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ABSTRACT

Static Random Access Memory (SRAM) constitutes the cornerstone of data storage in most SoCs
employed in hand-held devices that we find on the market today. Products that rely heavily on the use
of SoCs are notebooks, digital cameras, cell phones, high-end audio-visual equipment and navigation
systems to name a few. SRAMs help reduce the gap between the fast processors and the slow DRAMs.
Since SRAMs comprise a large fraction of a modern SoC’s total area budget, they also contribute
substantially to the total power budget of the chip. The challenges associated with SRAM design have
increased manifolds with the shrinking of technology. SRAMs tend to become leakier with reduction

in device threshold voltage, which leads to high standby power consumption.

Numerous prominent publications have appeared over the recent years targeted at SRAM power
reduction in an effort to reduce the overall power consumption of the chip. The work presented in this
thesis, conducted at NXP Semiconductors, is on similar lines. A 1.1V ultra-low-power embedded
SRAM architecture is investigated in TSMC 45nm technology that employs source biasing leakage
reduction technique to reduce both the active as well as standby power consumption of the memory.
The proposed architecture has been shown to be robust over a temperature range of <40°C < T <
+125°C as well as over /0% variation in supply voltage. The idea is to place a large fraction of the
non-accessed memory cells in standby so that their leakage could be reduced. The memory instance is
therefore divided into equal-sized blocks, where each block contains 4k cells and 2 additional
transistors: a switch and a diode-connected transistor. Only one block is active during any read/write
cycle. The non-accessed memory blocks maintain data retention voltage across their terminals, hence

they leak less (compared to maintaining Vpp, across their terminals).

The proposed solution achieves a maximum reduction in block leakage current of 64.5% with an area
overhead of 6.6%. The maximum memory operating frequency is 740MHz. A memory instance of
4Mb achieves a maximum of 30.7mW of power savings at 500MHz, compared to using no power

saving technique.
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Chapter 1

Introduction to low-power SRAM

design

1.1 Relevance of low-power design

The significance of low-power design was realized when designers were first faced with challenges of
portability, packaging, high data throughput [1], higher operating frequencies and temperature control,
all the while maintaining focus on circuit reliability. The importance of low-power design was also

brought into limelight as a consequence of mediocre advances in battery technology [2, 3].

The past two decades have seen an unprecedented surge in efforts geared towards achieving reliable
circuit operation while consuming little power. The widespread deployment of wireless
communication systems further fuelled research activity in the field of low-power electronic design,
which resulted in numerous related patents and inventions getting filed. Even today, low-power
system architectures and associated circuit design techniques are one of the most researched and well-

funded areas in the field of integrated circuit (IC) design.
Notebooks, digital cameras, high-end audio-visual equipment, navigation systems and cellular

telephones are some of the notable products that have emerged as a consequence of advances in the

field of low-power electronic design and technology.
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At the heart of these products are complex system-on-chip (SoC) architectures that rely heavily on the
presence of large on-chip data storage resources (SRAM or cache memories) in order to function
effectively. Cache memories help reduce the gap between the fast processors and the slow DRAMs.
Since SRAMs comprise a large fraction of a modern SoC’s total area budget, they also contribute
substantially towards the total power budget of the chip. Numerous prominent publications have
appeared over the recent years targeted at SRAM power reduction in an effort to reduce the overall
power consumption of the chip. The work presented in this thesis is also on the same lines. An ultra-
low-power SRAM architecture is investigated that helps reduce both the active and standby power of

the SRAM.

The aim of this chapter is to highlight some of the design techniques prevalent in the industry that help
achieve low-power operation of the SRAM by providing references to some of the notable works

published to date. Also presented is an overview of how this thesis is organized.

1.2 Low-power SRAM design techniques

The total power budget of a typical SRAM comprises both the active and the standby power [4], and a
ton of literature has been published in the past two decades on effective reduction methods of both

these contributors.

1.2.1 Active power consumption

The sources of active power consumption are as follows:

i) The memory matrix
i) The entire SRAM peripheral circuitry, comprising all building blocks identified in
Appendix B

The following are some of the key active power reduction techniques in SRAMs:

1) DWL and HWD approach

ii) Pulsed word line and bit line design

1ii) Divided/hierarchical bit line (DBL) approach
v) Low-voltage memory matrix

V) Dual-Vpp design
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1.2.1.1 DWL and HWD approach

The increasing length of the word line, leading to an increased capacitance and speed degradation [4],
poses a serious concern for memory designers. Divided Word Line (DWL) [5] and Hierarchical Word
Decoding (HWD) [6] considerably assist in mitigating this problem. They are two of the most
common multi-stage decoding schemes, employed in large decoders. In the DWL approach (Figure
1.1), a block word line is selected when both the block select and the global word line signals are
active. This reduces the power consumption on the word line due to smaller capacitance being charged
and discharged, and hence the delay. For large SRAM instances (over 4Mb), the HWD scheme is more
effective [7]. The HWD (Figure 1.2) differs from the DWL scheme in that it incorporates an additional
level of decoding by employing an intermediate sub-global word line. The hierarchical word line
architecture is therefore able to select the minimum required number of cells in a row thus
significantly reducing parasitic column currents. In addition, the total capacitance associated with each
smaller word line is considerably reduced, which lowers the memory access time and power

consumption.

— \ Global word line
Local word line

Local word line

00
Row decoders

Block-1 select Block-2 select Memory cell

Figure 1.1 Divided Word Line (DWL) approach (re-drawn from [7])

:D Global word line

Sub-global word line Sub-global word line

o00
Local word line

Local word line Local word line

Block-1 Block-2 Row dlecoders Block-3

Block group
select-1
Block-1 select Block-2 select Memory cell Block-3 select
Block group
select-2

Figure 1.2 Hierarchical Word Decoding (HWD) approach (re-drawn from [7])
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1.2.1.2  Pulsed word line and pulsed bit line design

Significant power savings can be achieved by reducing the active duty cycle of a word line that is by
pulsing it high for a short duration during a read/write operation [8]. Pulsed operation can also be
applied to bit lines with a positive swing from Vpp/2 to Vpp and back to Vpp/2 and a negative swing
from Vpp/2 to GND and back to Vpp/2 [9]. This approach however degrades the static noise margin of
the cell. In [10], pulsed word line and pulsed bit line schemes are used in combination with a read-
modify-write approach with the local SA being used as a write driver. The scheme provides 26X
improvement in cell stability with 8% area overhead. The expected penalty in speed for the proposed

design has not been discussed in [10].

1.2.1.3 Divided bit line (DBL) approach

Bit line capacitance can be reduced via a DBL approach as proposed in [11], where two or more
SRAM cells are combined together to divide the bit line into several sub bit lines (Figure 1.3). The sub

bit lines can again be combined to form more levels of hierarchy.

BLO BLOb BLA1 BL1b
GBLO GBLOb| GBL1 GBL1b
L] ° —  — cel —  —
WLO) L L L 1
L] ° /L —_ — cel —_ —
. - - I I - -
WL
M =+ - =+ s o s
— . — T HH . 1 Conral
T ) il 1 o T
WL(N-1)
WLN) L L L 1
BL2 BL2b BL3 BL3b
—_— cell —1_—] —_ —1 cell —_ —
WL(N+1)
— 1 ocel — — 1 cell —
WL(N+2) L L ] 1
— ° — — — ° — — Control 2
T : T T : T
WL(2N-1)
L] ° /L —_ — cel —_ —
WLEN) L L L 1

Figure 1.3 Divided Bit Line (DBL) approach
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The proposed architecture results in reduction of bit line capacitance, which reduces the access time
and power consumption. Active power savings of 50%-60% have been reported in addition to access
time reduction by 20% at the cost of 5% increase in transistor count [11]. A dual sense amplified bit
line architecture is presented in [12] which achieves 88% reduction in active power at a cost of 49%
increase in area. In the suggested architecture, a group of cells in a column share a local bit line pair as
well as a local SA that works both during read and write operations. The local bit line pairs are

connected to a global bit line pair via PMOS pass gates.

1.2.1.4 Low-voltage memory matrix

The contribution of the dynamic and short-circuit power of memory matrix decreases primarily due to
reduction in supply voltage level and SRAM cell capacitance with the introduction of each subsequent
technology generation. The leakage current of the matrix does not contribute significantly to the active

power dissipation of the SRAM for high-Vr transistors.

1.2.1.5 Dual-Vypyp design

Low-voltage peripheral circuit design promises significant power savings for embedded SRAMs.
Typically dual-Vpp, memory architectures allow ultra-low-voltage operation of the periphery that
interfaces with the matrix (running on higher supply voltage) using efficient level shifting circuits.
High performance can be guaranteed without significant area overhead when the difference in the two
voltage rails is small. The drawbacks of this scheme are higher levels of leakage of the memory matrix

and increased chip complexity.

1.2.2 Standby power consumption

The sources of standby power consumption are as follows:

1) Leakage of the memory matrix (primarily)

ii) Leakage of the periphery in single-Vp designs

In standby mode, that is when no read/write operation takes place, the dense memory matrix in most
modern SoCs contributes heavily to the standby power rating of a chip due to high leakage currents.
For single-Vpp designs, the leakage of the periphery also appreciably contributes towards the total
memory standby current. Most of the literature published to date that focuses on the reduction of
standby power in SRAM s is targeted towards efficient cell architecture design, control of cell leakage
current paths, MOSFET threshold voltage adjustment, cell supply voltage control, the use of alternate
technology (e.g. silicon on insulator - SOI) and the possibility of using high-k gate dielectrics.
References to some of the notable publications along with the gains and trade-offs associated with

these techniques are presented here.
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1.2.2.1 Dynamic control of Vg

An effective approach to reduce leakage current is to dynamically control MOSFET substrate bias [13].
This technique allows the critical SRAM transistors to have Vsz=0 zero during a read/write operation
and [Vgl>0 during standby mode. The reduction in leakage is achieved at the cost of increased chip

area.

1.2.2.2  Re-designing the SRAM cell

A low-leakage 8-T single-ended SRAM cell is proposed in [14] that achieves 60% reduction in total
leakage at high temperatures and an improvement of 2.2X in Static Noise Margin (SNM) during
reading at the cost of 33% increase in memory matrix area. The two added transistors help reduce gate

leakage current at reduced temperatures and improve SNM during reading.

1.2.2.3  Different types of SRAM cells in the matrix

In [15], a scheme based on dual-Vt and dual-t,, assignment to SRAM cells is proposed that can reduce
leakage power dissipation of a 32x51/2 instance by 40%. The idea is based on the fact that delays in a
memory cell depend on the physical distance of the cell from the SA and the row decoder. The
approach therefore recommends the use of two different types of SRAM cells in the matrix. The
downside of the approach is the associated change to the SRAM design flow and increased fabrication

costs.

