by

parameter mismatch.

The significance of the above issues is better recognized in high density

and large-scale memory structures containing millions of storage cells.

1.3 Threshold voltage variations and causes

Some of the major factors that cause threshold voltage mismatch and
operation failure in neighbouring transistors specifically in an array of SRAM cells
are summarized in [3][5][6][11] and are pointed out in the following:

» Discrete Dopant (RD) effect: Random fluctuations in the number of

location of the dopant atoms in the channel,

» Variation of poly-silicon critical dimensions: gate length (Lg)

variations,

* Line Edge Roughness (LER): Caused by 1) limitation of the
resolution of lithography and 2) the grainy nature of photo resist and
poly gate. The effect of line width roughness is random and cannot be

corrected by optical proximity correction,

» Short channel effects (Vi roll-off, Drain Induced Barrier Lowering

(DIBL, see section 1.4),

* Gate dielectric material and thickness: Reduction in thickness

results in the reduction of the threshold voltage. Increase of thickness



will add to the probability of mismatch due to more surface potential

perturbations.

The doping level of the channel needs to be increased to maintain a
reasonable short-channel threshold voltage roll-off. As a result, the mobility of
electrons and holes is decreased and the junction leakage, either from band-to-
band tunnelling or from Gate-Induced Drain Leakage (GIDL), will be increased

[11].

A comparison of threshold voltage variations in different technology nodes
and transistor structures such as Poly gate with Oxide, Metal gate with high K
dielectric, Omega FinFET, and Nanowire FinFet is reported in [11]. The
comparison shows that in each transistor type, smaller dimensions will result in
an increase in the Vi, fluctuations and Nanowire FinFet has the smallest number

of Vi, variations among other types of transistors.

The standard deviation of the total threshold voltage variation,oy s _totais
can be modelled as the sum of variances of three major variation sources: Lg,
LER and RD standard deviations, oy;_, 4, 0yt-1gr @nd oy¢_gp respectively [11], as

expressed in equation 1.1.

2 2 2 2
Ovth—total” = Ovth—-Lg~ + Ovth—LER” T Ovth-RD (1.1)

These Vi, variation components for a nominal gate length of 35nm were
studied by [10]. For a gate length of larger than 35nm, the effect of fluctuations

due to random doping dominates the other two sources [10].



A comparison between different gate oxide thicknesses and
corresponding variations in Vy, is reported in [11]. The three sources of Vi,
variations can be reduced with decreased gate dielectric thickness due to less
surface potential perturbation under the enhanced gate controllability. The
reduction in thickness can be achieved by using metal-gate and high-k dielectric
for low standby power devices. However, this improvement will depend on timely
implementation of reliable high-k gate dielectric, and well work-function

modulated metal gate [11].

There are other limiting factors in scaling transistors than process variation
and leakage that affect the stability, cell area and performance of the SRAM. For
example, NBTI (Negative Bias Temperature Instability), is a limiting factor in the
scaling of PMOS. At high negative bias and elevated temperature, the PMOS Vi,
slowly shifts to become more negative and hence reducing PMOS current drive
and affecting cell stability, margin, and minimum operating voltage of SRAM. This
long-term Vy, drift and other gate oxide related Vi, degradation mechanisms must

be accounted for over the life span of usage.

In addition, PBTI (Positive Bias Temperature Instability), is a limiting factor
of NMOS scaling. With high-K gate materials, similar to NBTI Vi, shift in NMOS

also can occur [10].

1.4 Leakage current sources

SRAM cells are storage devices arranged in a large array of cells in which

they are mostly in standby mode, holding either a ‘0’ or a ‘1’, and few are actually
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in an active read/write mode. Before analyzing leakage sources in an SRAM cell,
leakage sources in a standard CMOS transistor are studied. Fig. 1.5 shows
major sources of leakage current in typical CMOS transistors. In general, leakage
is increased by temperature and higher differential voltage between two nodes.

In SRAM cells, a mixture of active and leakage current sources constitute the
total power consumption of the memory array. The magnitude of the leakage
current is relatively increased as technology is scaled, and therefore, leakage
current can no longer be neglected as it used to be in older generations of CMOS
devices. On the other hand, technology scaling has helped reduce the cell
differential Vpp-Vss, one of the effective methods known to suppress leakage
power. Unfortunately, this causes delay in digital logic design by reducing the
gate drive [20]. A thorough analysis of leakage current sources is reported in [20]

and is summarized in the following sections.

G
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Fig. 1.5 Leakage current sources in an NMOS transistor.

Major sources of leakage in MOS devices are as follows:



1.4.1 Reverse-biased junction leakage current (I ;)

Also known as junction leakage, flows from the drain or source of a MOS
device to the substrate. In an NMOS, the substrate is often tied to ground to
reduce threshold voltage and hence optimize performance. Therefore, with
increase of drain voltage, the reverse biased PN junction leakage is increased.
This type of leakage depends on the drain area and doping concentration. In
addition, it has a high temperature dependency and is generally negligible

compared to other types of leakage.

1.4.2 Gate induced drain leakage (I ipL)

This type of leakage occurs due to the field effect in the drain junction and
is highly dependent on the drain to substrate voltage Vpg, drain to gate voltage
Vpe, and oxide thickness Tox. Higher Vpg and smaller Tox will increase GIDL

with a fixed Vpg.

1.4.3 Gate direct-tunnelling leakage (I )

This type of leakage flows from gate to substrate through the direct
tunnelling of electrons through a leaky insulating gate oxide. PMOS transistors
have one order of magnitude smaller Iycompared to NMOS when using silicon
dioxide in the gate. This type of leakage has an exponential relation with gate

oxide thickness. Thicker oxide thickness will result in lower leakage current.

1.4.4 Sub-threshold (weak inversion) leakage (I i)

This type of leakage flows from drain to source of the transistor operating

in weak inversion region. In addition, this is the dominant leakage source in

12



current CMOS technologies in comparison with other types of leaking currents. In
more advanced technologies, Isi, is noticed more widely since as the technology
advances and transistor dimensions scale down, the threshold voltage of the
transistor is also scaled. At lower threshold voltages Is, is increased. Equation

1.2 shows how Ig, is calculated and how it is related to Vi, [20].

Ves=VintnVps ~Vps

Ien = —uvCe ™ (1—e v (1.2)

where, W and L denote the width and the length of the transistor, u denotes the
carrier mobility, v, is thermal voltage which is a function of temperature, C; is the
summation of depletion region capacitance and the interface trap capacitance
per unit area of the gate, 7 is the DIBL coefficient, n is the slope shape factor and
is a function of oxide thickness and Ci, V,;, is the threshold voltage of the MOS
device. Therefore, reducing the oxide thickness which results in the reduction of

Vin, Will result in the sub-threshold current increasing exponentially.

In summary, the total leakage current of a CMOS transistor when it is OFF (Vgs =

0) will lack the gate leakage factor and can be expressed as
lixg = Istn + 1 + Igipy, (1.3)

The total leakage current I;;, does not include gate tunnelling leakage current, g,

since that current only occurs when the MOS device is in the “ON” mode of
operation whereas I, is only indicating the total leakage sources when the gate

to source voltage (Vgs) is zero.
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1.5 SRAM operation failure

types:

SRAM operation failure (soft errors) can be categorized to the following

Storage Hold (Standby) failure: It can occur when the stored data state
is, flipped, during the memory standby state due to the existence of
noise in the environment. Some of the sources of disturbances are

caused by a particles, cross talk, and thermal noise [16].

Read upset: Also known as destructive read, occurs when the stored
data in a cell is corrupted when accessed, due to the bit-line current flow

into the memory.

Write operation failure:  Unsuccessful attempt to store new data into

the cell.

Write disturb:  Also known as destructive write, occurs in an attempt to

write into a cell causing a neighbouring cell to change its state.

1.6 Stability analysis

Cell stability is an important factor in SRAM design since it determines the

sensitivity of the cell to process variations and operating conditions. Another

important aspect in memory design is cell area since more than 75% of the total

chip area is determined by the SRAM area. These two factors are correlated in

the sense that increasing stability requires larger cells. The basic cross-coupled

inverter pairs may seem deceptively simple in appearance; however, limited
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success has been achieved to analytically model stability. Therefore, simulation

methods are used in this thesis to measure and analyze stability margins.

A popular methodology to measure the stability and reliability of an SRAM
cell in different operation modes is by measuring noise margins. “In general,
Noise Margin (NM) is the maximum spurious signal that can be accepted by the
device when used in a system while still maintaining the correct operation [3].”
The noise margin of a cell in standby is called Static Noise Margin (SNM). In read
mode, when the cell is accessed, the noise margin is known as Read Noise
Margin (RNM). Methods to measure and calculate these stability parameters are

explained in detail in the following sections.

1.6.1 Static Noise Margin (SNM)

Static noise margin (SNM) indicates the maximum tolerance of an SRAM
cell to perturbations and is measured using the voltage transfer curves (VTC) of
the inverter pairs used in the SRAM cell, and drawing a curve known as Butterfly

diagram discussed in section 1.6.3.

Fig. 1.6 shows the schematic of the cross-coupled inverters f and g used
in the SRAM cell in standby (access transistors OFF) and two DC static noise
sources. SNM is defined to be the maximum value of the noise sources (vp) that
can be tolerated by the cell before initiating the state toggle. The presence of the
two DC noise sources with opposite polarities applied to the input of each

inverter will create a pessimistic disturbance condition for a cell in standby.
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Fig. 1.6 Cross-coupled inverters with the presence of DC noise sources Vv,,.

SNM is reported to be reduced four times when transistors are scaled

down from 250nm CMOS technology down to 50nm technology [3].

1.6.2 Read Noise Margin (RNM)

Similar to SNM, RNM is measured by drawing and mirroring the VTC
curves of the cross-coupled inverters. The difference is that since during read
operation the access transistors conduct and are connected to pre-charged bit-
lines, in measuring RNM, the gates of the access transistors are clamped to Vpp
and the bit-lines are clamped to the biasing voltage (in this case also Vpp) as
shown in Fig. 1.7. Therefore, RNM indicates the tolerance of the cell to

environmental perturbation or process variations when the cell is accessed.
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Fig. 1.7 Schematic of a 6T SRAM cell in read mode with two adverse polarity noise sources (v,).

Fig. 1.7 is the schematic of a conventional 6T SRAM cell with added
adverse static noise sources to the input of the inverters. The gates and the bit-
line sides of the access transistors, N3 and N4, are connected to Vpp to construct
a worst-case read condition. For measuring the static noise margin, the two
access transistors are removed from the circuit while keeping the noise sources

similar to the read case.