1.2.2.4  Dual-V; SRAM cell

SRAM cells containing dual-V transistors have also been investigated in an attempt to reduce leakage
currents. A 6T cell is presented in [16], which employs minimum-length high-V1 pass gates. A
modified precharge scheme is also proposed in which only those columns that are to be read from are
precharged at the beginning of the read cycle. Leakage currents are reduced by a factor of /.9 at an

access time penalty of 7.4% and an area overhead of 2.4% at T=110°C.

1.2.2.5 Leakage of periphery in single-Vypp designs

For embedded SRAMs running on a single voltage supply, the leakage of the peripheral circuits can
become an appreciable fraction of the total memory standby current. A novel approach is presented in
[17], where a statistical analysis of the active SRAM column has been carried out which not only helps
optimize the access time of the memory (6% improvement) but also reduces the size of the sense

amplifier. A smaller sense amplifier would also leak less.
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1.3 Summary

DWL, HWD and DBL approaches are common to most modern SRAMs, since they allow efficient
memory operation above a certain minimum threshold. The pulsed word line and pulsed bit line
technique sounds impressive in light of the figures quoted but an architecture based on this scheme has
not appeared in the mainstream business to date, primarily due to the speed penalty involved. As the
memory matrix becomes denser with the introduction of each new technology generation, leakage
currents are expected to increase to unacceptable levels, more so with the reduction in device threshold
voltage. The reduction in matrix leakage is therefore a challenge that designers are expected to be

faced with in every technology generation to follow.

1.4 Thesis organization

Chapter 2 focuses on the motivation for tackling SRAM leakage in sub-/00nm technologies, and

provides a thorough description of the assignment and the boundary conditions.

The concept of source biasing and an overview of the proposed solution are presented in Chapter 3.

Also highlighted are the two sub-sets of the proposed solution.

Chapter 4 presents a detailed analysis on the first sub-set of the proposed solution. It contains a

detailed discussion on the NMOS footer switch when used in conjunction with a memory block.

Chapter 5 presents a detailed analysis on the second sub-set of the proposed solution. It contains a

detailed discussion on the PMOS header switch when used in conjunction with a memory block.

In Chapter 6, a model is developed that estimates total area overhead associated with the switch as a
function of the number of fingers in layout. In light of the results obtained in Chapters 4 and 5, one

type of switch (in a header and footer role) is then identified based on an area/type trade-off.

Two techniques to achieve data retention voltage during periods of standby are introduced in Chapter
7. The first option (using a diode-connected transistor together with a switch and the memory block) is
thoroughly investigated for the two sub-sets of the proposed solution. The second technique (using an
actively clamped switch) is not fully investigated but its feasibility is determined for use with the
block-switch architecture. The most promising options are then highlighted based on an area/leakage

reduction trade-off.

In Chapter 8, the highlighted options are investigated for power savings at the desired design operating

frequency. Power savings are investigated for two different memory access schemes: cyclic single
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block access and sequential block access. The results of the thesis including complete
area/speed/power trade-off for the promising options are presented at the end and the most suitable

architecture is identified.

Some of the potential directions of future work in the area of low-power SRAM design are indicated

in Chapter 9.

Appendix A contains an overview of sources of power dissipation in digital circuits.

Appendix B presents a functional overview of the SRAM. Also covered in this section is a basic

review of the read and write operation of the 6T SRAM cell.

Appendix C addresses the mechanisms of leakage in a MOSFET. In particular, sub-threshold leakage,

gate leakage and gate induced drain leakage are covered.
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Chapter 2

Motivation and assignment description

2.1 Motivation

It is evident from the discussion presented in Chapter 1 that both the active and standby power needs
to be reduced in order to minimize power consumption in SRAMs. However, as the memory matrix
becomes denser with the introduction of each new technology generation, sub-threshold leakage
currents are expected to increase to unacceptable levels, more so with the reduction in device threshold
voltage. A classic case is that of pass-gate leakage in the SRAM cell, where leakage of non-accessed
cells can approach a significant fraction of the read current of the selected cell in the same column [1].
Thin gate oxides in 90nm technology and beyond, coupled with high electric fields across the oxide

result in high gate leakage current [2].

It is therefore a logical approach to tackle the issue of increasing standby currents in embedded
memories in an effort to bring down the total standby power consumption of the chip. Significant
reduction in leakage current for dual-Vpp SRAMs, at a relatively low area overhead and performance
penalty could be a valuable contribution to knowledge. The motivation behind addressing the problem
of increasing leakage currents is further fueled by the average-rate advances in battery technology [3]

in recent years.
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2.2 Assignment description

The assignment is to conceive and design a 1.1V, 500MHz, 1kb x 32 Non-Cell-Implant (NCI) SRAM
architecture in TSMC 45nm technology such that power reduction is achieved both during the active
as well as standby modes of operation by using source biasing leakage reduction technique.
Preliminary work on leakage reduction schemes for embedded SRAMs [4] was conducted at NXP
Semiconductors, Eindhoven, the Netherlands, before the start of this work and it was concluded that
significant reduction in cell leakage current can be achieved using the concept of source biasing. The
novelty here is the reduction of active SRAM power by employing leakage reduction techniques. The
operating temperature range for the design is specified to be —40°C to +125°C. Moreover, the design
is expected to be robust over supply voltage variation of Vppom£I0%. A thorough evaluation of the
achieved gain (i.e. power savings) in light of area and speed trade-offs associated with the architecture
is also expected at the end of the assignment. The focus in this assignment will be on low-power

design and operation of the memory matrix and not on the peripheral circuit that drives it.

2.3 Simulation environment and process corners

All simulations for this work have been carried out using Philips Pstar version 5.4.4 circuit design
software with Simkit version 3./.2 and process block Al1, running under Red Hat Linux 3./.3-6.12
environment. The simulation corners governing results presented in this work are defined in Table 2.1.

Specifically in chapter 7, SNFP and FNSP processes are also employed in simulations.

Table 2.1 Definition of simulation corners

Defined simulation
Process Voltage / V Temperature / °C
corner
FAST FNFP 1.1VbDmom) -40
NOMINAL NOMINAL Vbbmom) 25

SLOW SNSP 0.9V bDnom) 125
MOST LEAKY FNFP 1.1VbDmom) 125
LEAST LEAKY SNSP 0.9V bDnom) -40

All plots showing temperature dependence of parameters have their temperature axis defined in

degrees Celsius, unless otherwise stated.
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Chapter 3

Concept of source biasing and approach

towards a solution

3.1 Background work

Source biasing leakage reduction technique for embedded SRAMs has been investigated at NXP
Semiconductors, Eindhoven, the Netherlands [1]. Source biasing allows the reduction of all three types
of SRAM cell leakage currents (refer to Appendix C). It has been found that the total leakage of a
TSMC 0.374um* Non-Cell-Implant High-Speed SRAM cell in 451nm technology can be reduced by
77% at elevated temperatures and nominal supply voltage when the source node of the pull down
transistors of the SRAM cell (here onwards referred to as SRC node) is raised from GND to Vppom) —
0.7V, keeping the NMOS bulk and word line voltages at GND [1]. 41% reduction in leakage current
can be achieved if the source node of the pull up transistors of the cell (here onwards referred to as
SUP node) is lowered to 0.7V keeping the PMOS bulk at Vj,p and the word lines at GND [1]. These
figures promise significant power savings for a potential SRAM architecture employing source biasing

leakage reduction technique.

3.2 Leakage reduction with source biasing

The concept of source biasing is thoroughly explained here since it forms the basis of the work

presented in this thesis. The threshold voltage of a MOSFET can be adjusted by incorporating
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substrate bias. When V=0, inversion of the silicon surface occurs when the surface potential equals
twice the Fermi potential. However if V>0, then the charge stored in the depletion region increases.
In order to achieve inversion with V>0, the charge on the gate terminal has to increase in order to
compensate for the increased charge in the depletion region. Therefore when V>0, the threshold
voltage of an NMOS increases. The threshold voltage of a PMOS also increases for |Vsz1>0. Equation

(3.1) [2] presents the equation for device threshold voltage where Vy, is the device threshold voltage

when V=0, ¥ is the body-effect coefficient and @, is the Fermi potential.

V, =Vyo + AN C 200, +Vyy 1-1126, 1) 3.1

The increase in device threshold voltage results in the decrease of sub-threshold leakage currents,
since sub-threshold leakage is exponentially dependant on threshold voltage and increases by an order

of magnitude for every /00mV decrease in threshold voltage [3].

Figure 3.1a illustrates the leakage currents in the SRAM cell under normal bias whereas Figure 3.1b
illustrates the same when the SRC node voltage is raised to a potential greater than zero. The causes
for the reduction in cell leakage currents under the influence of source biasing (applied to the SRC
node) are provided in Table 3.1. The transistor instance names tie in with those appearing in Figure 3.1

to aid understanding.

BL=1

Gate leakage H - High
Sub-threshold leakage
Gate induced drain leakage (GIDL)

Gate leakage
Sub-threshold leakage L-Low
Gate induced drain leakage (GIDL) A - Additional

() (b)

Figure 3.1 High leakage with Vigc=0 (a) and reduced leakage with Vgzc>0 (b)

30



NXP Restricted (NXP-R-TN 2009/00028)

Table 3.1 Causes of cell leakage reduction obtained as a consequence of source biasing the SRC node

Transistor Type of leakage current altered Cause
Sub-threshold leakage decreases Reduced Vpg, increased Vg
M Gate leakage decreases Reduced 1Vgpl
Sub-threshold leakage decreases Reduced Vg, negative Vg
M4 Additional gate leakage Increased |Vl
Sub-threshold leakage decreases, Reduced 1Vl
M2 GIDL decreases Reduced 1Vl
Gate leakage decreases Reduced Vgp
M6 Gate leakage decreases Reduced Vg, reduced Vip
M1 Gate leakage decreases Reduced 1Vgl, reduced 1Vgpl

Figure 3.2a illustrates the leakage currents in the SRAM cell under normal bias whereas Figure 3.2b
illustrates the same when the SUP node voltage is lowered to a potential less than Vjp. The causes for
the reduction in cell leakage currents under the influence of source biasing (applied to the SUP node)

are provided in Table 3.2. The transistor instance names tie in with those appearing in Figure 3.2 to aid

understanding.

BL=1 = BLb =1 BL = = BLb =1

Gate leakage H - High
Sub-threshold leakage
Gate induced drain leakage (GIDL)

Gate leakage
Sub-threshold leakage L - Low
Gate induced drain leakage (GIDL) A - Additional

(a) (b)

Figure 3.2 High leakage with Vs p=Vpp (a) and reduced leakage with Vgyp<Vpp (b)
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Table 3.2 Causes of cell leakage reduction obtained as a consequence of source biasing the SUP node

Transistor Type of leakage current altered Cause

Sub-threshold leakage decreases,

Reduced Vpg, reduced Vppg,
M5 GIDL decreases,

Reduced 1Vgpl
Gate leakage decreases

Additional sub-threshold leakage,

Increased Vg, reduced Vg,
M3 GIDL decreases,

Reduced Vg4l
Gate leakage decreases

M6 Gate leakage decreases Reduced Vs, reduced Vgp
M1 Gate leakage decreases Reduced |Vggl, reduced [Vgpl

Sub-threshold leakage decreases, Reduced |Vpgl, increased [Vggl,
Mz Gate leakage decreases Reduced Vgp

Source biasing the SRC node (while maintaining word line voltage and NMOS bulk at GND potential
and the PMOS bulk and SUP node at V) achieves greater leakage reduction because the larger pull

down transistor is back-biased and the pass gate gets a negative gate-source voltage.

Source biasing the SUP node (while maintaining word line voltage and NMOS bulk at GND potential
and the PMOS bulk at Vpp) achieves lower leakage reduction because only the smaller pull up

transistor is back-biased.

3.3 Approach towards a solution

In this contribution, the time during which a memory read/write operation takes place is termed as the
ACTIVE mode and the time during which no read/write operation takes place is termed as STANDBY

mode/period.

TSMC guarantees correct read/write operation of the memory cell when the potential across its
terminals is maintained close to Vpp since that maintains sufficiently high SNM. The data retention
voltage (DRV) of the cell is specified at 0.7V. During the ACTIVE mode of a cell, the word line is
active and either read or write current flows through the cell depending on the type of memory cycle
(refer to Appendix B). During STANDBY, the word line is inactive and leakage current of the cell is
dominant. Source biasing leakage reduction technique can therefore only be employed during the

STANDBY period of a memory cell.
In order to achieve maximum power savings in both the ACTIVE and STANDBY modes of operation,

the entire memory instance can be broken down into equal-sized blocks so that when a read/write

operation takes place in a specific block, all other blocks can be placed in STANDBY such that
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reduced leakage flows through the cells housed therein as a consequence of DRV maintained across
the block terminals. The architecture of a block is such that all cells within a block share the SUP and
the SRC nodes. All cells also have their PMOS bulks connected to the same node. The same is true for
the NMOS bulk terminals. Also, all cells in a column share the same bit line pair and all cells in a row
share the same word line. A graphical representation of a block containing B cells is presented in
Figure 3.3. The abbreviations used in Figure 3.3 tie in with those used in Section 3.2 to aid

understanding. The selection of the block size is discussed in Chapter 4.

SUP
BLO BLOb BL1 BLi1b BL2 BL2b BLM BLMb
SuUP SuUP SuUP SuUP
1 1 1 1
WLO
B cell = —i cell H — cell = 00 [ cell —
1 1 1 1
SRC SRC SRC SRC
SuUP SuUP SuUP SuUP
1 1 1 1
WL1
B cell = —i cell H — cell = 00 [ cell —
1 1 1 1
SRC SRC SRC SRC
SuUP SuUP SuUP SuUP
1 1 1 1
wL2
B cell = —i cell H — cell = 00 | cell —
1 1 1 1
SRC SRC SRC SRC
[ ] [ J [ J [ J
[ J [ J [ J [ J
[ ] [ J [ J [ J
SuUP SuUP SuUP SuUP
1 1 1 1
WLN
B cell = —i cell H — cell = 00 | cell —
1 1 1 1
SRC SRC SRC SRC
SRC

Figure 3.3 Memory block containing B cells

In order to reduce leakage of memory cells housed in blocks during STANDBY periods, a simple
NMOS footer switch can be connected between the common SRC node of a block and GND. During
the ACTIVE mode, the gate of the NMOS switch is driven high, which allows near-Vp, potential
across all cells in the memory block, thus meeting TSMC’s recommendation for correct cell operation.
At the end of the ACTIVE mode, the gate of the switch is driven low, which places the SRC node in a
floating state. Since the SRAM cell pull down transistor connecting the SRC node and the cell node

storing logic 0 is on (refer to Figure 3.4), the node storing logic 0 is also placed in a floating state as a
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result. Leakage currents of the memory block then begin to charge the total SRC node capacitance, as

a result of which Ve begins to rise.

BL BLb

Footer

Figure 3.4 Inclusion of a footer switch to a block of B cells

When Ve starts to increase, memory cell leakage currents start to decrease. Sub-threshold leakage
currents in particular are reduced. M5 in Figure 3.4 starts to get back-biased. A negative gate-source
voltage starts to develop across the terminals of M4 and |Vpl across M2 starts to fall, as mentioned in

Table 3.1.

If the rising SRC node voltage is not held at Vpp — 0.7V, the memory cells in the block would lose
their stored data since DRV would be violated. In order to stop this from happening, two DRV-
maintaining techniques are investigated in Chapter 7: a diode-connected transistor and an actively
clamped footer. The DRV-maintaining circuit would hold the SRC node at Vpp — 0.7V during
STANDBY allowing reduced leakage current to flow through the memory block.

ACTIVE power would therefore be reduced since only one block would have Vpp, across its terminals
during any read/write cycle, while all other blocks would be maintaining DRV, hence leaking less.
STANDBY power consumption would be reduced since all blocks would be maintaining DRV when

no read/write cycle is in progress.
A top-level diagram of the proposed solution is presented in Figure 3.5. A similar approach has also

been investigated using a PMOS header switch. The main difference between the footer and header

options is the fact that the footer must be wide enough to sink the read current generated through an
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entire row of cells in the block. This condition does not apply to a header since it does not fall in the

path of read current.

Vip
I

Mer|ory block ~Vop

SRC
|
1_| l Iread DRV_
maintaining
B4 (1 row)
(ACTIVE) = module
-
Voo
Perlpheral circuit X
Memory instance

(reduced)

leakage

Block in
STANDBY

Figure 3.5 A memory instance showing / ACTIVE block and the rest in STANDBY

3.4 Conclusion

The concept of source biasing and its relevance to leakage reduction has been highlighted. A top-level
layout of the potential solution to the assignment has also been presented. In the following chapter, the

behavior of a footer switch is investigated when used in conjunction with a memory block.
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Chapter 4

Footer switch analysis with a memory

block

4.1 Selection of memory block size

A memory block containing a certain number of rows and columns must first be identified in order to
proceed with the switch analysis. The justification of the block width lies in the fact that the existing
NXP layout of a sense amplifier (SA) fits within the pitch of two memory cells [1]. That means each
SA is shared between two memory columns. For the desired 32-bit read/write access, a total of 32 SAs

are required, which means selecting a block width of at least 64 cells/columns.

Figure 4.1 shows the percentage of total cells in STANDBY plotted as a function of number of rows in
a block, when the number of columns per block is fixed at 64. The numbers indicated on the plot itself
indicate the number of blocks in a 32kb instance. From the curve it can be seen that there is no sharp
decision-aiding point on the curve that indicates what block height to use. However, what is evident is
the fact that increasing the number of rows beyond 64 (8 blocks) significantly starts to decrease the

percentage of cells placed in STANDBY.

The extreme right end of the curve suggests the use of / block only, placing zero cells in STANDBY.
No leakage reduction/power savings can be expected out of this option. The value on the left end of

the curve suggests using a block as wide as a single row, i.e. 64 bits. It will become clear later in this
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chapter that this option would lead to significant area overhead associated with the footer switch. So
the selection of block height is based more on choice. An instance of 32kb, when divided into 8 equal
blocks would allow sufficient granularity in order to observe the effect of reduced leakage in the non-
accessed blocks. Hence a block height of 64 columns is selected. Each block is therefore 64 columns

wide and 64 rows high, containing a total of 4096 cells.

32kb memory instance
(Number of columns per block = 64)
100 -

90
80
70 A
60
50

Percentage of total cells in
standby (%)

40 ~ Number of blocks

30

20

10 1

0 : ———— : ———— : —
1 10 100 1000

Number of rows per block

Figure 4.1 Block height selection

4.2 Factors governing footer size and type

The behavior of four different types of N-channel switches is now investigated in conjunction with a
4096-cell memory block: high threshold voltage (H-Vr) logic transistor, standard threshold voltage (S-
V1) logic transistor, low threshold voltage (L-Vrt) logic transistor and SRAM cell pull down transistor
(SRAM-PD). The length of all transistors is fixed at 55nm (length of the SRAM-PD transistor) so that
process variations influencing channel length would be better correlated between the block and the
switch. The minimum length of the logic transistors is however 40nm. The SRAM-PD transistor is
incorporated in the analysis since it is expected it would allow accurate tracking of process variation

(particularly AVr) in the memory block.

When a footer switch is used in combination with a memory block, three critical parameters influence

the selection of the optimal switch in terms of type and size. These include:

1i1) SRC node voltage in the ACTIVE mode
1v) The time required to pull down the SRC node from Vp, — 0.7V to near-GND potential (i.e.
the time needed to bring the block into ACTIVE mode from STANDBY mode)
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V) Leakage current of the block with respect to that of the switch during STANDBY mode

Detailed simulations are carried out to fully understand the role each of the above-mentioned
parameters. A comprehensive account of the simulation setup and a thorough discussion on the results

obtained is presented in Sections 4.3 — 4.6.

4.3 SRC node voltage (Vsgc) in the ACTIVE mode

4.3.1 Simulation setup

During a read/write operation, the voltage at the SRC node needs to be sufficiently close to GND
potential in order to achieve sufficient noise margin. TSMC guarantees correct read/write operation of
the memory cell only when the potential difference across the memory cell is sufficiently close to Vpp.
The maximum drain-source potential allowed across a footer switch in the current NXP memory range
is /0mV. This number is not a standard but merely a reference since it is sufficiently close to zero
potential. The footer must ensure Vsgc</0OmV in all process corners, over the entire temperature range

and for all variations in supply voltage. This requirement on the footer governs its size.

In case of a 4096-cell block, a single local word-line activates an entire row of cells, 64 cells to be
exact. The switch therefore needs to be wide enough to sink the read current flowing through 64 cells

as well as the leakage current flowing through all 4096 cells, and still maintain Vsgc</0mV.