1.6.3 Butterfly diagrams

A butterfly diagram consists of the VTC curves of the two cross-coupled
inverters in an SRAM cell. Fig. 1.8 depicts the graphical representation of the
butterfly diagrams used to determine SNM and RNM of an SRAM cell with
inverters f and g. Graphically, the diagonal length of the maximum square that

can fit in each side of the butterfly diagram is defined to be the noise margin. This
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curve has two steady state points at each end indicating the state of the cell
storing either a ‘1’ or a ‘0’. The midpoint of the butterfly diagram, where the two
VTC curves cross each other is known as the meta-stable point. If the amount of
disturbance reaches this point, small perturbations will cause the cell to either
restore the disturbed cell to its original stored value through the feedback path or
initiate the state toggle or the data corruption depending on the direction of the
perturbation. The meta-stable point is a good estimation of the trip point, though
trip point is usually measured using a different circuit structure. In summary, if a
perturbation occurs in the cell, the feedback inverter will restore the value to the
steady state points as long as the perturbation is not larger than the trip point of
the cell. If larger, the cell is flipped to read the opposite steady state point on the

other side of the butterfly diagram.
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Fig. 1.8 SNM (Left) and RNM (Right) measurement technique using VTC curves of cross-coupled
inverters f and g in standby and when accessed respectively.
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The meta-stable point is shifted as the noise source increases in
magnitude. With higher amount of the noise disturbance, SNM is decreased,

meaning that the probability of data corruption in standby is increased.

This decay in the stability margin during read can affect the reliability of
the data storage significantly meaning that once a bit is stored in a cell, it is more
vulnerable to change its state after small perturbations in the system

environment. Using carefully sized transistors can limit this decay in RNM.

8, .. Ne , 94 L 06, 08 ., Wik

\/Es

Fig. 1.9 Butterfly diagrams of a conventional 6T SRAM cell showing the effect of the magnitude of
the noise source, v, (0-400mV), on SNM and meta-stable point.

1.6.4 Static noise margin m easurement using SPICE

A typical method to measure SNM or RNM is by first drawing and
mirroring the VTC curves. The length of the diagonal of the maximum square
fitting in each side of the butterfly diagram is graphically determined. Then the
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minimum value of these two is selected to represent SNM for worst-case
scenario. However, this method requires numerical work post-circuit analysis. In

addition, many designers rely on visual graphical observations.

A method proposed by [16] is an alternative and “easy to use” technique in
estimating SNM using Spice circuit simulations. The idea is to rotate the butterfly
diagram by 45 degrees so that the diagonal of the squares appears to be vertical
in the new coordinate system to facilitate measurements. Given that the original
coordinate system in which VTC curves are drawn in a typical way has x and y

coordinates, the new coordinate system will have u and v coordinates.

As shown in Fig. 1.10, f and g are the voltage characteristic curves of the
cross-coupled inverters in the SRAM cell. g' is the mirrored version of g. Curve D
is the difference between the two curves in the new 45 degree rotated coordinate
system. The peaks of the difference curve are where in the original curve, the
SNM values are maximized. By comparing the absolute values of peaks and

choosing the minimum, RNM or SNM is calculated depending on the purpose.
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Fig. 1.10 SNM estimation of conventional 6T SRAM, based on “maximum squares” in a 45
rotated coordinate system.

In order to transform (X,y) coordinate to (u,v), the 45 degree rotated

system is defined as:

T

X = ﬁu+ﬁv (1.4)
1 1

y —ﬁu+\/—§v (1.5)

There are two inverter characteristic curves:
y1 = f(x) and y, = g(x) (1.6)
Substituting equation 1.4 and 1.5 in 1.6 we get:

1 1 1 1
——u+—=v; = f(—=u+-—=vp)

V2o V2 V2o V2
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vi=u+ \/Ef(%u +%v1)

Similarly, g'(x) can be transformed into the (u, v) coordinate system by
first applying the inverse function operation on F,(x) to calculate F',(x) and

second by applying the rotation operation.
Y2 = g(x)
x=g2)

1 1
V= —u+ \/2_9(_5“"'5772)

The circuit implementation of this method, which can be simulated using
SPICE models, is discussed in further detail in [16] and is used in this thesis to
measure and compare stability margins for both 6T and 5TSDG designs.
Comparison results are illustrated in detail in Chapter 3. The schematic of the

stability measurement circuit is depicted in Fig. 1.11.
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Fig. 1.11 Circuit implementation of SNM measurement using rotated butterfly diagrams.

The absolute values of the maximum and minimum are the values of the

diagonals of the maximum squares. Finally, multiplying the smaller of the two by

1/+/2 will result in the SNM of the SRAM cell as shown in equation 1.7.

1

1 max (|v;(u) — vy (u)|, —ﬁ<u<0
NM = T.min 1 1.7)
2 max (Jv; (W) — v;(W], 0 <u <+

where v; and v, are the characteristic curves of the inverters and u is the

sweeping DC voltage used to obtain v; and v,.

1.7 Read noise margin and supply voltages

One of the important design factors in SRAM design is sensitivity to
voltage scaling. As discussed earlier, more advanced technologies will enable
standard digital IC designers to lower the supply voltage to reduce power

consumption, and limit the voltage swing period, but of course with performance
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penalties. An analysis on the effect of supply voltages on SNM and RNM in a
conventional 6T SRAM is reported in [8]. The authors show the relationship
between SNM of a 6T SRAM cell when accessed (RNM), cell supply voltage and
bit-line pre-charge voltage. Higher cell voltages will cause more stability in the
cell since the current drive of the storage inverters is increased due to higher
differentials making it harder for the noise to take over the cell voltage and flip the
cell value. On the other hand, higher bit-line pre-charge voltages will reduce the
noise margin since a higher read upset voltage is induced during read due to
higher current flow from the bit-line through the cell. On the other hand, lowering
bit-line voltage below the trip point will also disturb the read operation by either
flipping the cell (writing a ‘0’ on the cell node storing a ‘1) or cause a false trigger
on the sense amplifier. Therefore, the amount of charge stored on the bit-lines,
which is directly related to the pre-charge voltage and bit-line wire length, must
be limited by the designer. When the pre-charge voltage of the bit-line reaches a
certain biasing level (near the cell supply voltage), [8] shows that RNM is

saturated.

1.8 Technology corners and static noise margin in S RAM

In a conventional 6T SRAM design, yield is directly related to SNM
distribution. If p is the mean and o is the variance of the SNM distribution in a
memory block, it is reported that, u1—6c of SNM is required to exceed 0.04%Vpp to
reach a 90% yield on 1IMB SRAM. Transistor mismatch and parameter variations
result in increased variations in threshold voltages. This will lead to a reduction in

H—60 and increases the number of unstable SRAM cells which affects SRAM
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yield. Typically, this translates into a requirement that minimum SNM, be greater

than 20% of a typical SNM [3].

In [3], the authors report that in all corners, the symmetry point is mostly at
0% deviation from p. In other words, the most stable case is when there is no
mismatch in Vy,. The effect of Vy, variation is increased in devices with lower
threshold voltages. In the following a summary of the mismatch effect on SNM is

given for each transistor (see Fig. 1.7 for transistor names and schematic):

Driver transistors (N 1, N): Seem to have the largest effect on the
butterfly diagram and hence, the SNM due to their larger W/L ratio compared to

other transistors in the SRAM cell.

Access Transistors (N 3, N4): As Vy, decreases in the access transistor, a
strong negative impact is observed on the RNM. In an experiment by [3], the
measurements were taken in a worst-case read-accessed SRAM cell. Thus, the
access transistors were effectively connected in parallel with the load transistors.
Thus, reducing the Vi, of the access transistor compromises the low level stored

in the cell, which in turn reduces the RNM.

Load transistors (P 1 and P,): Seem to have the least impact on the

SNM due to its weaker current drive and typically smaller W/L ratio.

In Chapter 2, the design and operation of a conventional SRAM is

presented in further detail.
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2: 6T SRAM OPERATION

In this chapter, the design and operation of a conventional six-transistor
(6T) SRAM is presented in various modes of operation. A conventional 6T cell
consists of two cross-coupled inverters (P;-N1, P>-N>) connected to two bit-lines
(BL, BLZ) through access transistors (N3, N4) as shown in Fig. 2.1. The word-line
(WL) is used to access the cell during read or write. Therefore, the operations of
a 6T SRAM cell can be categorized into standby mode, read, and write
operations which will be explained in this chapter. In more advanced and low-
power 6T designs, the positive and negative supply voltage, Vppm and Vssu, can
be controlled by additional circuitry to limit the cell differential especially in
standby mode to save power consumption. This procedure is also known as
sleep mode method (see [20]) both in memory and digital logic design when the
device is in standby. The transistors constituting the 6T cell are ratioed and
depending on performance, area and power requirements, length and width
parameters can be adjusted. Use of high threshold MOS devices is also another
technique to reduce power with performance penalties. There are two important
ratios in designing a conventional 6T cell denoted by cell ratio, 8, and load ratio,
Bp, in this thesis. In Fig. 2.1, P, and P, are also known as load transistors and N
and N are known as driver, and N3 and N4 are called access transistors. The cell

and load ratios are defined by
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where W and L denote the width and length of the MOS devices in Fig. 2.1.
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Fig. 2.1 A conventional 6T SRAM cell.

2.1 Standby mode

The two cross-coupled inverters will construct a true and a complementary
storage node, Q and Qz, to store either a ‘0’ or a ‘1’ into the cell. These inverters
play the role of a closed loop feedback system that can cancel the effect of
perturbations to a degree, depending on the stability of cell, restoring the

disturbed data to the original value.

As shown in Fig. 2.2, it can be observed that the SNM value will reach its
highest when there is no mismatch in the PMOS threshold voltage i.e. Oyp = 0.
Also the higher the Vi, variations on the PMOS in a 6T cell, the lower the value

for SNM. As shown in Fig. 2.3, there is a symmetry across standard deviation
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factor ovinp = 0. The larger the ovip value, the threshold voltage for the mismatch
PMOS will increase making it harder to turn on and work well as a pull up

transistor and thereby reducing the SNM.
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Fig. 2.2 The butterfly diagrams of a conventional 6T cell in rotated coordinate system and the
difference between two VTC curves (Bottom) showing the effect of mismatch in the
Vi, of the PMOS device (load) on SNM.
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Fig. 2.3 Effect of Vy mismatch of the PMOS device on SNM in a conventional 6T cell (TT coner).
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2.2 Read operation

In read operation, the bit-lines are first pre-charged high to Vpp and left
floating. Since the bit-lines are shared with other cells in the same sub-column
(see Fig. 1.4), they are capacitive elements consisting of mostly wire and junction
capacitors. The schematic of a simple sense amplifier used in this thesis for the
read operation of the 6T SRAM cell is depicted in Fig. 2.4. In a case when a ‘0’ is
stored in the cell (Q=Vsswm, QZ=Vppwm), when the word-line, WL, is raised, the true
bit-line (BL) is pulled down to Vssy via N2 while the complementary bit-line (BLZ)
remains floating at the pre-charged value (Vpp) as shown in Fig. 2.5 (see also
[3]). The sense amplifier can be designed to function with small differentials
between BL and BLZ. Therefore, in order to increase performance and reduce
the dynamic power consumption, the bit-line swing in read does not have to be
from pre-charge voltage all the way down to Vssu (see Fig. 2.5). The two PMOS
devices connected to BL and BLZ (Mg and M) are to isolate the sense amplifier
from the bit-lines when the sub-column is not selected for read. With the
presence of two cross-coupled inverter pairs, M;-M, and M3-Mg, this sense
amplifier operates in a similar way as a memory cell does without the access
transistors. Ms is connected to the source nodes of the inverter pairs to
disconnect them from Vss in standby for pre-charge purposes. Small voltage
differentials between BL and BLZ when column is selected i.e. select signal is
active (sel), and the sense enable pulse (se) will cause the inverter pairs to turn

on and drive the sense amplifier outputs Gbit and Gbitz to full rail voltages. Mg
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and My are pre-charge devices to pre-charge and let Gbit and Gbitz float prior to
read, and are enabled by prez pulses. Generally, design parameters

characterizing a sense amplifier are defined by

The amplitude of the differential input signal

e The minimum detectable signal
+ The gain (G = ‘:‘/’—,“t)

* The tolerance against environmental disturbance and mismatches

* Sense delay which can be measured in different ways such as from
when the word-line reaches 50% Vpp to when sense output (global bit-

line) reaches 50% Vppwm.