Two modified versions of an extracted Pstar netlist of 8 cells, arranged in 4 rows and 2 columns
(known as a double-quadro model), are used as a starting point for all simulations detailed here
onwards. The modifications relate to the separation of Vpp and SUP nodes (for block analysis with
PMOS header switch) and GND and SRC nodes (for block analysis with NMOS footer switch).
Instances of this model (with individual scaling factors “S”) can be connected together to realize
different block sizes and number of bits accessed. When a scaling factor “S” is used with an instance
of the model, the simulator sees the resultant model as “S” layers of the instance piled on top of each
other. All the layers however share the same port signals. Figure 4.2 shows the block diagrams of the

modified double-quadro models.
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PMOS bulk/V,, BLO BLOb BL1 BL1b PMOS bulk/V,,, SUP BLO BLOb BL1 BL1b
WwLo — cell cell WLO — cell cell
WL1 — cell cell WL1 — cell cell
WL2 — cell cell WL2 — cell cell
WL3 — WL3 —
cell cell cell cell
SRC GND/NMOS bulk GND/NMOS bulk
(a) (b)

Figure 4.2 Modified double-quadro model for footer analysis (a) and header analysis (b)

For each type of N-channel switch, a DC simulation is set up in which one word line (WLO) is driven
high to activate 64 cells in the memory block, all other word lines (represented by WL1 in Figure 4.3)
are kept inactive. The footer gate is driven high, the bit lines and PMOS bulk are tied to Vpp, the
NMOS bulk is tied to GND and the SRC node is initialized at /0mV. The temperature is swept over
the entire operating range. Also, the supply voltage is varied from Vpp = 0.9Vppuem) to Vpp =
1.1Vppmem)- For each supply voltage level, the width of the footer is swept in order to achieve the value
that guarantees Vsgc</0OmV in the worst case. Figure 4.3 illustrates the simulation setup, which can

also be used to obtain block read current value.

Vdc = Vp, ; ] 64 cells | | 4032cels ] |

VT
~— SRAM-PD

Figure 4.3 Sizing the footer

The reason of inclusion of the SRAM-PD transistor in the analysis was the fact that it would
accurately track process variation in the block. We therefore use multiple SRAM-PD transistors (exact

copies of the transistor used in the memory cell) to realize the total required width of the switch. The
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individual transistor width is fixed at 2/5nm, which is the width of the pull down transistor in the

SRAM cell.
4.3.2 Results and discussion

4.3.2.1 High-Vyfooter

Figure 4.4 shows SRC node voltage plotted as a function of temperature in FAST, NOMINAL and

SLOW corners and with supply voltage variation, when using H-V footer.

The highest read current through the block-footer system flows in the FAST corner whereas the lowest
read current flows in the SLOW corner. A width of 26 1um achieves Vgzc<I0OmV in the FAST corner.
The FAST corner presents the worst case for SRC node voltage because the on-resistance of the block
reduces far more than the on-resistance of the footer. Ve is therefore higher compared to NOMINAL
and SLOW corners. Within each corner, Ve scales with the supply voltage, similar to how the
voltage across the lower resistor would scale with supply voltage in a simple resistive potential divider
circuit. Also, the on-resistance of the footer decreases with an increase in width, hence Vpg of the

footer decreases with an increase in width.

SRC node voltage in ACTIVE mode FNFP
using H-V; footer - 261um (1.1VDD(nom))
11 NOMINAL
(1.1VDD(nom))
10 SNSP
(1.1VDD(nom))
9. =" | — . FNFP (VDD)
Z 5. = NOMINAL (VDD)
P
()]
g | 4 | === = SNSP (VDD)
(=]
> g LT
T - = FNFP
6 1 (0.9VDD(nom))
NOMINAL
5 1 (0.9VDD(nom))
= = SNSP
4 T LI LI LI LI LI — LI LI LI — (09VDD(n0m))
-40 -20 0 20 40 60 80 100 120 | — .Target(10mV)

Temperature / Degrees

Figure 4.4 Vgrc in ACTIVE mode using H-Vr footer

Threshold voltage and mobility are the two key variables that vary with temperature. Both decrease
with temperature. A decrease in threshold voltage causes an increase in current whereas a decrease in

mobility leads to a reduction in current. The two variables vary in different proportion for the footer
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and the memory bock. The shape of the curves over the full temperature scale is governed by
whichever of the two parameters dominates for the block-footer system at a certain temperature value.
The graphs are presented to indicate that the SRC node voltage does not surpass the /0mV mark in any
corner, over the entire operating temperature range and across full supply voltage variation. A detailed

study on the behavior of mobility and threshold voltage variation with temperature of all memory cell

transistors and the footer is outside the scope of this work.

4.3.2.2  Standard-Vr footer

Figure 4.5 shows SRC node voltage plotted as a function of temperature in FAST, NOMINAL and

SLOW corners and with supply voltage variation, when using S-Vr footer. A width of 2/3um achieves

Vsre<I0mV in the FAST corner.

A smaller S-Vr transistor (compared to H-Vr) suffices to guarantee Vggc</0mV in the ACTIVE mode.

This is because with a lower threshold voltage, the gate overdrive voltage is higher.

SRC node voltage in ACTIVE mode FNFP
using S-Vt footer - 213um (1.1vVDD(nom))
11 NOMINAL
(1.1VDD(nom))
10 . SNSP
/ (1.1VDD(nom))
9| « FNFP (VDD)
o
..-‘-‘“""“
Z s pp—— NOMINAL (VDD)
— i e __-«a—-*"-‘-“‘"——"‘ g
[} e - L aiinal
g e e « SNSP (VDD)
5 7 e
= o >+
_—
e e FNFP
6 - (0.9VDD(nom))
. o = NOMINAL
5 | (0.9VDD(nom))
SNSP
44— — —— —— ‘ ‘ — ‘ ‘ (0.9VDD(nom))
-40 -20 0 20 40 60 80 100 120 - Target (10mV)
Temperature / Degrees
Figure 4.5 Vgsrc in ACTIVE mode using S-V footer
4.3.2.3  Low-Vy footer

Figure 4.6 shows SRC node voltage plotted as a function of temperature in FAST, NOMINAL and
SLOW corners and with supply voltage variation, when using L-Vt footer. A width of /76um achieves

Vere<I0mV in the FAST corner.
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A smaller L-Vr transistor (compared to H-Vr and S-Vrp) suffices to guarantee Vgpc<IOmV in the
ACTIVE mode. This is because with an even lower threshold voltage, the gate overdrive voltage is

now much higher.

SRC node voltage in ACTIVE mode FNFP
using L-V footer - 176um (1.1vVDD(nom))
11 NOMINAL
| (1.1VDD(nom))
10 ———— TP SNSP
(1.1VDD(nom))
9 | —— -FNFP (VDD)
B - o
E 8 | - NOMINAL (VDD)
[) v s
g e o=t ST L W SNSP (VDD)
57 ————— e
> gt "
_w__-..-.‘--‘
et = = FNFP
S JRE C (0.9VDD(nom))
| -M.m__w-w-"“”""’ NOMINAL
S I Ll (0.9VDD(nom))
= = SNSP
N A TS N S A S ——————— (0.9VDD(nom))
-40 -20 0 20 40 60 80 100 120 | wem s Target (10mV)

Temperature / Degrees

Figure 4.6 Vgrc in ACTIVE mode using L-V footer

4.3.2.4 SRAM-PD footer

Figure 4.7 shows SRC node voltage plotted as a function of temperature in FAST, NOMINAL and
SLOW corners and with supply voltage variation, when using SRAM-PD transistor as the footer. A
multiplication factor of 996 (W = 996 x 215nm = 214um) achieves Vgrc<IOmV in the FAST corner.

The size of the SRAM-PD is roughly the same as that of the S-V logic transistor (2/3um). This

indicates that the threshold voltage of the SRAM-PD transistor is roughly the same as that of the S-V¢

logic transistor.
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SRC node voltage in ACTIVE mode FNFP
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Figure 4.7 Vgrc in ACTIVE mode using SRAM-PD footer

4.3.2.5 Effect on read current

Ireap vs SRAM-PD switch width (FAST corner)
5.0
H T=-40C
4.8 .
46 1 :
E H
= T=25C
T 444 .
2 0]
5 :
o :
4.2
: T=125C
4.0 H
3.8 ; ‘ ‘ h AN ‘ ‘ ; ;
130 150 170 190 210 230 250 270 290 310 330
Width / pm

Figure 4.8 Read current of 64 cells for different switch sizes (FAST corner)

Figure 4.8 shows read current of 64 cells (/ row) plotted as a function of width of SRAM-PD switch
for different temperature values in the FAST corner. The read current increases with an increase in
switch size due to reduced resistance of the switch. It is clear that further increases in the switch size

(beyond 274um) lead to little increase in read current. The results are similar for other footer types (H-
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V1, S-Vr, and L-Vr). It can therefore be concluded that the switch sizes obtained from the simulation
setup outlined in section 4.4.1 do not severely limit the read current flowing through the block-footer

system.

4.4 SRC node pull down time (STANDBY to ACTIVE mode)

4.4.1 Simulation setup

The time taken by the footer to pull down the SRC node from Vpp— 0.7V to 10mV contributes towards
the access time of the memory. Normally the word lines are the fastest signals in the memory. They
are active for approximately 60% of the total read access time [2]. In order to minimize the access
time penalty associated with pulling down the SRC node, the word line and the gate of the footer are
activated simultaneously. Since the cycle time of existing NXP memories in 45nm technology is in the
range of /ns and the target frequency for this work is 500MHz, therefore a maximum access time
penalty of /ns can be added to the existing cycle time. The pull down time should therefore be less
than or equal to /ns for 500MHz operation (i.e. 2ns cycle time). This condition should be met across
all process corners and over the full variation in supply voltage and temperature. A transient
simulation is set up where all word lines in the block are held inactive till =0, the bit lines tied to Vpp
and the SRC node initialized to Vpp— 0.7V in order to simulate STANDBY state. The internal storage

nodes of all cells are also initialized to Vpp and Vpp— 0.7V.

At =0, word line WLO and the gate terminal of the footer are simultaneously driven high. The footer
pulls down the SRC node voltage from Vpp— 0.7V towards GND and the simultaneous activation of
the word line simulates the start of a read operation. The simulation is carried out for the four types of
N-channel footers for sizes obtained from the simulation setup outlined in section 4.4.1, and the time
taken to pull down the SRC node to within /0mV is recorded. Figure 4.9 highlights the simulation

principle.
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Vdc = Vp, ; ] 64 cells | | 4032cels | |

— T
~— SRAM-PD

Figure 4.9 Simulation setup for the measurement of SRC node pull down time

4.4.2 Results and discussion

When data is to be read from or written to the memory, the memory block must first be brought out of
STANDBY mode into ACTIVE mode. In order to switch between the modes, the footer must pull
down the SRC node from Vpp— 0.7V to 10mV. Figure 4.10 shows the SRC node voltage and word
line/footer gate signals plotted as a function of time in the FAST, NOMINAL and SLOW corners,

when H-Vt footer is used.