The gain of the sense amplifier is a function of the bit-line pre-charge
voltage. The sense delay is partly related to the SRAM cell ratio (), and can be
adjusted depending on the power and delay requirements. Larger 8 values will
reduce read delays up to a saturation point, and will also add to the power

consumption and the chip area.
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Fig. 2.4 A sense amplifier circuit used in read operation for a conventional 6T SRAM cell.
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Fig. 2.5 Read operation in a conventional 6T SRAM cell.
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Due to the capacitive nature of the bit-line, the current flow from either BL
or BLZ through N; or N3 during read when the word-line is raised, will cause a
temporary rise on the ‘0’ node of a 6T cell noted as Qmax shown in Fig. 2.5. Once
the word-line is raised, the drain to source voltage (Vps) of N2 is OV since a ‘0’ is
stored into the cell, and hence, N, is weakly ON. The cell node Q has a
capacitance of Cq which will be charged by the current flow from the bit-line, and
once charged, the Vps of N, will no longer be 0V, which then will turn N, on more
strongly and thereby the charges on Cq will be drained to Vss. The amount of
charges flown from BL to Q is dependent on the capacitance of the bit-line, Cp;

and the cell ratio, B.

The length of the bit-lines, which is determined by the number of cells
shared on the same wire, determines the bit-line capacitance, and consequently
influences the value of Qmax along with B. The value of Qmax during read has a
direct effect on read-stability since if Qmaxis larger than the trip point of the
inverter pairs, the read operation will turn into a write and hence the stored data
is corrupted. Furthermore, read performance is also affected by longer bit-lines
since it will take longer for the bit-lines to be pulled down by the driver transistor
(N1 or Ny) in the cell depending on the stored value. Therefore, in conventional
6T cells, cell ratio (B) is designed based on the length of the bit-lines to maintain
stability, and improve performance. Smaller bit-line segments will result in less
power consumption during read but require more peripheral circuits and hence
more area is needed. Therefore, a designer should find a reasonable balance

between required read performance, area and power. In addition, cell B plays an
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important role in read-stability meaning that larger values of 8 will cause Qmax to
be reduced since the driver transistor (N1 or Ny), driving the ‘0’ side of the cell, is

turned on more strongly during read.

Mismatch in the threshold voltage of a cell can result in a cell to become
more susceptible to data corruption. As shown in Fig. 2.6, it is observed that the
RNM value will reach its highest when there is no mismatch in the PMOS
threshold voltage factor i.e. ovinp = 0. In addition, Vip variations on the PMOS in
a 6T cell will result in lower values for RNM. It can be easily observed that there
IS @ Symmetry across Ovinp = 0. Larger ovinp Values translate into increase of
threshold voltage making the transistor harder to turn on and hence reducing the
RNM. Another phenomenon to observe is that the static noise margin value is
nearly twice as much the RNM margin when compared. This reduction is due to
the fact that the cell is much more vulnerable to state loss when it is being
accessed than when it is in the standby mode. When the cell is being accessed,
the two access transistors are on and one of the bit-lines is pulled down by one
of the NMOS devices of the cross-coupled inverter pairs (N1 or Ny). If the current
flowing in the channel of N3 or N4 is higher than N; or N, respectively, the read

operation will cause a read upset turning a read into initiating a state toggle.
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Fig. 2.6 Butterfly diagrams of a conventional 6T cell in rotated coordinate system and the
difference between the two VTC curves (top) showing the effect of mismatch in the
threshold voltage of PMOS device on RNM.
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Fig. 2.7 Effect of PMOS mismatch on RNM.
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2.3 Effect of PMOS mismatch on RNM using non-rotate d
original butterfly diagrams

In order to verify the simulation results from the rotated coordinate system
method, another experiment was run using regular VTC curves. Fig. 2.8 depicts
the original 6T SRAM butterfly diagram consisting of the two VTC curves of the
inverters. Comparing these curves with the rotated ones in Fig. 2.6, it is observed
that the results are consistent numerically. The central solid line belongs to Ovinp
= 0. Graphically observing this figure, the larger the oy, value gets numerically,

the diagonal length of the biggest square in each side will become smaller.
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Fig. 2.8 Original style butterfly diagrams showing the effect of P-type transistor Vy mismatch on
RNM.
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It might be an interesting question to investigate how vertical
measurements between the standard VTC curves translate into SNM. Fig A.1
depicts the non-rotated butterfly family of curves with maximum vertical distance
measurements. The disadvantage of the vertical measurement is that the
maximum distance never switches to the other side of the curve since it is not
diagonal. These graphs are illustrated just to compare the results with the rotated
versions explained earlier. The maximum vertical measurements are shown in

TABLE 2.1.

TABLE 2.1 Maximum vertical distance measurements of RNM using non-rotated butterfly
diagrams.

o factor -3 -2 -1 0 1 2 3
Vertical Distance(mV) | 280 | 280 | 274 | 268 | 261 | 254 | 246

Finally, Fig. 2.9 depicts a comparison between the SNM and RNM
measured from rotated curves proposed by [16]. SNM values are about two
times larger than RNM. Therefore, a design must be tolerant to environmental
disturbances to achieve reasonable RNM values, which will hence result in

acceptable SNM values accordingly.
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Fig. 2.9 SNM and RNM comparison and the effect of PMOS Vy, mismatch.

2.4 Effect of the cell differential voltage on SNM and RNM of a
conventional 6T SRAM cell

The voltage differential across the memory cell has a significant
importance in the determination of its noise margins. Smaller differentials will
result in the inverter transistors turning on weaker and therefore becoming less
effective to in tolerating environmental disturbances. Fig. 2.10 and Fig. 2.11
depict simulations results for various cell differential voltages and the effects on
SNM and RNM respectively. These results show that higher cell voltage will
increase the noise margin by making the VTC curves capable of fitting larger
squares. The difference function shown at the bottom of these two figures shows
how the peak difference is shifted and lowered as the cell voltage is changed. It
is important to note that since the structure of the conventional 6T SRAM is
symmetrical in terms of the transistor’s sizes and their threshold voltages, the
butterfly diagrams in both standby and read modes are also symmetrical across

the meta-stable point (see Fig. 2.10 and Fig. 2.11).
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Fig. 2.11 Family of butterfly diagrams and the VTC difference function curves (Bottom) of a
conventional 6T cell illustrating the effect of cell voltage variations on RNM.
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Fig. 2.12 Effect of cell voltage on SNM and RNM in a conventional 6T cell (Vssy=0V).

39



2.5 Write operation

In write operation, whether writing a ‘0’ (WO0) or writing a ‘1’ (W1), the bit-
lines are pre-charged high similar to read. The write circuit drives the global write
signals, and is connected to the bit-line through transmission gates (activated by
TG_ON) or pass transistors (see Fig. 2.13). Therefore, in a write operation BL or
BLZ is pulled down depending on whether data is a ‘0’ or a ‘1’ respectively. In
case of W1, assuming that the cell is storing a ‘0’ (Q=0, Qz=1), when the word-
line is raised, since BLZ is driven low by the write driver, Qz is pulled down and
hence P, starts to turn on. When P, is turned on, it pulls Q high to Vppm causing
N; to turn on and pull Qz down to Vssu. The performance of the write operation,
also known as write-ability, is highly dependent on the cell ratio B. In this
example, P; opposes the attempt to pull QZ down since it is turned on. On the
other hand one can not write a ‘1’ by pulling BL high due to the read stability
requirement as explained in the read section. Therefore, the load transistors (P
and P;) must be weaker than the access transistors (N3 and N4) and are usually

designed to have minimum size.
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Fig. 2.13 Simplified write circuits for 6T SRAMs (Bit-line pre-charge pull-up devices not shown).

Three typical types of write drivers for a 6T SRAM column are shown in
Fig. 2.13 (see also [3]). The purpose of a write driver is to discharge one of the
bit-lines (BL or BLZ) depending on the data status when the write enable is active
(WE). The circuit in (a) writes into a cell by pulling down BL or BLZ driven by
inverters 1 and 2 and via transmission gates TGy and TG; depending on data

value (Din). Inverter 3 is used to drive WE and its complement to activate the
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transmission gates. Write circuit in (b) uses Q1-Qz and Q2-Q4 NMOS devices to
discharge BL or BLZ. Inverter 1 is used to drive the complement value of data to
drive BL's gate. If Dipis a ‘0’, inverter 1 will turn Q4 on and once WE is active, it
will pull BL to Vss resulting a write ‘0’ operation. On the other hand, if Djyis a ‘1’ it
will turn on Qs and once WE is active, BLZ is pulled down via Qi and Q3 resulting
a ‘0’ to be written onto QZ of the cell and activating write recovery process to
store a ‘1’ into the cell. In (c) the two AND gates 1 and 2 will prepare gate voltage
for two pass transistors Q; and Q» depending on Di, and WE status. Inverter 1
drives AND gate 2 such that if Di,is ‘0’, and WE is active, BL is driven low. The
strength of the driver circuit is dependent on the capacitance of the bit-lines and
power vs. performance requirements. Fig. 2.14 shows the write operation in a
conventional 6T cell where, TG_ON is the signal that turns on the transmission
gate in Fig. 2.13 (a), Gwr and Gwrz are the global write signals connected to the

bit-lines via the transmission gates, and WE is the write enabler.
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Fig. 2.14 Write operation in a conventional 6T SRAM cell.

2.6 Threshold voltage variation of the PMOS device onw  rite
delay

The effect of threshold voltage variation on PMOS devices is interesting
since they determine the write recovery performance and are weakest devices in
a 6T SRAM cell. In addition, the current drive in PMOS devices is lower than that
of NMOS due to having lower carrier mobility in these devices. In an experiment
asserting threshold voltage mismatch between PMOS devices in a conventional
6T cell, the write recovery delay was measured from WL=50% Vppwm voltage to
QZ =80% Vppwm (see Fig. 2.15) Simulation results show that higher values in the
standard deviation factor for the threshold voltage in the PMOS device (Ovinp), Will

make it harder for the PMOS (in this case P, raising QZ) to turn on during write
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recovery process and hence adding to the delay. This effect is exponentially

more severe in lower Vppwm

Write Delay (sec)

Yo = =i =

voltages as shown in Fig. 2.15 and Fig. 2.16.
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Fig. 2.15 PMOS Vy, mismatch effect on write delay in the conventional 6T cell.