Vsre has been initialized to 0.51V, 0.4V and 0.29V in the FAST, NOMINAL and SLOW corners
respectively so as to simulate DRV condition (0.7V) across the memory block in STANDBY mode

before the footer is turned on.

The pull down time is highest in the SLOW corner because SNSP transistors have reduced drive
capability as a result of longer channel length, shorter width, thicker oxide layer (lower gate
capacitance) and higher channel doping levels (higher threshold voltage). Increased temperature leads
to greater scattering of carriers in the channel, hence reduced mobility. And a reduced supply voltage
leads to a lower gate overdrive voltage (Vgs — Vr). The time taken to pull down the node is lowest in

the FAST corner.
The SRC node temporarily rises beyond Vpp— 0.7V mark (i.e. towards Vpp) before falling towards

GND. This transitory increase in voltage is due to Miller effect and no more than 5mV in the worst

case.
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Figure 4.10 SRC node pull down time with H-V footer

Figure 4.11 shows the SRC node voltage and word line/footer gate signals plotted as a function of time
in the FAST, NOMINAL and SLOW corners, when S-Vr footer is used. The pull down time in the
three corners is lower, compared to the H-V1 footer. The lower pull down time can be attributed to

increased drive capability of the S-Vr transistor due to a higher gate overdrive voltage (Vgs — V7).
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Figure 4.11 SRC node pull down time with S-Vy footer
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Figure 4.12 shows the SRC node voltage and word line/footer gate signals plotted as a function of time

in the FAST, NOMINAL and SLOW corners, when L-Vr footer is used. The pull down time is now

even lower in the three corners for reasons provided in the above paragraph.
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Figure 4.12 SRC node pull down time with L-V footer
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Figure 4.13 SRC node pull down time with SRAM-PD footer

47



NXP Restricted (NXP-R-TN 2009/00028)

Figure 4.13 shows the SRC node voltage and word line/footer gate signals plotted as a function of time
in the FAST, NOMINAL and SLOW corners, when SRAM-PD footer is used. The pull down time in

the three corners is similar to that of the S-Vr transistor.

The plots presented in Figure 4.10 through to Figure 4.13 clearly show the SRC node being pulled
down to within /0mV much before the /ns mark. Values obtained for the pull down time in different
corners represent the access time penalty associated with the memory when a particular type of footer

is used.

4.5 Block and switch leakage currents (STANDBY mode)

4.5.1 Simulation setup

During STANDBY mode, the intention is to be able to maintain DRV across the memory block. In
order to achieve maximum benefit out of source biasing leakage reduction technique, the switch must
leak less than the block when Vggc is maintained at Vpp — 0.7V during STANDBY. This condition
must be met in all process corners, across supply voltage variation and over the entire temperature
scale. In case the leakage of the switch exceeds that of the block at the condition specified above, the
actual potential across the block would be higher than the DRV and maximum leakage reduction

would not be achieved.

Two independent DC simulations are set up, one for the block and the other for the footer. In the first
(Figure 4.14a), the leakage current of the block is simulated in different process corners over the full
temperature scale. The supply node is maintained at Vpp and the SRC node is maintained at Vpp— 0.7V.
Variations in supply voltage are also incorporated. All word lines are deactivated. The bit lines and the

PMOS bulk are tied to Vpp and the NMOS bulk is tied to GND.

The second simulation (Figure 4.14b) is carried out for each type of footer for the sizes obtained
through the simulation setup outlined in section 4.4.1. The drain of the footer is maintained at Vpp—
0.7V and the bulk, source and gate terminals are tied to GND. The total leakage of the transistor over

the full temperature scale is then recorded in different corners.
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Figure 4.14 Block (a) and footer (b) leakage current simulation principle

4.5.2 Results and discussion

Figure 4.15 shows block and switch leakage plotted as a function of temperature for each type of
switch. The highest leakage, both for the block and the switch, occurs in the MOST LEAKY corner
and the lowest leakage occurs in the LEAST LEAKY corner. The details of these corners can be found
in chapter 3.

The leakage curves for the memory block, in Figure 4.15, tend to become horizontal towards the lower
end of the temperature scale. This can be explained by the fact that at room temperature and below
gate leakage and gate induced drain leakage (GIDL) currents dominate, which are much less
temperature dependent. The curve for the LEAST LEAKY corner is flatter over a wider range of
temperature values because sub-threshold currents decrease by the highest proportion (compared to
MOST LEAKY and NOMINAL corners) as a result of increased threshold voltage, and because gate
leakage and GIDL dominate heavily at low temperatures. As the temperature rises, so does the leakage
current due to the fact that sub-threshold currents, which depend exponentially on temperature and

threshold voltage, start to dominate.

Unlike the leakage curves for the S-Vr, L-V1 and SRAM-PD switches, the leakage current curves for
the H-Vr footer (Figure 4.15a) resemble those of the block at the lower end of the temperature scale.
This is because a higher threshold voltage causes maximum reduction in sub-threshold leakage at

reduced temperatures. Gate induced drain leakage and gate leakage dominate as a result.
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Figure 4.15 Block and H-V switch leakage (a) Block and S-V1 switch leakage (b) Block and L-V switch
leakage (c) and Block and SRAM-PD switch leakage (d)

The leakage of the logic transistors (Figure 4.15a, Figure 4.15b and Figure 4.15c) increases with a
decrease in transistor threshold voltage. Reduction in threshold voltage makes it harder to fully turn
off the transistor, hence the level of sub-threshold current flowing in the channel at V5=0 increases.
Sub-threshold currents increase exponentially with temperature and roughly by an order of magnitude
for every /100mV decrease in threshold voltage [3]. For S-Vr, L-V1 and SRAM-PD transistors, sub-
threshold leakage is so heavily dominant even at reduced temperatures that GIDL and gate leakage can

be neglected.

In Figure 4.15c¢, the leakage of the L-Vt footer exceeds that of the block in the MOST LEAKY corner
for temperature values 7>34°C. Unlike the H-V1, S-V1 and SRAM-PD transistors, the use of this
footer will not permit Vg to rise all the way from /0mV in the ACTIVE mode to Vpp — 0.7V in the
STANDBY mode. Instead, Vszc will be maintained at a value less than Vpp — 0.7V during STANDBY.
The obtained result does not suggest not using the L-V footer under any circumstances, what it does
suggest is that its use would not allow maximum leakage reduction to be achieved during STANDBY.

The L-Vr footer therefore falls lower on the merit list compared to the other three candidates.
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4.6 SRC node voltage during STANDBY

4.6.1 Simulation setup

This simulation (setup shown in Figure 4.16) has been included to prove that if the leakage of the
switch exceeds that of the block at Ve = Vpp— 0.7V, the SRC node would not be able to float up to
Vop— 0.7V during STANDBY. The voltage at the node would go on to settle at a level lower than Vpp
— 0.7V. As a result, the full potential of the leakage reduction technique (source biasing) would not be

realized.

The word lines are not held in the active state for the entire duration of the memory cycle time. As
soon as the sense amplifiers start sensing the differential voltage on the bit lines, the word lines are
switched off to save power [2]. Therefore, by the time the footer is turned off to enter the STANDBY
mode in the proposed architecture the word lines would already be in the inactive state. A transient
simulation is set up in which the block supply node and the bit lines are tied to Vpp, the word lines are
tied to GND and the internal storage nodes of the cells initialized to Vpp and GND. The SRC node is
also initialized to GND potential since no read current is flowing then. When the gate of the footer is
deactivated at =0, SRC node voltage begins to rise as a consequence of leakage charging it. Slowly

the node floats up to and beyond Vpp— 0.7V.

Vdc = VDD< ’
A 4096 cells

Vdc=0

Figure 4.16 Floating the SRC node
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4.6.2 Results and discussion

The moment the gate of the footer is deactivated the SRC node voltage temporarily falls below zero
due to Miller effect in the footer before the block leakage starts to charge the SRC node capacitance.

This effect is visible in Figure 4.17 immediately after r=0.

The voltage rises the fastest in the MOST LEAKY corner due to the highest magnitude of leakage
current flowing through the memory block. It is clearly visible from the curves that Vg, in case of L-

Vr footer, does not reach Vpp — 0.7V. This is evidence of the results observed in Figure 4.15c¢.

Within the remaining curves, the time taken to reach Vpp — 0.7V is least in case of the H-V footer and
highest for the SRAM-PD footer. This is because the H-V footer has the highest off-resistance, hence
the lowest leakage. The SRAM-PD footer has the lowest off-resistance, hence the highest leakage.
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Figure 4.17 Vgrc during STANDBY mode (MOST LEAKY corner)

The simulation was repeated for the NOMINAL and LEAST LEAKY corners, where the trend of the
curves was found to be similar to that in Figure 4.17, except that the time to reach Vpp — 0.7V was
greater. It was highest in the LEAST LEAKY corner due to lowest levels of leakage current flowing
through the block.
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The curves in Figure 4.17 show Ve rising beyond Vpp — 0.7V mark, which would lead one to believe
that the memory would eventually lose its data. Note that this condition will not occur in practice since
a DRV maintaining circuit shall be employed to clamp the rising SRC node voltage to Vpp —0.7V.

This is discussed in chapter 7.

4.7 Summary and conclusion

As outlined earlier in section 4.3, the selection of the optimal footer is governed by the following three

parameters:

1) Vsre in ACTIVE mode
ii) The time required to pull down the SRC node from Vpp — 0.7V to 10mV
i) Leakage current of the block with respect to that of the switch during STANDBY mode

Simulation results have shown that out of the three parameters influencing switch size, the first is the
most critical and therefore governs the switch size. Three out of the investigated four footer types are
suitable candidates for a footer switch that can be used in conjunction with a memory block. Since the
L-V footer would not allow maximum leakage reduction to be achieved during STANDBY, it should
therefore not be used. Out of the remaining three, the S-V1 switch is nearly the same size as the
SRAM-PD switch. The advantage of using the SRAM-PD transistor is that it would accurately track
process variation in the memory block, particularly AVr. The H-Vt switch is simply too large without
any obvious advantage over the SRAM-PD switch. A summary of the results is presented in Table 4.1.