2.7 Effect of V ppy vari

ations on write and write recovery delay

In some low-power applications, it is required to reduce cell differential

voltage for power saving purposes. This reduction of voltage has an inverse

relationship with write delay shown in Fig. 2.16.
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Fig. 2.16 Effect of Vppy variation on write delay in the conventional 6T cell.
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2.8 Effect of cell voltage, cell ratio, and thresho  Id voltage on
SNM

In an experiment by [10], SNM of a conventional 6T SRAM was measured
in 0.13um technology as a function of Vpp, cell ratio B, and threshold voltage Vy.
The cell was simulated up to 2.5 V Vpp. The authors report that for low Vpp, the
SNM increases linearly with Vpp increase , since the pull-up and pull-down
devices of the inverter pairs operate more strongly due to higher gate-source
voltage, Vs, and drain-source voltage Vps, resulting in higher trip point
thresholds, and hence securing the cell against perturbations. However, at higher
Vpp the noise margin levels off and may even decrease when Vppis
approximately twice the threshold voltage. In addition, SNM is reduced at lower
threshold voltages since it would be easier to turn on transistors by noise sources
at lower Vy,, and hence the stability of the cell is affected. On the other hand,
higher cell ratio values () will result in more stability of the cell with the cost of

area.

2.9 Differential biasing scheme to mitigate the eff  ect of V
variations

As discussed earlier, due to process variations in threshold voltage of
modern transistors with scaled down sizes, SRAM circuits are affected in terms
of performance and stability. In a conventional 6T cell, P; and P, transistors are
usually selected to have the smallest sizes for read stability and write ability
requirements. Threshold variations in pull up or pull down transistors can affect
the write ability and reduce the performance or even causes the write operation
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to fail. As an example, when writing a ‘1’ (W1) into the cell (Q=0 -> Q=1), the
complementary bit-line (BLZ) is pulled down and the true bit-line (BL) is driven
high through the write circuit prior to the rise of the word-lines. As a result of Qz
being driven low by BLZ, P, is turned on and pulls up Q. The process of Qz being
pulled up is often called write recovery meaning that the feedback loop recovers
the opposite side of the node being pulled down to the opposite value. Therefore,
write recovery process can become slower and may fail with the presence of
threshold voltage variations especially in the P, and P». Differential biasing
scheme proposed by [5] helps improve the write margin by introducing a
differential voltage in which the pull up side of the cell (being turned on in write
recovery) will have a higher source voltage than the other side. The differential
biasing voltage scheme for the cell voltage was simulated in a conventional 6T
SRAM for a write operation. As shown in Fig. 2.17, Q and Qz are true and
complementary cell node voltages in a conventional 6T cell, and WL is the world-
line. The results show improvements in write performance especially in the write
recovery delay in SS corner. For some design cases, [5] reports to achieve 70%

improvement in write performance by using this method.
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Fig. 2.17 Comparisons of write recovery period for single vs. differential Vppy methods at
VDD:O.75V, VDDM1:0-601 VDDM220-85 (SS corner, 120°C)

A comparison between the current drive of the load transistors (P, P>) in
conventional single-Vppu 6T cell and the differential biasing scheme is reported
by [5]. The authors show that the differential biasing scheme increases the
current drive of the load transistors by 3.4 times when Vpp = 1V and 13.5 times
when operating at 0.7V. This comparison is another experiment that shows how
the differential biasing scheme can help write-ability and write performance

especially at lower cell voltages.
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3: PROPOSED 5T SRAM (5TSDG) DESIGN

In this chapter, the proposed five-transistor (5T) SRAM architecture is
presented, discussed, and compared with conventional 6T and 5T counterparts.
A 5T SRAM cell consists of two cross-coupled inverters (P1-N1, P>-N»), an access
transistor (N3), and a single bit-line (BL) as shown in Fig. 3.1. These types of
SRAM cells are attractive since by removing one access transistor and a bit-line,
the total chip area per bit can be significantly reduced [15]. However, since read
and write operations are performed using a single bit-line, unlike 6T cells, new
methods need to be considered to enable proper operation of these types of

SRAM structures.

Conventional 5T SRAM cells proposed by [14] and [15] will either require
modifying transistor ratios, which will cause major reduction in the stability of cell,
or do not take advantage of power reduction opportunities in SRAM design. In
this chapter, a novel design is proposed which will have four major prominent

features:

» Allfive transistors can, but not necessarily must, have equal sizes and
still maintain required stability margins and performance comparable
with conventional 6T design with minor decrease in speed in write ‘1’
operation. The ratios can be adjusted to optimize write ‘1’ performance

comparable to 6T cell with minor power and area costs.
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* A novel pre-charge method for the bit-lines is introduced which will
reduce bit-line leakage in standby, simplify design structure, and will
significantly improve read/write performance compared to previous

research in 5T SRAM design.

» Significant power saving is achieved by using high threshold (HVT)
transistors in the cross-coupled inverter pairs, and the novel pre-charge

technique.
* A significant area saving compared to a conventional 6T cell is achieved.

The schematic of the 5TSDG cell including the sub-column circuitry is
depicted in Fig. 3.1. Standby and Ground control circuits are required one per
every sub-column while Vssu control is shared in the entire memory array.
TABLE 3.1 specifies some of the design parameters of 5TSDG, low-power 6T, as
well as conventional 6T cells used in this thesis for comparison. An area
reduction of ~13% is predicted compared to a conventional 6T cell using

standard 65nm design rules [1].
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Fig. 3.1 5TSDG structure with sub-column Vss control.

TABLE 3.1. Different types of SRAM cells used in this chapter, Vpp=Vppy=1.3V,

Inverter Access BL pre-

Type Transistors | Transistors | P Vssu charge

5TSDG HVT SVT 1.0 600mV 600mV
Low-Power 6T HVT SVT 14 600mV Vb
Conventional 6T HVT SVT 1.4 omv Vop

3.1 Standby mode

One of the effective and proven methods to suppress leakage power
during standby in 6T SRAMs is to use dynamic sleep design while maintaining a
sufficient Static Noise Margin (SNM) which ultimately determines the integrity of

the stored data [9][12]. The most effective way to use this method is by raising
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the negative supply voltage of the memory cells, Vssy, as opposed to lowering

the positive one, Vppm, to minimize bit-line and cell leakage power [1][9][17].

Considering this method in 5T SRAM, a prominent feature of 5TSDG is
that instead of using an external on-chip power supply to raise Vssw voltage
above ground in standby, with existence of enough leakage sources especially
sub-threshold and gate leakage currents in advanced technologies, the leaking
memory array can be used as a power source to collect these charges from Vg;
and Vg, via Mg; and Mg, causing a natural rise of Vssyu to a desired biasing level
using Vssw control circuit. After evaluating performance, stability and power
consumptions by simulations, with various combinations of threshold voltages
(Vi) for each single transistor in 5TSDG, it is found that Vi, of the inverter pairs
have the most significant impact on the leakage power while the access
transistor, N3 has the most significant impact on performance and stability as also
discussed in section 3.2, and 3.3. Therefore, the two inverter pairs N1-P; and No-
P, are selected to have high threshold voltages (HVT) while the access transistor
N3 has a smaller Vi, (in this case Standard Vi, SVT). All cell transistors are

selected to have equal sizes (W=0.15um, L;i=0.06um).

Using two carefully sized diode-connected transistors, M; and My, the
voltage across the cell in standby can be biased to remain static for various
temperatures and process corners (see also [19]). In this design, a minimum
voltage across the cell, Vimin = Vopom-Vssu, 0f 0.7V is selected to yield sufficient
stability [13], resulting in a simulated SNM between 181-222mV in all corners and

temperatures at Vppu=1.3V [16]. A 64Kbit memory array arranged in 64x16
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blocks was simulated in standby mode using BSIM v.4 and HSPICE at
Vpop=Vppm=1.3V. The large capacitance of Vssyv consisting of mostly junction and
wire capacitors and sufficient available leakage current are the key factors in
stability of Vssm during standby/write/read modes. In case of lack of leakage
especially due to HVT transistors, in some corners or temperatures, M is turned
on more strongly to provide the charges to Vssu. During read and write

operations, Vsgy remains close to the standby steady state value.

Another unique feature of 5TSDG that makes it different from previous
research work is that Vssu can also be used to pre-charge the bit-line, BL, in
standby via Mgy as shown in Fig. 3.1 so that 1) channel and gate leakage
through N3 is reduced and minimized by up to 90% especially when a ‘0’ is
stored, 2) the cell maintains a reasonable Read Noise Margin (RNM) when
accessed close to the optimum achievable point and 3) to accelerate read/write

operation explained in the next sections.

The static noise margin of the 5TSDG cell was measured using similar
methodology explained for conventional 6T cell. As shown in Fig. 3.2, SNM is
defined to be the maximum value of the adverse polarity DC noise sources v,
added to the inputs of the cross-coupled inverters P1-N1, P,-N, before initiating

the state toggle (Stby signal is at Vpp).
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Fig. 3.2 A 5T SRAM cell with two adverse polarity noise sources v, ,

As shown in Fig. 3.3, the relationship between Vmin and SNM is linear in
all corners. In the proposed application-dependent design, the user must
consider the fact that Vmin determines the biasing level of both the negative
supply voltage, and the pre-charge voltage for the bit-lines (At a fixed Vppw).
Therefore, Vmin should be selected to either be around a point to maximize
RNM, or not be any lower than the required RNM for all process corners. Fig. 3.4
shows simulation results indicating the relationship between positive supply
voltages, Vppw, at a constant Vmin=0.7V, and the read noise margin. In this
experiment, the bit-line pre-charge DC voltage, Vbm, was linearly swept to find
the maximum RNM while keeping Vsswm tied to a constant DC source. Inherently,
RNM peaks at a level, and the best RNM occurs at lower bit-line pre-charge

voltages as Vppw is lowered while keeping the same Vmin. Since the maximum
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allowable voltage in this technology node is 1.3V, a Vppm 0f 1.3V and a Vi, of
0.7V are chosen in this case for explanatory purposes and as reference point.
The fast NMOS and slow PMOS, FS corner, is known to be the worst case RNM
discussed further in the next section. Therefore, the design of 5TSDG cell has
been focused to achieve reasonable RNM at the FS corner which will guarantee

higher RNM results for other corners.
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Fig. 3.3 Relationship between Vmin=Vppy-Vssm and SNM of 5TSDG in various corners.
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As explained in Chapter 1, the sub-threshold leakage dominates other
sources of leakage power in CMOS devices. In a 5T SRAM cell, the two cross-
coupled inverters storing either a ‘0’ or a ‘1’ consist of four transistors in which
two of them will be OFF in standby. In a case when a ‘0’ is stored in the cell
(Q='0", as shown in Fig. 3.5, the status of each single transistor as well as the
leakage sources in the cell are described in TABLE 3.2. Similarly, TABLE 3.3

describes the biasing levels and leakage sources of a cell storing a ‘1’ (Q="1").

Vssum

Fig. 3.5 5TSDG cell: Storing a ‘0’ (Left) and a ‘1’ (Right).

TABLE 3.2. Transistor biasing voltages in standby for a cell storing a ‘0’ (Q=0").

Tr. Ves Vbs Vsg Vbe Vbs éﬁ::gg;

P1 | Vsswu-Vbowm 0 0 Vppm-Vssm 0 Ip+ g

N1 0 Vopm-Vssm | Vssm | Vbpom-Vssw Vppwm Isth + 1j + leipL
P2 0 Vssm-Voom 0 Vssm-Voom | Vssw-Voowm Isth + I cioL
N2 | Vbom-Vssm 0 Vssm | Vssm-Voowm Vssm Ip+ lj+ lgpL+ g
N3 0 0 Vssm Vssm Vssm l; + leipL
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TABLE 3.3 Transistor biasing voltages in standby for a cell storing a ‘1’ (Q="1").

Tr. Vas Vbs Vss Vbe Vbs ggur:igé

P1 0 Vssw-Voom 0 Vssm-Voom Vssm-Voom Isth + lcipL

N1 | Voom-Vssm 0 Vssm Vssm-Vopwm Vssm Ip + 1j + leipL + Ig
P2 | Vssm-Voowm 0 0 Vppm-Vssm 0 Ip +lg

N> 0 Vopm-Vssm | Vssm Vppm-Vssm Vppm lsth + 1+ leipL
N3 0-Vssm Voom-Vssm | Vssm Vssum Vssm Isth + Ij + leipL

In the design kit used in this thesis, three threshold voltages were
accessible to use in a design, mainly for standard digital design purposes. The
three types of Vy, are standard (SVT), high (HVT), and low (LVT). In an
experimental analysis using various combinations of these standard types,
standby power was measured and the results are shown in Fig. 3.6 (All
transistors are HVT unless otherwise specified). In a 5TSDG cell, as opposed to
conventional 6T cell, the threshold voltage of the access transistor does not play
a significant role in standby power. As shown in Fig. 3.5, the drain to source
voltage of the access transistor, Vps, is either Vssu-Vssm=0 or Vppu-Vssm=Vmin,
depending on the cell storing a ‘0’ or a ‘1’ respectively, and therefore, sub-
threshold leakage current is minimized (see equation 1.2) and in case of a ‘0’
stored in the cell, the leakage is completely eliminated. This feature in 5TSDG
has an advantage over conventional 6T cell design since Vps of the access
transistors in a 6T cell is either Vpe-Vopwm Of Vpe- Vssm Where V¢ is the pre-charge
voltage of the bit-lines in a conventional 6T cell, which is higher than that of

5TSDG. Therefore, bit-line leakage in 5TSDG, unlike that in a conventional 6T
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cell, is dependent on the percentage of ‘0’s and ‘1’s stored in the memory array.
Comparing bit-line leakage power between 5TSDG and conventional 6T cell, it is
demonstrated that the leakage is reduced by ~90%. Fig. 3.6 also shows that the
threshold voltage of P; and P, (load) transistors have less effect on standby
power consumption than N; and N,. The reason lies within the fact that PMOS
devices have lower mobility due to their physical nature than the NMOS devices.
Therefore, according to equation 1.2, the sub-threshold current of an NMOS,
which is the dominant leakage current source in standby, is more than that of a
PMOS. Consequently, after experimenting with various combinations of Vy, for
each transistor in a 5T cell, it is found that the cross-coupled inverter’s transistors
have the most significant effect on standby power while the access transistor N3,
in 5TSDG design, will cause the least amount of leakage when compared to

others.

1.00
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0.80
0.70
0.60
0.50
0.40
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0.20
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Normalized Standby Power

P1: N1:
All N3: | N3: | P2: [SVT,| N1: | N2: [SVT,| N1:. | N2: | All
HVT | SVT | LVT | SVT | P2: | SVT | SVT | N2: | LVT | LVT | SVT
SVT SVT

Power| 0.18 | 0.18| 0.18 0.23 0.29 0.33 0.34 0.50 0/96 100 Q.60

Fig. 3.6 Normalized standby power consumption of various Vy, combinations in a 5T cell.

Due to various sources of leakage in standby shown in TABLE 3.2 and

TABLE 3.3, mostly consisting of channel, sub-threshold and gate leakages (Ich,
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lsth, lg), the negative supply voltage can be raised by storing these charges on
Vsswm. Since Vssw is a wire connected to the sources of driver transistors (N1, Ny)
as well as the standby transistor connected to the bit-lines, its large capacitance

is capable of holding these charges.

The charges due to the leaking transistors in standby, when stored on a
capacitive wire, Vssu, cause Vssy to raise above Vss. This rise must be regulated
to stabilize Vssv during different operations of the memory. The circuit that
controls this voltage is called Vssw control circuit in this thesis. With adequately
strong voltage regulation gained by diode-connected pull up and pull down
transistors M; and M; (see Fig. 3.1 and Fig. 3.7), the biasing level of Vssu can be
adjusted depending on the desirable voltage across the cell voltage during
standby (Vmin=Vppu-Vssw). Higher SRAM array sizes will result in more stability
of Vssu and less extra power consumption caused by adding M; pull-up. The
amount of extra power consumption caused by M; varies from ~5-35%
depending on the memory array size, temperature, and process corner. The 35%
increase of power is for very low temperatures (-40°C) and SS corner, where the
leakage power is already very low (see Fig. 3.9). The desirable voltage across
the cell is dependent on performance, power and reliability requirements. Only
one Vsswu control circuit unit is needed for the entire memory as opposed to the

ground control circuit needed one per sub-column.

At higher temperatures, the leakage in memory cells is increased resulting
in the flow of more charges on Vsgy in an attempt to raise it. This will cause M, to

turn on more strongly since both of gate-to-source voltage, Vgs, and drain-to-
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source voltage, Vps, are increased, and thereby cancelling this effect. As soon as
the leakage current is reduced in lower temperatures, Vssy is decreased resulting
in higher Vs and Vps for M1, and causing it to turn on more effectively, and
pulling Vsswm high. The total effect of M; and M, therefore, needs to be balanced
to keep Vssy stable at all temperatures. Fig. 3.7 depicts the simulation of Vssu
biasing level gained by leakage storage vs. different temperatures for different
corners with and without using a pull-up diode connected transistor (My). If
instead of HVT transistors for the cross-coupled inverters, SVT transistors were
to be used, the amount of leakage of the cells would increase resulting in less
necessity of requiring a pull-up charge compensator (M;) to recover missing

charges at lower temperatures.

20

VSSM (V)

4U-WJzuiuwﬁJuu¢m
Temperature (C)

Fig. 3.7 Effect of Temperature on Vsgy with and without voltage regulation for different corners.

TABLE 3.4 shows leakage current and worst case RNM for various types

of SRAM cells introduced in TABLE 3.1. Traditional 5T designs as in [14][15],
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where Vsgy is held at Vss level, require lower Vi, for internal cell transistors in
65nm technology, such as N1, and P, (see [7]), to enable write ‘1’ operation
discussed in section 3.3. Thus, even though some leakage power is saved by
cutting a bit-line and biasing the other to a lower voltage, the overall leakage is

quite high, being about half of the conventional 6T cell value in TABLE 3.4.

Proposed 5T Cell Low-Power 6T Cell

VDDM

VDDM

B
L ° B
L
VvV ss 7
Vssm Py b : L
”””” bDM Voo L,,,j: —d Ny Vb

_______

.......

Vgl ng Vgl ng
Vssm Vssm Vssm Vssm

Fig. 3.8 5TSDG vs. a low-power 6T cell comparison when storing a ‘0’.

TABLE 3.4. Worst-case standby leakage current and RNM comparison in different SRAM types
(not including peripheral circuits).

64 cells 5TSDG Low-Power 6T | Conventional 6T
Leakage (nA) 80.6 88.7 2020.0
RNM (mV) 172.3 123.2 123.2

The statistical distribution of data (‘0’s and ‘1’s) in a memory array can
result in minor differences in power consumption in 5TSDG. As shown in Fig. 3.8,
in 5TSDG, when a ‘0’ is stored, the bit-line channel leakage through N3 is
completely eliminated, and when a ‘1’ is stored, since Vsgy is raised, a small
amount of leakage exists. On the other hand, the power consumption of a

conventional 6T cell does not vary with the statistical distribution of data since
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whether a ‘0’ or ‘1’ is stored in the cell, total bit-line leakage is constant due to

symmetry.

Fig. 3.9 compares the power consumption of 5TSDG including peripheral
circuits with a low-power 6T design in various process corners. The peripheral
circuits include sense amplifiers, write drivers, bit-line drivers, column control
circuitry, and timing control circuitry. FF corner is the most critical case in terms
of power consumption as opposed to the SS corner, which consumes the least

amount of power and is also slowest in performance.
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Fig. 3.9 5TSDG vs. low-power 6T SRAM designs: (64Kb SRAM array and peripheral circuits, FF
corner on the left, 120°C, 50% ‘0’s 50% ‘1’s stored in the array).

Fig. 3.10 shows SNM determinant VTC curves for 5TSDG with Vssy at
0.6V, and Vppwm at 1.3V for various corners, and shows the reliability of 5TSDG in
all process corners. Measurements for SNM were based on the method

explained in section 1.6.1.
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Fig. 3.10. Butterfly diagrams for different corners for 5T SRAM in standby (SF, SS, TT, FF, FS
corners from bottom up).

Fig. 3.11 shows an example of the sub-column architecture of 5TSDG
including the ground and Vssyu control circuitry required for different operations of
the memory discussed further in the next sections. In a case where the total
column size is 128 bits, the column can be divided into 16, 32 or 64 cell
segments (sub-columns). Each sub-column and the adjacent one will require a
shared sense amplifier (see Fig. 3.12) for read purposes, which will be discussed
in section 3.2. In this thesis, a column size of 128 bits and a sub-column size of
64 bits were selected to result in reasonable performance. Shorter bit-lines
(cells/bit-line) will result in an improved performance especially in the read
operation, and will save on power consumption due to bit-line voltage swing on a

capacitive wire. However, fewer cells per bit-line will result in additional sub-
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columns, which will add to the number of sense amplifiers hence the area and
power. Therefore, a reasonable balance between number of cells per sub-
column and hence, the area, the required performance, and power limit needs to

be considered.