All transistors have a length of 55nm. At this stage, the logical switch choice would be the SRAM-PD

transistor.
Table 4.1 Summary of results
Footer type
High-V¢ Standard-Vr Low-Vt SRAM-PD
Minimum Size 261pum 213um 176pm 214pm

In the following chapter, the behavior of the memory block, during ACTIVE and STANDBY modes,

is investigated with the use of a header switch.
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Chapter 5

Header switch analysis with a memory

block

In this chapter the behavior of a P-channel header switch is investigated when used in conjunction
with a 4096-cell memory block. Similar to the case of footer, four different types of P-channel
switches are analyzed with the memory block: high threshold voltage (H-Vrt), standard threshold
voltage (S-Vr1), low threshold voltage (L-V1), and SRAM cell pull up transistor (SRAM-PU). The
length of all transistors is fixed at [=55nm, (the length of the SRAM-PU transistor), for reasons

specified in chapter 4.

5.1 Factors governing header size and type

When a header is used in combination with a memory block, three critical parameters influence the

selection of the optimal switch in terms of type and size. These include:

vi) The time required to pull up the SUP node of the memory block from 0.7V to Vpp — 10mV
(i.e. the time needed to bring the block into ACTIVE mode from STANDBY mode)

vii) SUP node voltage of the cell/block in the ACTIVE mode

viii)  Leakage current of the block with respect to that of the switch during STANDBY mode
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Detailed simulations are carried out to fully understand the role each of the above-mentioned
parameters. A comprehensive account of the simulation setup and a thorough discussion on the results

obtained is presented in Sections 5.2 —5.5.

5.2 SUP node pull up time (STANDBY to ACTIVE mode)

5.2.1 Simulation setup

Similar to the footer the time taken by the header to pull up the SUP node from 0.7V to Vpp— 10mV
contributes towards the access time of the memory. A transient simulation is set up where all word
lines in the block are held inactive till /=0, the bit lines are tied to Vpp and the SUP node is initialized
to 0.7V in order to simulate STANDBY state. The internal storage nodes of all cells are also initialized

to 0.7V and GND. Figure 5.1 illustrates the simulation principle.

64 cells 4032 cells

Vpulse

, BL1 BL1b

Figure 5.1 Sizing the header

At =0, word line WL is driven high and the gate terminal of the header is driven low. The header
pulls up the SUP node voltage from 0.7V towards Vpp and the simultaneous activation of the word
line simulates the start of a read operation. The simulation is carried out for the four types of P-
channel headers. Also, the supply voltage is varied from Vpp = 0.9Vppuom) t0 Vop = 1.1Vppuem). For
each supply voltage level, the width of the header is swept in order to achieve the value that
guarantees a maximum pull up time of /ns in the worst case (for reasons explained in section 4.5.1).

The time to pull up the SUP node to within /0mV of Vj is recorded.
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5.2.2 Results and discussion

5.2.2.1 High-Vyheader

Figure 5.2 shows the SUP node pull up time plotted as a function of header width in different corners,
when an H-Vt header is used. The pull up time is highest in the SLOW corner as a consequence of
reduced drive capability of the transistor. Reduced supply voltage leads to a lower gate overdrive
voltage (IVgsl — 1V4]), and increased temperature leads to lower carrier mobility as a result of higher

scattering in the channel.

SUP node pull up time e SLOW NOM
(STANDBY to ACTIVE) - H-V; 88um = FAST = = Target (1ns)

1.3

1.2 1

11

|

70 72 74 76 78 80 82 84 86
Width / pm

©
©

90

Figure 5.2 SUP node pull up time with H-V header

A width of 88um guarantees a worst case pull up time of /as in the SLOW corner. The general trend
of the curves can be explained by the fact that the current drive of the transistors increases with an
increase in width, hence the time required to pull up the SUP node decreases with increasing transistor

size.

5.2.2.2  Standard-Vi header

Figure 5.3 shows the SUP node pull up time plotted as a function of header width in different corners,
when an S-Vrt header is used. A width of 63.5um guarantees a worst case pull up time of /ns in the
SLOW corner. A smaller S-Vr transistor compared to its H-Vr counterpart suffices because with a

lower threshold voltage, the gate overdrive voltage is higher.
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Figure 5.3 SUP node pull up time with S-V1 header

5.2.2.3 Low-Vr header

SUP node pull up time —SLOW NOM
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Figure 5.4 SUP node pull up time with L-V1 header

Figure 5.4 shows the SUP node pull up time plotted as a function of header width in different corners,

when an L-Vt header is used. A width of 55um guarantees a worst case pull up time of /ns in the
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SLOW corner. An even smaller L-Vr transistor compared to its S-Vr counterpart suffices for the

reasons presented in section 5.2.2.2.

5.2.2.4 SRAM-PU header
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Figure 5.5 SUP node pull up time with SRAM-PU header

Figure 5.5 shows the SUP node pull up time plotted as a function of header width in different corners,
when an SRAM-PU header is used. A multiplication factor of 645 (W=58um) guarantees a worst case

pull up time of /ns in the SLOW corner.

5.3 SUP node voltage (Vgyp) in the ACTIVE mode

5.3.1 Simulation setup

During a read/write operation, the voltage at the SUP node needs to be sufficiently close to supply rail
potential, Vpp. Similar to the footer, the maximum drain-source potential allowed across a header
switch is /0mV. The header size (obtained from the simulation setup in section 5.2.1) must ensure the
SUP node voltage remains within /0mV of Vpp during a read/write operation in all corners, over the

entire temperature range and across supply voltage variation.
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For each type of P-channel switch, a DC simulation is set up in which one word line (WLO) is driven
high to activate 64 cells (an entire row) in the memory block, all other word lines (represented by

WL1) are kept inactive. Figure 5.6 illustrates the simulation setup.

64 cells 4032 cells

Vdc =V

Q

Vdc =0

BL1 BL1b

Figure 5.6 Vgyp in ACTIVE mode

The header gate is driven low, the bit lines are tied to Vpp, the NMOS bulk is tied to GND, the PMOS
bulk is tied to Vpp and the SUP node is initialized to Vpp — 10mV. The temperature is swept over the
entire operating range. Also, the supply voltage is varied from Vpp = 0.9Vpppom) t0 Vop = 1.1Vppom)-

For each supply voltage level, Vgyp is recorded as a function of temperature.

5.3.2 Results and discussion

Figure 5.7 shows SUP node voltage plotted as a function of temperature for FAST, NOMINAL and

SLOW corners and with supply voltage variation, when using H-V header.

Vsup scales with supply voltage variation, but decreases (varies) the most in the FAST corner because
the on-resistance of the memory block decreases far more than the on-resistance of the header. The
level to which Vgyp falls and the characteristic shape of the curves can be linked to the two key
parameters that vary with temperature: threshold voltage and mobility. The graphs are presented to
indicate that Vgyp stays well within /0mV of Vpp in all corners, over the entire operating temperature

range and across supply voltage variation.

Figure 5.8 and Figure 5.9 show Vgyp plotted as a function of temperature for FAST, NOMINAL and

SLOW corners and with supply voltage variation, when using S-V and L-V headers respectively.
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Figure 5.7 Vgyp in ACTIVE mode using H-V header at different supply voltage levels
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Figure 5.8 Vgyp in ACTIVE mode using S-Vr header at different supply voltage levels
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Figure 5.9 Vgyp in ACTIVE mode using L-V1 header at different supply voltage levels
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Figure 5.10 Vgyp in ACTIVE mode using SRAM-PU header at different supply voltage levels
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Figure 5.10 shows Vgyp plotted as a function of temperature for FAST, NOMINAL and SLOW

corners and with supply voltage variation, when using SRAM-PU header.

Simulation results presented in this section clearly demonstrate that the header sizes obtained through

the simulation setup outlined in section 5.2.1 do not pose a limitation on Vgyp in the ACTIVE mode.

5.4 Block and switch leakage currents (STANDBY mode)

5.4.1 Simulation setup

Like in the case of the footer switch, the intention here is also to be able to maintain DRV across the
memory block during STANDBY. In order to achieve maximum benefit out of source biasing leakage
reduction technique, the switch must leak less than the block when Vgyp is maintained at 0.7V during
STANDBY. This condition must be met in all corners, across supply voltage variation and over the
entire temperature scale. In case the leakage of the switch exceeds that of the block at the condition
specified above, then the actual potential across the block would be higher than the DRV and

maximum leakage reduction would not be achieved.

Two independent DC simulations are set up, similar to those carried out for the block and footer.
Figure 5.11 illustrates the leakage current simulation principle for block and header. The total leakage

of the block and the switch as a function of temperature is then recorded in different corners.

Vo o= 0.7V Voo
SuUP —T
SuUP :
BL/BLb:VDD Memory VG=VDD —({ E—
WL=0 block

V.. =07vY
_I_ Vv e sup |

GND

(a) b)

Figure 5.11 Block (a) and header (b) leakage current simulation principle
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5.4.2 Results and discussion

Figure 5.12 shows block and switch leakage plotted as a function of temperature for each type of
switch. The highest leakage, both for the block and the switch, occurs in the MOST LEAKY corner
and the lowest leakage occurs in the LEAST LEAKY corner.

It is clear from Figure 5.12 that the use of all header types will permit Vgyp to fall all the way from Vpp
— 10mV in the ACTIVE mode to 0.7V in the STANDBY mode. Therefore, they are all viable

candidates to be used in a header role.

Leakage current analysis ===Block (Most leaky) Block (NOM) Leakage current analysis ==Block (Most leaky) Block (NOM)
(Memory block & H-Vr header) == Block (Least leaky) == =Header (Most leaky) (Memory block & S-Vr header) «——Block (Least leaky) == =Header (Most leaky)
Header (NOM) = =Header (Least leaky) Header (NOM) = =Header (Least leaky)
1.E-04 1.E-04
1.E-05 4 1.E-05 §
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(c) (d)

Figure 5.12 Block and H-Vt switch leakage (a) Block and S-Vt switch leakage (b) Block and L-Vt switch
leakage (c) and Block and SRAM-PU switch leakage (d)

5.5 SUP node voltage during STANDBY

5.5.1 Simulation setup

This simulation (setup outlined in Figure 5.13) has been included to prove that when the leakage of the
switch is less than that of the block at Vgyp = 0.7V, the SUP node would always be able to float down
to 0.7V during STANDBY. This would allow maximum benefit to be achieved out of source biasing

technique.
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A transient simulation, comparable in setup to the one outlined in section 4.7.1, is executed for the

memory block and a header switch.

4096 cells
WLX =0
V

DD
H-V,
4 SV, Vdc =0
L-V

YT —
Vpulse = | | SRAM-PU
BL SUPR_ BLb

Figure 5.13 Floating the SUP node

5.6 Results and discussion

The moment the gate of the header is deactivated, the SUP node voltage temporarily rises above Vpp
due to Miller effect before the block starts to lose charge. This effect is visible in Figure 5.14

immediately after t=0.