Sub-column
WL0 — 5T Cell
\/Yg] ‘ \;’gz
BLO E ;
WL(M-2)— 5T Cell ... More Sub-
columns
\ ol ‘fygz
WL(M-1)— 5T Cell Veen
Standby v I+ Control
Circuit gl £
stbyj | M
| I — ]
Mstbly_l Mgllfl \lzl Mel [ 1 1 . | | Vssm
M,
Ground Vss
Control

Fig. 3.11 Sub-column structure of 5TSDG.
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3.2 Read operation

The read operation is similar to a 6T SRAM cell except that only one bit-
line is used. In 5TSDG, the bit-line is pre-charged in standby by Vssu, which is
near the optimum point to maximize RNM in the worst case (FS), and cuts down
the bit-line leakage in standby by up to ~90%. Another advantage of this pre-
charge method compared to [15] is that it does not require an additional power
supply on the chip such as a DC-DC converter or a level shifter, which will add to
the chip area and power consumption. A simple sense amplifier circuit used in
5TSDG is shown in Fig. 3.12. Although not the fastest type, it is attractive due to
its simplicity and that it does not need a clock signal [18]. During read, rd signal
in Fig. 3.11 is raised causing Vg1 and Vg, to be pulled down to Vss by Mg1q and
Mgzrd, Which will maximize RNM and read performance. The global bit-line, Gbit,
is the output of the sense amplifier and is pre-charged to Vssu through Mg in
standby, and is pulled down to Vss by M7 during a read ‘0. Therefore, a read ‘1’
is always implied unless Gbit is pulled down. Inverter Ms-Mg should have a
sufficiently low sensitivity to prevent a false trigger. This sense amplifier can be
shared by two bit-lines from two adjacent sub-columns. For instance, in a 128-
cell column composed of two 64-cell sub-columns, the sense amplifier is placed
in between bit-lines BitL and BitR. SelL and SelR signals should be selected by a
row decoder to select the appropriate bit-line to read from. M3 and M, are used to
pre-charge the input of the inverter Ms-Mg in standby. For similar bit-line

capacitances, read speed in 5T and 6T SRAMs is comparable.
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Fig. 3.13 shows simulation results for a read operation of 5TSDG in a
64Kbit memory array arranged in 64x16 bit blocks for two neighbouring cells
sharing the same word-line, WL, storing a ‘0’ and a ‘1’ on Q0 and Q1 nodes, and
having two bit-lines BLO and BL1 respectively (similar to Fig. 1.4). A dynamic
increase in QO node occurs while reading a ‘0’ due to the current flow from the
bit-line to N3 and N, as the word-line is raised (see Fig. 3.13). This rise in voltage
is denoted by Qmax Fig. 3.13. During read ‘1’, a drop of voltage in Q1 node is
observed for a similar reason (Qmin). Qmax and Qmin Should not cause a read
upset i.e. they should be less and more than the tripping voltage of the inverter
pairs, respectively, to avoid turning a read into a write, especially in FS corner. In
order to further reduce the probability of read-upset in 5T cell, it is possible to
increase word-line rise time and make the bit-lines shorter to reduce their

capacitances [2]. The latter will also improve read speed by reducing bit-line

swing delay.
BitL sell VSﬂ
th

Mz —
selR 5L —°| Ms Ghbit
M

i .j_l_(L

Fig. 3.12 Sense amplifier used in 5TSDG read operation.
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Fig. 3.13 Read operation in a 5TSDG cell, typical corner (TT), 120°C, Q0-Q0z-BL0-Gbit0 and Q1-
Q1z-BL1-Ghitl are related to a cell storing a ‘0’ and ‘1’ respectively and sharing the
same word-line (WL).

TABLE 3.5 shows the trip voltage vs. Qmax and Qmin While reading in
different corners in 5TSDG. Trip points were measured by injecting current into
the cell node Q, using a variable current source, and measuring when the caused
voltage increase trips the cell to the opposite value. These results when
compared with RNM measurements for various mismatch cases in worst case
corner FS, show the stability of 5TSDG. RNM is measured with Vssy on the bit-

line similar to [15].

Fig. 3.15 shows the effect of Vy, variations on the RNM of 5TSDG. The
best biasing value for Vssy maximizes RNM for the worst-case (FS corner). Fig.
3.15 is based on simulation results in the FS corner. A robust and reliable design

will only need to have acceptable noise margins up to oy = 0p =%3



(~99.9999998% of statistical possibilities for V). Therefore, in Fig. 3.15, since in
FS corner oy = -3 and op = 3 by default, it is only required to consider RNM

values for 0 < oy < +6, and -6 < op < 0, and the rest of the values can be

neglected.

VSS

Fig. 3.14 Comparison between 5TSDG when accessed (Left) with the cell in standby with the
presence of the noise sources, v,,.
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Fig. 3.15 Effect of Vy, variations on RNM varying each single transistor in a 5T cell (Worst case:
Relative to FS corner, 120°C).
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TABLE 3.5 5TSDG: Trip point voltage vs. Qmax and Quin, 120°C).

5T Cell Trip Voltage (mV) /Q max (MV)

FF FS SF TT SS
883/193 | 866/185 | 934/202 | 899/195 | 905/196
5T Cell Qmin (V)

1.19 1.18 1.24 1.22 1.24

Fig. 3.16 simulation results demonstrate how the read noise margin, the

optimum RNM, and optimum bit-line pre-charge voltage is affected by the

threshold voltage of the access transistor in 5TSDG. In section 3.1, it was

demonstrated that the access transistor does not play a significant role in

standby power consumption in 5TSDG as opposed to conventional 6T cell

design. Therefore, assuming that the required safe Vmin is 0.7V requiring Vssy to

be at 0.6V for a Vppwm Of 1.3V, in case of an LVT, SVT and HVT type threshold

voltage for the access transistor, the best RNM varies from about 140mV, 170mV

and 220mV respectively in the worst case (FS corner).

RNM (V)

HVT

SVT

LVT

0.28
Points of interest

0.24 ...-""0-0....,“& > o Vssy = 0.6V

. ’_. -0--‘.,.,_.-’"’

0.2
0.16
0.12
0.08 ‘

0.4 0.45 0.5 0.55 0.6 0.65

Bit-line pre-charge voltage (V)

Fig. 3.16. RNM variations vs. bit-line biasing voltage (=Vssy) for three threshold voltages of the
access transistor (N3) in FS corner.
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Fig. 3.17 shows RNM variations vs. bit-line biasing voltage for various
process corners and illustrates how FS corner has the smallest whereas SF
corner results in the highest value for RNM. This is due to the fact that faster
NMOS device will cause stronger current drive in the access transistor, and for
similar reasons discussed regarding Fig. 3.16, faster access transistor will result
in smaller RNM. Decreasing threshold voltage for P, will result in a left shift in the
best RNM value shown in Fig. 3.18. This effect does not help with the RNM,
provided that a fixed Vssw is required, since the RNM values for both P, having
HVT or SVT would be the same at the particular point of interest. On the other
hand, lower threshold for P, is interesting since it will improve write ‘1’ (Discussed
in the next section), and as discussed in standby section, it has little effect on
power consumption. Layout complications, power increase, and no effect on

RNM, are reasons to choose HVT for P».
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Fig. 3.17 RNM variations vs. bit-line biasing (=Vssy) for various corners in 5TSDG.
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Fig. 3.18 Effect of the threshold of P, transistor on RNM. All transistors are HVT unless otherwise
specified.

A reduction in the threshold voltage of P, transistor may be attractive to
improve read speed, but it causes a shift-right effect on the RNM vs. Vbm curve
(see Fig. 3.19). By strengthening the current drive of the Py, it will be harder for a
noise source to toggle the state of the cross-coupled inverter pairs. Furthermore,
reducing the threshold voltage of P; adds to the leakage power and affects write
‘1’ performance since it will oppose Qz to be driven to ‘0’ by Ni. The
combinational effect of lowering the threshold voltage of the P; and P, will cause
a shift up effect on the RNM curves (Arrow 3 in Fig. 3.19) while each individual

one causes a shift left or right to the RNM vs. Vbm curve (Arrow 1 and 2).

70



0.2¢

L 3 —o—All HVT
0.26 /™ 2 o
— | —%—P1: SVT,
b P2:SVT
= P1:SVT
n'd

0.24
\\ ——P2:SVT

0.4 0.45 0.5 0.55 0.6 0.65
Bit-line pre-charge voltage (V)

0.22

Fig. 3.19 Effect of changing the threshold voltage of the load transistors (P, and P,) on optimum
RNM (All transistors are HVT unless otherwise specified.

Reading with 5TSDG varies in delay time in different process corners by

up to ~80ps as shown in Fig. 3.20 (Gbit0 is the global output in the sense

amplifier for a read ‘0’).
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Fig. 3.20 Read ‘0’ and read ‘1’ operations in 5TSDG in different corners (superimposed). BLO-
Gbit0, and BL1-Gbitl are the bit-lines and sense amplifier outputs for cells storing a
‘0’ and ‘1’ respectively.

It is required for any SRAM design to have sufficient stability margins in all
process corners. Static noise margin simulation results for 5TSDG indicating the
stability of the cell in standby was shown in Fig. 3.3 and Fig. 3.10 for various
process corners. Read noise margin is a more severe case of static noise margin
when the memory is accessed for read. Two methods of measuring RNM were
previously introduced being graphical measurement of maximum diagonal of the
square within the VTC curves, and the SPICE implementation of the method
using rotated coordinate systems. RNM measurement simulations results using
both of these techniques are illustrated in Fig. 3.21. The left figure shows the

conventional butterfly diagrams and the right one shows the results of the rotated
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coordinate system method. RNM’ is equal to RNM times a scale factor equal to
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Fig. 3.21 Standard (Left) and rotated (Right) butterfly diagrams of 5TSDG when accessed (Read
mode) in different corners.

The VTC curves of 5TSDG in comparison with a low-power 6T cell, in
standby and access modes are depicted in Fig. 3.22 for a typical-typical corner
(TT). As shown, the butterfly diagrams of 5TSDG are quite similar to that of the
6T cell, except that since a 5T cell only has one bit-line, and it is tied to Vssu (see
Fig. 3.14), there is an asymmetry in each half side of the butterfly diagrams in
read mode. Therefore, the smaller diagonal of the largest fitting square will
determine the RNM. In addition, the RNM of a 6T cell is smaller than 5TSDG
partly since the bit-lines are charged less in the latter one due to smaller potential
voltage and thus have less power in destructive read especially with the

presence of environmental disturbances.
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Fig. 3.23 Read delay comparison in 5TSDG for different interesting threshold voltages in the cell
(All transistors are assumed to be HVT unless otherwise specified).

3.2.1 Vsswm stability in dynamic mode of operation

During standby mode of 5TSDG, Vsswis used as a power supply to raise

Vg1 and Vg, above Vss and pre-charge the bit-line. During read operation, Vq; and
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Vg2 are driven to Vss to maximize RNM and the read speed. On the other hand,
after a read operation is completed, Vg1, Vg2 and the bit-line are driven back to
Vsswm since the memory cell will be in standby again. This voltage swing of Vg,
Vg2 and the bit-line affects voltage level of Vssu since each re-charge of these
voltages takes charges away from Vssy causing it to drop by an amount of AV;,
where i is the index of consecutive read operations. AV; is maximized in FF
corner. In case of reading a ‘1’, the bit-line will actually discharge the extra
charges on Vssu, however, that amount is much less than the effect of the
ground lines taking away charges. Fortunately, Vsswmis highly capacitive and its
capacitance is much higher than that of Vg and Vg2, and many memory cells in
standby provide electric charges to it. Therefore, Vssy changes very little during
read operation especially when it has large capacitance (attached to large
memory arrays), and even if it does, it will actually help the read operation in
terms of performance and read noise margin (see Fig. 3.17). In addition, Vssm
does not decrease beyond a steady-state value, and when reading is complete, it
is pulled back towards its standby level due to an increase in memory cell
leakage (see Fig. 3.24 and Fig. 3.25). Fig. 3.26 shows how Vssy reaches a
steady-state value after several read operations for different SRAM array sizes
(64Kb, 1Mb, and 2Mb) in FF corner. This figure demonstrates that when larger
number of memory cells are attached to Vssy, the initial values of AV; which are
instantaneous voltage decays after each read, and the total decay to reach the
steady-state value, AV,,,, will be smaller than that of smaller arrays. In contrast,

in larger memory arrays, the dynamic steady-state voltage is closer to the
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standby level than that in smaller arrays. After each read cycle, AV; is reduced
until it reaches 0V. At this point (steady state), the memory leakage is sufficiently
increased such that it can fully replenish the lost charges between every read

cycle. Vssy voltage after each read cycle (i) can be described by equation 3.1.

i (i).At

. . . Im
Vssm(i+ 1) = @(i). Vssm (D) + Cvsiﬁ(stby) (3.2)
VBL VBL
. Cvggy (read)+ (VSSM(Ei) Bo VSSMl(i) Ng,)CaL
where (i) = Cvssm(stby) '

Cyssm(stby) = Cy,, (read) + C(SubCol),
C(SU.bCOl) = (NBO + NBl)(CBL + Cvgl + CVgZ)’

Cvg1, Cvgz, Cpr, @nd are the capacitances of Vg1, Vg, and the bit-line
respectively. It is assumed that Vg and Vg, have been driven to OV initially.
VgL,and Vg, are the bit-line voltages after a read ‘0’ and a read ‘1’
respectively. Ng  and N are the number of ‘0’ and ‘1’ bits in a word respectively
(16 bits/word in the simulation results of this paper). In standby, Cyssm (stby)
includes the capacitance of all sub-column connections, and Vssu
interconnections. During read, a single sub-column with capacitance of C(SubCol)
is removed. imavg(i) is the average memory leakage current over the i-th read
cycle period, At, and also includes a small contribution from Vssu control circuit in
Fig. 3.1. It is increased as Vssw is reduced. Similarly, Vsgu (i) is the Vggy Voltage
at the end of the i-th read cycle. As the memory array size is increased, ¢(i)
approaches to one since Cy,, (read) approaches Cyssyv(stby). Part of AV; is

caused by a small amount of overlap between rd and stby signals in Fig. 3.13.
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Fig. 3.24. The response of Vssy when forced to ‘0’ volts and left floating in standby for 64Kb,
128Kb, 256Kb, and 512Kb from left to right for 5T SRAM array (FF corner, 120°C).

This effect on Vssyv occurs also in write operation when the bit-lines are
charged and discharged. However, for explanatory purposes, read operation,
which is the most severe among other operations, is selected to be demonstrated
for explanatory purposes. The number of cells per bit-line and number of bits per

word contribute to this effect.

77



\/
gl

It (lin)

12n

14n

2n 4n 10n

én
sec (lin)

Fig. 3.25 Worst case effect of read operation on Vsgy (64Kb array 16 bits/word (all ‘0’s), FF,

120°C).
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Fig. 3.26 Vssy Saturation during several read operations for 64Kb, 1Mb and 2Mb 5T SRAM
arrays (64 bits/word, FF, 120°C).

78



3.2.2 Read power consumption

The power consumption during the read operation is a function of Vmin,
which determines Vssw biasing level. During several consecutive reads, Vg; and
Vg2 in Fig. 3.1 are driven to Vss and Vssu frequently. Active power consumption is
changed as supply voltage is changed due to the square law dependency. This
power is also dependent on the frequency of Vssv swing during read. Equation
3.2 shows the dynamic power consumed due to the voltage swing of the ground
lines of 5TSDG, where C; is the summation of Vy; and Vg, capacitances, AV is

Vssu-Vss and f is the frequency of voltage swing.
Payn = CLAV?f (3.2)

Reading a ‘0’ consumes more power than a read ‘1’ since in a read ‘0’, the
bit-line is pulled sufficiently low to trigger the sense amplifier, and the global bit-
line of the sense amplifier is also pulled down. In a read ‘1’, bit-line is only
required to be pulled high enough to avoid the sense amplifier to turn on, and the
global bit-line stays at Vssu. Therefore, in an application where statistically more
‘O’s are to be stored in the cell, it is more efficient to store ‘1’s instead and
complement the output data. Fig. 3.27 compares read power with standby power
for various Vppw values while keeping Vmin=Vppu-Vssu constant at 0.7V for a
64x16 bit block of 5TSDG. As Vppwm is increased, Vssy also increases accordingly
causing AV in equation 3.2 to increase during read operation. Therefore, read

power is increased quadratically with higher Vppm.
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Fig. 3.27 Comparison of normalized read and standby power vs. Vppy for 5TSDG, 64x16 bit
block, reading 16 ‘0’s continuously from 16-bit words (FF corner, 120°C).

Fig. 3.28 shows the case study results of the worst-case (FF, 120°C)
normalized power consumption for standby mode and read operation of 5TSDG
in comparison with low-power 6T design. Other corners have similar results
comparable to Fig. 3.9. Read power consists of standby power of the idle
memory cells, and the dynamic power described by equation 3.2. In this case
study where a 64Kbit array consisting of 64x16 bit blocks was studied (reading
from a 16-bit word), 5TSDG could achieve up to ~30% power reduction in read
mode compared to that of the low-power 6T structure. In this example, reading a
‘1’ consumes ~7% less power in 5TSDG compared to a read ‘0’ as explained
earlier. Obviously, larger number of read operations will result in a linearly higher
power consumption difference in comparison with standby power due to larger
values of f in equation 3.2. Read operation of 5TSDG and low-power 6T cells in

this experiment were similar to Fig. 3.13 and Fig. 2.5 respectively.
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Fig. 3.28 Case study results of the worst-case normalized power consumption for standby mode
and read operation of 5TSDG in comparison with low-power 6T design (FF, 120°C),
1.00 = 25.8 mW.

3.3 Write operation

Since a 5T SRAM cell only has a single bit-line, writing either a ‘0’ (WO0) or
a ‘1’ (W1) into the cell is performed using the same bit-line. This is different from
the 6T structure where there is technically no difference between a WO or a W1,
i.e. by selectively pulling down one of the bit-lines depending on the data status,
a WO operation is applied on one side of the cell and the feedback will recover
the opposite storage node to the complement value. In 5TSDG, WO is performed
in a similar way. On the other hand, in W1, the bit-line is pulled high by global
write signal, Gwr, so that when the word-line is selected, state toggle is initiated.
Gwr is driven high by the write circuit in W1 and is driven to Vss otherwise. Using
conventional 6T transistor ratios and sizing, it is almost impossible to write a ‘1’ in
a 5T cell because in a 6T cell: 1) N, needs to be stronger than N3 by cell ratio
(CR) factor B, typically between (1.2~1.5) to maintain read stability [9]. 2) P, and

P, need to be weak enough, usually minimum size for write-ability purposes. 3)
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The access transistor is an NMOS, which does not pull up strongly due to its
physical nature. These constraints will oppose raising Q if applied in a 5T
memory cell for a W1 using a single bit-line. To combat this problem, [15]
suggests using different (W/L) sizes for the transistors such as, using a CR of
~0.45, weakening P, strengthening P, and N; with the cost of noise margin. As
opposed to 5TSDG in this paper, design in [15] will cause a 50% reduction of
RNM when compared to conventional 6T cell and therefore is more susceptible
to parameter mismatch and performance fluctuations in more advanced

technologies, especially due to process variations.

On the other hand, to make W1 possible, [14] suggests disconnecting Vg,
from Vss and letting it float near a biasing voltage by using a capacitor while
keeping Vg, at Vss during write. This method will weaken N, by lowering its Vps,
which will facilitate W1. However, this method does not take advantage of

leakage-power reduction opportunities.

As shown in Fig. 3.1, and also discussed earlier, in 5TSDG, Vssw is
connected to Vgi, Vg, and the bit-lines in standby mode. In WO, Vg, stays
connected to Vssm via Mg, while Vg, floats near Vssu. In W1, Vgl is pulled down
to Vss through Mgiwi. Mequ is turned on by Gwr signal which is high when W1 and
is at Vss otherwise. The role of this transistor is to limit AVg=Vg»-Vg: as shown in
Fig. 3.30 to improve SNM of the disturbed cells in the same sub-column. The
strength of Mequ is chosen through simulation to limit write disturb for all process
corners especially for fast NMOS corner cases [1][2]. This disturbance can also

be minimized by reducing the write pulse period to its limit. In summary, in W1,
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N, will have a stronger current drive than N; since its Vps is maximized i.e.

increased by Vsswm.

The threshold voltage of access transistor, N3, plays a key role in W1
performance. Simulation results reveal that standby power varies less than 2%
using high, standard or low Vi, (HVT, SVT, LVT) for Ns. In order to improve W1
performance, the Vi, of N3 can be reduced with some loss of RNM. In 5TSDG, Vy,
of N3 can be between the HVT and LVT to maintain a reasonable RNM/W1

performance as shown in TABLE 3.6.

TABLE 3.6. RNM and W1 comparison for different Vy, for N3, at worst case RNM (FS corner,
120°C).

5T Cell RNM (mV) / W1 Delay (ps) for Various N3V ,

LVT (=230 mV) | SVT(-440 mV) | HVT(~600 mV)

144.1/96.8 172.3/116.4 225.1/170.6

As discussed earlier in Chapter 2, there are various types of write circuits
which can be used in a design and they can vary depending on performance,
power and area limitations. The write circuitry used in this thesis for 5TSDG
driving each sub-column is depicted in Fig. 3.29 showing N bit-lines consisting of
a word. When the write enable signal is active (WE), depending on the data
values (Do ...Dn-1), the global write signals (Gwro...Gwry.1) are driven high or low
by the drivers. When the transmission gates (TGo...TGy.1) are selected, the bit-
lines are either pulled high or low depending on whether the data value is a ‘0’ or
a ‘1’. The write enable signal will deactivate the standby signal (Stby, see Fig.
3.1) and will configure the ground control circuitry to complete the write operation

into the cell.
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Fig. 3.30 W1 operation of 5TSDG in slow corner (SS) (120°C).