Soon after =0, the block starts to lose its charge since the SUP node is placed in a floating state. As
the SUP node voltage begins to fall, the header Vgl gradually increases and the header starts to leak
as well. The SUP node voltage decreases at approximately the same rate for all types of headers in a
given corner. That is because the node voltage fall time is determined by how quickly the memory
block loses its charge. The rate at which the voltage drops is independent of the type of header
incorporated in the circuit. Simulations repeated for the NOMINAL and LEAST LEAKY corners
showed that the SUP node voltage fall time was the highest in the LEAST LEAKY corner due to

lowest levels of leakage current flowing through the block.
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Figure 5.14 Vgyp during STANDBY mode (MOST LEAKY corner)

The curves in Figure 5.14 show Vgyp dropping below the DRV level (0.7V), which would lead one to
believe that the memory would eventually lose its data. Note that this condition will not occur in
practice since a DRV maintaining circuit shall be employed to clamp the falling SUP node voltage to

the DRV level. This is discussed in chapter 7.

5.7 Summary and conclusion

As outlined earlier in section 5.1, the selection of the optimal header is governed by the following

three parameters:

1) The time required to pull up the SUP node from 0.7V to Vpp — 10mV
11) Vsup in ACTIVE mode

i) Leakage current of the block with respect to that of the switch during STANDBY mode

Simulation results have shown that out of the three parameters influencing switch size, time required
to pull up SUP node when switching from STANDBY to ACTIVE mode is the most critical and
therefore governs the switch size. All header types investigated are suitable candidates for a switch
that can be used in conjunction with a memory block. The L-Vt switch is slightly smaller than the
SRAM-PU switch. The advantage of using the SRAM-PU transistor is that it would accurately track

process variation in the memory block, particularly AVr. The S-Vt and H-V switches are large in size
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without any obvious advantage over the SRAM-PU switch. A summary of the results is presented in

Table 5.1. All transistors have a length of 55nm. At this stage, the logical switch choice would be the

SRAM-PU transistor, despite being a little larger than the L-Vt switch.

Table 5.1 Summary of results

Header type

High-V;

Standard-Vt

Low-Vt

SRAM-PU

Minimum Size

88um

63.5pum

S5um

S8um

In the following chapter, a model is developed to estimate the area overhead associated with each type
of switch, compared to the area of the memory block. In order to evaluate the area-speed-power trade-

off associated with the proposed design, an estimate of the switch area overhead is therefore necessary.
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Chapter 6

Area overhead estimation & switch

selection

In chapters 4 and 5, minimum sizes for various footer and header types were identified that were
suitable to be used as a switch in conjunction with a 4096-cell memory block. Since the total benefit of
reduced leakage during STANDBY mode can only be realized at the cost of increased area (that of the
switch for now), it becomes necessary to estimate the total area overhead associated with each kind of
switch. In this chapter therefore, a model is developed that estimates the total switch area overhead as
a function of number of fingers in layout. In order to better track process variation in the block,
multiple instances of the exact SRAM cell load and driver transistors were used in the switch in
chapters 4 and 5, allowing duplication of the memory cell transistor outside the memory matrix. Since
the logic transistors are fundamentally different, i.e. in terms of V implant, their selected sizes can be
implemented using a wide range of finger widths in layout. For the logic transistors in particular, it is
therefore important to know how the area overhead would vary with decreasing finger width (i.e. from

the maximum allowed OD width down to the width of the SRAM transistors).

The largest device width possible from a layout perspective in 45nm technology is a little less than
18um (17.82um for this model allowing room for a POLY contact point on either side). This limitation
is set by POLY layout rules for the stated technology [1], according to which the maximum length of
POLY between two POLY contact points cannot exceed /8um. Increasing this distance beyond the

specified limit has an adverse effect on POLY resistance value and hence the signal propagation time
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along the length of POLY, which can lead to degradation of device performance. Hence for widths

exceeding /7.82um, multiple devices are placed in parallel, with POLY running horizontally.

6.1 Overview and limitation of the model

The model exploits TSMC 45nm technology layout rules for area estimation. As stated in chapter 3,
the memory block is organized as an array of 64 columns by 64 rows. Each Non-Cell-Implant High-
Speed memory cell measures um by 0.374um on layout, giving an area of 0.374um’. The area of the
memory block is therefore 1531.9um’. The idea is to be able to lay the footer or header directly above
(in case of header) or below (in case of footer) the memory block and preferably within the block
width of 64um in order to reduce the effect of current crowding. For a given OD width, the proposed
model therefore lays out the fingers in parallel along the width of the memory block (with POLY
running horizontally) and gradually adds additional finger rows in order to realize the required switch
size. Note that POLY is routed horizontally within the SRAM cell. In 45nm technology, it is
recommended that POLY be laid out in the same direction throughout the design due to better results
achieved during lithographic patterning of POLY. Therefore, in order to be consistent, POLY has been

routed horizontally for the switch also.

The threshold voltage of a transistor with three fingers, each of width W is less than the threshold
voltage of a transistor with one finger of width 3W due to narrow channel effects. A comprehensive
study of threshold voltage variation with OD width is outside the scope of this work. The proposed
model therefore does not take into account the variation in threshold voltage with changing OD width
of individual fingers. It is therefore assumed that the total required header/footer width does not
change significantly if the layout implementation is varied over different number of fingers. The
above-stated limitation does not apply to the SRAM transistors since multiple instances of the same
have been used to realize the switch. Derivation of the model is discussed in detail in sections to

follow.

6.2 Model derivation

Figure 6.1 illustrates the proposed layout of a footer switch. The variables used in the illustration
match those used in the equations presented in the following sub-sections to aid understanding of the

model.

6.2.1 Number of fingers, width of OD and number of rows

The width of an individual finger for a given number of fingers N, is given by Equation (6.1), where

W, 1s the total width of the switch.
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(6.1)

Wreq
W, = N
!
The total width of active (OD) region is fixed for a specified switch size, irrespective of the number of

fingers, and is given by Equation (6.2).
(6.2)

Wiop) =Ny W,

A

=
=
g

v

Figure 6.1 Proposed layout of a footer switch (not drawn to scale)

When two or more fingers are laid out in parallel (along the width of the memory block), OD-OD

spacings (Wop.op = 110nm [1]) are introduced between the fingers. The total width of OD and

spacings therefore is given by Equation (6.3).
W, =N, W, +(N, 1) W, 4, (6.3)
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The number of rows required to implement Wr is given by Equation (6.4), where W, is the width of

the memory block (64um).
W.
N, = roundup( I j (6.4)
blk

The number of middle rows is given by Look-up table (6.5), where (V, — I) represents number of rows

other than the top row.

N =

mr

{0 N,-1=0
' (6.5)

N -1-1 7 N,-1>0

6.2.2 Width due to POLY contact points

The addition of POLY contact points increases the width of a row. The number of POLY contact
points in a row is governed by Look-up table (6.6), where W, represents the width of any row without
POLY contacts. When the number of POLY contact points is 2, they represent the left and right end

POLY contacts in a row. Any additional POLY contacts are placed between fingers within a row.

The minimum number of POLY contact points in a row of fingers is set to two (one at each end). This
has been done to overcome a potential scenario where the POLY run is just less than the maximum
allowed between two contact points. In such a situation, signal propagation time may increase to

unacceptable levels for devices located at the far end of the contact point.

(6.6)

pec

2
Il
n oA WD O
<
EX=XEE
IN
&
foN
5

The additional width added to a row due to inclusion of POLY contacts is given by Equation (6.7),
where W, is the width due to POLY contact at the row ends and W,,,,. is the width due to each middle
POLY contact.

w,=2-W, +(N, -2)w 6.7)

epc mpc
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The width of the end and middle POLY contact point is given by Equation (6.8) and Equation (6.9)
respectively, where Wp.op represents the POLY contact point to OD distance (90nm [1]) and W,
represents the width of a POLY contact point (/20nm [1]).

W =W, , +W (6.8)

epc pep
mec = (2 ’ WP—OD ) + Wpcp - WOD—OD (69)

6.2.3 Top-level area estimation

The total width of top, middle and bottom row is given by Look-up tables (6.10 — 6.11) and Equation
(6.12) respectively, where W,,. represents the extension of NP/PP source-drain implantation region

over POLY (/10nm [1]).

W W, +W, +(2-W,,) ; W, <W,, 610
) Wy + Wpc + (2 ) Wem-) Wy >Wy,
Wy =10 if Now =9 6.11)
o) Wy, AW, +2W,) TN S0 :
W.
Wi = remainder[—T j+WpC +(2-w, ) (6.12)
blk

The height and area of the bottom row is given by Equation (6.13) and Equation (6.14) respectively,
where Hyp is the height of a source/drain region with the inclusion of a contact point (/40nm [1]),
Hpopy is the height of the POLY (557m [1] = channel length) and H,,. is the extension of NP/PP region
over OD (80nm [1]).

H, =H,,+H,,, +H (6.13)

enc

A, =Wy, -H,, (6.14)

r

The height of each middle row and total area of middle rows is given by Equation (6.15) and Look-up
table (6.16) respectively.
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H, =H,,+Hpyy (6.15)

0
A, =Wy -H,, N,
[(Nmr —1)- Wy, - H,, ]+ [WT(br) ‘H,, ]+ [(WT(W) ~Wrie) )-(H,, +H,, )]

N, =0

i Wi =Wy
W) <Wri)

(6.16)

mr)

The height and area of the top row are given by Equation (6.17) and Look-up table (6.18) respectively.

Htr:(Z'HOD)+HP0LY+Henc (6.17)
0 w,, =0
A WT(tr) ’ Htr f Nmr > 0 (6 18)
= l .
" WT([V) ’ (Hl‘r + Hem') Nr = 1

[WT(hr) 'Hfr]+ [(WT(tr) —WT(br))' (H,+H,, )] N, =2

The height and area of the substrate contact are given by Equations (6.19) and Equation (6.20)
respectively, where Hop, represents the minimum height of substrate OD with a contact point (/20nm

[1]) and Hacr.op is the extension of NP/PP region over OD for substrate contact (20nm [1]).
H,,=H,,+ (2 ) HACT—OD) (6.19)

Amh = WT(tr) ’ Hsub (620)

The total area of the switch is given by Equation (6.21).
Amt = Atr + Amr + Abr + Asub (621)

6.3 Results and discussion

The results presented in this section are obtained from the model proposed in section 6.2. Figure 6.2

shows the total switch area plotted as a function of equal-sized fingers used to implement the required
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width of the switch. The maximum finger width is fixed at /7.82um in light of POLY layout rules. The
minimum finger width is fixed at 2/5nm for footer transistors and 90nm for header transistors since
these values correspond respectively to the width of SRAM-PD and SRAM-PU transistors used in the
cell. It is important to state here that unlike the area plots of the logic transistors, the plots for the
SRAM-PD and the SRAM-PU transistors are only valid at their highest x-axis value for reasons

provided in section 6.1.