Therefore, to improve read stability and write-ability (particularly W1), the
solution is to find a reasonable mid-point considering the fact that N3 does not
play a key role in standby power consumption. Limited to three choices for Vi,
selection, SVT for N3 is reasonable as shown in TABLE 3.6. However, in chip
foundries, even a lower threshold somewhere between LVT and SVT can be
achieved by changing gate oxide thickness. Fig. 3.31 shows simulation results
for W1 under various Vi, variations. In this experiment, mismatch was applied to
the threshold voltage of each single transistor in the slowest corner for W1 (SS,

on=0p=2). Fig. 3.31 also shows the write-disturbed cell voltages Qd and Qdz.
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Fig. 3.32 compares W0 and W1 performance of 5TSDG with a low-power 6T
SRAM described in TABLE 3.1. For both cases, W1 delay is measured from
when WL = 50%Vppwm to when Q0 = 80%Vppw, and WO delay is measured
similarly but when Q=20%Vppu above Vss. This measurement is different from
what was reported in TABLE 3.6 (word-line to Q-Qz cross point). W1 can be ~11-
31% slower than a conventional 6T design and can be improved by reducing Vi,

of N3. WO performance is similar to conventional 6T cell.

volt {lin)

B A [ W £ BT
Fig. 3.31 W1 operation and effect of various Vy, variations applied on each transistor at a time
(-60 to 40) relative to SS corner in a writing and a disturbed cell (Q, Qz and Qd,

Qdz), 120°C, Note that Qdz is not disturbed.
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Fig. 3.32 Write '1' (left) and Write ‘0’ (right) delay comparison in different corners between a
5TSDG and a low-power 6T cell (120°C).

85



Numerical results for comparison of W1 performance under threshold
voltage variations in the slowest corner (SS) are demonstrated in Fig. 3.33. Vy, of
N3 and N; have the most significant factor in W1 delay. N3 is the only gateway to
pass charges from the bit-line to the pull up transistor P, to drive Q high and
therefore plays a significant role in W1 speed. When the bit-line is driven high by
the write circuit, and the word-line is raised, N; is turned on, and it will pull down
the complementary node, QZ. This will turn P, on which will pull Q high to

complete the write operation.
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o "
b}
Q .. 4.0E-10
3 X.. - e -P1
[o) - —— _
o - ~ _>.<:.,.3...0E-10 —& - P2
o . - _-—'.‘ J':.\.'. -$-3
@ BE10 (M o osos X N1
§ coee N2
1.0E-10 N3

V, mismatch factor (o)
Fig. 3.33 Effect of Vth mismatch on write '1' delay in worst case corner (SS), V;1=0.07, V4,=0.47.
Since in 5TSDG Vg, is pulled down during W1 by Mgiw1 (See Fig. 3.1),
cells in the same sub-column sharing same Vg and Vg, are disturbed. As
explained earlier in this section, the role of Meq, transistor is to limit this
disturbance by also pulling V4, down weakly and limit the voltage drop of Vg all
the way to Vss. This will prevent the SNM of the disturbed cells to drop below the

safe limit. Fig. 3.34 (a) shows how the voltage of Vg can affect SNM on disturbed
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cells while driving Vg2 at a fixed voltage (at Vssm) mimicking that there is no Mg
It is immediately noticed that as Vy; is lowered, SNM drops and can even reach
OV. Fig. 3.34 (b) demonstrates the reverse scenario where Vg, is fixed at OV,
and Vg, varies from 0V to Vssu. Similarly, this figure shows that with no weak
equalization between Vg and Vg, the disturbed cells are susceptible to data
corruption due to environmental disturbances. The strength of Meq, will
determine the limitation on this disturbance by both lowering V4, from Vssv and
not allowing Vg to be pulled down so much. In 5TSDG, Mg, Was ratioed to
maintain Vy; at 0.07V and pulling Vg, down to Vssy— 0.13V = 0.47V for a
Vssw=0.6V in W1 resulting a minimum disturbed SNM of ~50mV. Fig. 3.35 shows
the SNM values for the W1 disturbed cell in different corners for two cases of Meq

strengths. Widening Meq Will result in a higher disturbed SNM but a higher W1

delay.
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Fig. 3.34 SNM in W1 disturbed cells
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Fig. 3.35 The SNM of W1 disturbed cells in different corners and different M¢q strengths.

Although parity check circuitry is necessary for soft error recovery, and will
restore data in an unlikely case of data corruption, some of the ways to improve

SNM disturbance in W1 to the neighbouring cells are:

* Increasing the strength of Meq, transistor to pull down Vg, more strongly

and hence, reducing AVy especially for fast NMOS;

* Reducing W1 write pulse to limit the period the neighbouring cells are
disturbed, and hence reducing the probability of environmental

disturbances to flip the cell;

* Increasing transistor sizes accordingly to improve SNM in general.

3.3.1 Write Margin (WM)

The write margin of 5TSDG can be divided into WO margin (WOM), and
W1 margin W1M since as opposed to the 6T cell counterpart, WO and W1 have
different WMs. One of the common methods to measure WM in conventional 6T

SRAMSs is by measuring the maximum BL voltage able to flip the cell state [22].
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For 5TSDG, W1M is defined to be the difference between the positive supply
voltage, Vppm, and the minimum BL voltage able to write a ‘1’ into the cell while
WOM is defined to be the maximum BL voltage able to write a ‘0’ into the cell. In
5TSDG (Vppm=1.3V), for a typical-typical corner (TT), W1M is ~0.501V, and WOM

is ~0.400V.

3.3.2 Write power consumption

The write power in 5TSDG can be divided into write ‘0’ and write ‘1’ power,
each consisting of the standby power of the idle cells, plus the dynamic power. In
a case study in which the results are shown in Fig. 3.36, a 64Kbit array
consisting of 64x16 bit blocks was studied while writing into a 16-bit word. In this
example, write ‘0’ consumes ~80% less power, and write ‘1’ consumes ~9% less
power compared low-power 6T structure in worst-case scenario (FF corner,
120°C). Fig. 3.36 depicts a comparison between the worst-case power
consumption of different modes of operation comparing 5TSDG with a low-power

design. Other corners have similar results relatively comparable to Fig. 3.9.
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Read'0'" Read'l’ Write'0'" Write'l' Standby

Normalized Power

Fig. 3.36 Case study results of the worst-case write power consumption in comparison with read
and standby power for 5TSDG vs. low-power 6T design (FF, 120°C), 1.00 = 33.8 mW
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4: LAYOUT DESIGN

Layout structure of a 6T SRAM cell and the cross-coupled inverters are
categorized into four types of possible combinations of transistors in terms of
physical orientation and connections discussed in [21]. Type-4 category in [21] is
selected in this thesis due to its area efficiency advantages and that it enables
the differential ground capability needed in this design, and is drawn using 65nm
design rules. Fig. 4.1 compares a single cell layout of a 5TSDG cell (a) with a
conventional 6T cell (b), drawn using standard digital logic design rules. Of
course, memory design companies do not use standard design rules for digital
circuits and develop their own ones. For example well-to-active spacing is quite
large and can be reduced in SRAM cells since they are low-current devices as
opposed to some regular digital circuits. The area saving opportunity is due to
the lack of one bit-line and one less access NMOS device, which enables the two
neighboring cells sharing the same word-line to be placed more closely on the
top of each other than the 6T cells. A demonstration of this area saving
opportunity (not taking the area saving due to smaller transistor widths into
account) is shown by the yellow box (labeled “Saved Area”) in Fig. 4.2. An area
saving of ~13% is achieved using this method assuming that a 5TSDG cell with
B=Bp=1, is compared with a conventional 6T cell with 3=1.58, and B,=1.13. It is
interesting to observe that even if a 5TSDG cell is compared with a conventional

6T cell with B=B,=1, the area saving due to the removal of a bit-line and an

90



access transistor is ~11%.5TSDG layout is shorter in height and is the same
width as the conventional 6T cell. Fig. 4.3 shows an array of 5TSDG in 4x4 (a)
and 64x16 (b) arrays including substrate contacts at two ends. Depending on the
technology used, the maximum distance allowed to place memory cells without a
substrate contact is a good indication of the number of cells per sub-column
since that length can also be used to place the sense amplifiers shared between

two adjacent sub-columns.
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Fig. 4.1 5TSDG (a) and conventional 6T (b) cell layouts.
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4.1 Layout extraction and Post-Layout Simulations ( PLS)

In order to simulate the behaviour of the designs using SPICE model as
accurately as possible, some layout factors needed to be manually inserted in
the simulation code, which would not have been considered by default by the
simulation software program otherwise. These extra parameters include wire
capacitances (such as bit-line, word-line, etc) and drains/source capacitances of
the transistors with shared drains/sources (which are less than two separate
transistors). After finalizing the design and drawing the layouts, their compliance
with the design rules were verified. The layouts were then extracted including
parasitic capacitances. Parameters such as bit-line and word-line capacitances
were compared with the simulated ones, and therefore the simulation results
were verified. The only discrepancy is due to the software limitation and that is,
since in this particular type of cell layout, the NMOS devices partly share same
drains, the total drain area of two side-by-side transistors is not twice the drain
area of one transistor (see Fig. 4.1) although the extraction software program

considers it as separate transistors.
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5: DISCUSSIONS, CONCLUSIONS AND FUTURE WORK

In this thesis, concepts, methodologies, and related research on the
design of SRAM cells, particularly 6T type, were first reviewed. Methods of
stability measurement, identifying power consumption sources such as leakage,
standby and dynamic power, and power-saving opportunities were discussed.
Performance fluctuation issues due to the effect of process variations, and
solutions to mitigate these effects were addressed. Previous research results on
5T SRAMs were reviewed, and problems, performance issues, and power
reduction opportunities in them were addressed. A new low-power, low-area,
reliable, high performance and process variations tolerant 5T SRAM architecture
(5TSDG) was proposed which has improvements in standby and dynamic power
consumptions, stability margins, and performance when compared to previous
research results in this area. Up to ~30% standby, and a significant amount of
dynamic power reduction are gained in 5TSDG compared to a low-power 6T
design. In 5TSDG, W1 can be slower by ~11-31% where process and layout
choices can be made to make W1 performance acceptable. Post-layout
simulations from extracted views of 5TSDG were performed to verify the validity
of the simulated results based on SPICE models. Significant area saving (~13%)
is predicted compared to the conventional and low-power 6T cells. Column
control methods to improve the SNM of W1 disturbed cells are part of on-going

research. Another possible future work can be to study the feasibility of applying
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5TSDG, in ultra-low voltage applications. The block structure and memory
organization of 5TSDG design creates opportunity for future research. However,
an example of such organization is demonstrated in Fig. B.1 for explanatory
purposes. This figure shows a simplified diagram of a memory block in an array
of 5T cells, arranged into two-sub-column sub-blocks, and includes decodes,
write drivers, and ground control circuits (VgCtrl). The sense amplifiers for read

purposes are placed between two adjacent sub-columns (not shown).
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APPENDICES

Appendix A
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Fig. A.1 Measurements of vertical distances in the original non-rotated butterfly diagrams showing
the effect of P-type mismatch on the RNM of a conventional 6T cell.

98



Appendix B
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Fig. B.1 5TSDG block structure including write circuitry.
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