In order to better understand the model, important parameters have been plotted for the SRAM-PU
header (58um). Figure 6.3a shows the decrease in W, and corresponding decrease in (W;+ Wop.op)
with increasing number of fingers. Figure 6.3b shows the total OD width, which is independent of the
number of devices. Also shown is Wy, which increases linearly with N; due to addition Wyp.op for

every unit increment in Ny

Area overhead estimation of switch =—HVT footer -
261um
110 1
] ——SRAM-PD
100 footer -
214pm
90 A SVT footer -
1 213um
£ 80 4 = Finger width = 215nm = VT footer -
3 1 176um
o ]
2 707
g ] ——HVT header -
< 60 | 88um
1 ——SVT header -
50 1 63.5um
40 Finger width = 90nm —SRAM-PU
] header -
] 58um
30 ——————— 77— T T T T T T T
= VT header -
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 55um
Number of fingers in parallel

Figure 6.2 Area overhead for different header and footer types as a function of number of fingers

Figure 6.4a illustrates how the number of rows change with increasing Ny A top row is always present
if the switch size is greater than zero. A bottom row does not come into existence unless Wop.op
additions increase the top row width beyond the block width (64um). At that point a second row is
incorporated, which increases the total number of rows (N,) to 2. Once the second row (bottom row)
hits the 64um mark due to decreasing finger size and continuous Wy op additions, the existing bottom

row transforms into a middle row and a new bottom row comes into existence. At this point, the row

count jumps to 3.
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Figure 6.4 Number of rows (a) number of POLY contacts (b)

Figure 6.4b shows the number of POLY contact points in each row plotted as a function of Ny Since

the width of the top row is always greater than 53.46um in this case, it contains a maximum of 5

POLY contact points (refer to look-up table 6.6). A bottom row does not exist initially but as the

number of fingers in the top row increases, a bottom row soon comes into existence. As the width of

the bottom row increases with increasing Ny, the number of POLY contact points also increase till they

also hit the maximum value of 5. There onwards, addition of a few more devices takes the width of the

bottom row to the 64um mark, at which point the bottom row transforms into a middle row with the

maximum (5) number of POLY contacts and a new bottom row starts to grow.
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Figure 6.5a shows the total width of different rows plotted as a function of N The width of the top
row is initially less than the maximum (block width), but with increasing number of fingers and Wp.
op additions, it eventually hits the 64um mark and becomes constant. At that point the bottom row
width begins to increase from zero and keeps increasing with increasing Ny till it also reaches 64um. At
that point, the bottom row is transformed into a middle row and a new bottom row starts to grow with

further increase in Ny.
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Figure 6.5 Total width of different rows (a) total area, including area of rows and area of substrate (b)

Figure 6.5b plots the total area as well as area of individual components of the switch as a function of
N;. The width of the substrate contact equals the width of the top row. Since the width of the top row
increases from a minimum starting value to the maximum (Figure 6.5a), so does the substrate contact
area. The area of the top row initially increases for as long as no other row is present. Once the bottom
row comes into existence, the area of the top row starts to decrease due to a decrease in the total height
of the top row (refer to look-up table 6.18). The lost height is actually incorporated in the height of the
bottom row. The area of the top row hits a constant value when the bottom row gets converted to a
middle row. This allows no more fluctuation in the height of the top row (refer to look-up table 6.18).

A similar pattern then continues between the area of the middle and bottom row.
The initial higher gradient of the area curve is absent for larger sized switches in Figure 6.2 because

for those, even with the minimum number of fingers, multiple rows exist that lead to a single gradient

area graph.
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6.4 Summary and switch selection

The maximum area overhead associated with each type of header and footer is stated in Table 6.1.
Even with the highest number of fingers, the maximum area overhead of all switches does not surpass

10% of memory block area.
In light of the results obtained in this as well as the previous two chapters, one type of switch (in

header and footer role) needs to be identified that can be incorporated in subsequent analyses. Hence a

decision needs to be taken considering trade-off in the results obtained thus far.

Table 6.1 Maximum percentage area overhead of footer and header switches with respect to memory block

Configuration Footer Header

SRAM- SRAM-
Switch type H-VT S-VT L-VT H-VT S-VT L-VT
PD PU

Minimum switch
) 261um 213um 176pm 214pm 88um 63.5um 55um 58um
size

Maximum switch

area overhead
7.06% 6.12% 5.40% 6.13% 4.48% 3.78% 3.52% 3.62%
(compared to

memory block)

6.4.1 Footer switch selection

The H-V footer has the largest size (26/um) with an area overhead of 7.06%. On the other hand, the
L-Vr footer has the smallest size (/76um) with an area overhead of 5.4%. The pull down time of SRC
node is much less than the target value of Ins for all footer types. Also, the read current flowing
through the block-footer system is not severely limited by the type of footer incorporated. However in
case of leakage current comparison, unlike other footer types the L-Vt footer is found to leak more
than the block at Vgge = Vpp — 0.7V (for T>34°C in the MOST LEAKY corner). Since the use of L-Vt
footer will guarantee DRV>0.7V, maximum leakage reduction will not be achieved during STANDBY.
The use of L-Vt footer can therefore be ruled out. Between the S-V1 and the SRAM-PD footers, the
difference in size and hence the percentage area overhead (for finger width of 2/5nm) is very little.
However the advantage of using the SRAM-PD footer is that it would able to track process variations

in the memory block better than the S-V footer, particularly AVr.
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6.4.2 Header switch selection

The H-Vt header has the largest size (88um) with an area overhead of 4.48%. On the other hand, the
L-V1 header has the smallest size (55um) with an area overhead of 3.52%. Vgyp in active mode is
within /0mV of Vpp for all types of headers. In case of leakage current comparison, all header types
are found to leak less than the block at Vgyp = 0.7V. Since the difference in size and percentage area
overhead is very little between the S-Vt and the SRAM-PU headers, the SRAM-PU header would

therefore be preferred over its S-Vt counterpart due to reasons provided in section 6.4.1.

In the following chapter, the selected header and footer will be analyzed in conjunction with a diode
connected transistor (of the same type) and the memory block in order to achieve DRV during
STANDBY. An alternate technique to achieve DRYV is also briefly investigated, in which the switch is
actively driven by an op-amp during STANDBY.

6.5 References

[1] C. H. Luf, “TSMC 45nm CMOS Logic and 40nm CMOS Logic Design Rule (CLN45LP/LPG,
CLN40LP/LPG),” Document No. T-N45-CL-DR-001, Version 1.1, April 2, 2008
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Chapter 7

Techniques to achieve data retention

voltage during STANDBY

The SRAM-PD and SRAM-PU transistors have been identified at the end of the previous chapter as
the most suitable candidates in a header and footer role. Having identified the type and size of the
switch, a feedback mechanism now needs to be devised in order to achieve DRV across the memory
block during STANDBY. Therefore in this chapter, we investigate the use of a simple diode-
connected transistor (DCT) in conjunction with a switch and the memory block. Since the SRAM
transistors have been found to be the most suitable in a switch role, they will therefore also be
employed in the diode-connected configuration. The H-Vy, L-Vr and S-Vrp transistors are not
employed in the analyses presented here onwards. The use of a DCT for achieving DRV was first

investigated in [1].

Also investigated is an alternate approach to achieve DRV, which is by using an actively clamped
switch. This technique, first published in [2], has been briefly investigated for feasibility of use with
the proposed block-switch architecture in the sense that accurate figures for the associated area
overhead and current consumption of different modules in the published work have been taken from
literature in order to determine the system-level feasibility of this scheme. A brief analysis of this

scheme is presented later in this chapter.
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7.1

The diode-connected transistor option

In a DCT, the gate terminal is shorted to the drain and the output I/V characteristics resemble that of a

forward biased diode. This circuit can be used to clamp the output to a specific voltage level and

therefore does not allow the output voltage to increase without limit. Figure 7.1 illustrates the concept

of achieving DRV using a DCT. During ACTIVE mode, M1 is on and therefore Vg is maintained at

10mV as explained in chapter 4. When M1 is switched off to enter STANDBY mode, V¢ begins to

rise as

a consequence of block leakage charging the SRC node. As the gate-source capacitance of the

DCT (and more generally the total SRC node capacitance) is slowly charged the DCT gradually

begins

to conduct as a result of increasing Vs and Vps. Depending on the size of the DCT, the output

voltage can be clamped to a maximum of one threshold voltage.

7.2

Memory
block

SRC

o, HE

M1 M2

Figure 7.1 Achieving DRV using a DCT in conjunction with a footer switch and a memory block

Motivation for the DCT option

The DCT solution has a number of advantages as well a disadvantage. They are listed as under:

7.2.1
1)
ii)

iii)

1v)

V)

Vi)

Benefits of using a DCT

The DCT does not consume any additional power.

The technique is simple from an implementation point of view [3].

Internal voltage references are not required to achieve the desired voltage at the SRC/SUP
node during STANDBY.

The solution does not contain multiple transistor types with different threshold voltages,
which would otherwise significantly add to the fabrication cost due to inclusion of
additional mask layers.

A reasonably low leakage current level through the system can still be maintained during
STANDBY.

Only a small area overhead is associated with the proposed solution.
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vii) If the DCT is of the same type as the switch (which it is in this case), the DCT could be

made a part of the switch itself in layout to obtain further reduction in total area overhead.

7.2.2 Disadvantage of using a DCT

1) The DCT option does not complement the maximum benefits of source biasing in different
process corners. In the MOST LEAKY case, threshold voltage is lowered the most and
therefore high leakage in the block requires a correspondingly high Vszc and lower Viyp.
The DCT would however also have reduced threshold voltage and therefore Ve (in case
of footer) would be maintained at a value lower than Vpp— 0.7V. In the case of header,
Vsup would be maintained at a value higher than 0.7V. On the other hand, in the LEAST
LEAKY corner, the threshold voltage increases the most but there is not much block
leakage current anyway, therefore the increased threshold voltage of the switch (leading to
higher Vgge, lower Vgyp) is not really needed. Aspects of the DCT regarding its
temperature dependence and threshold voltage are in fact opposite to what is actually

desired.
7.3 DCT with SRAM-PD footer switch

7.3.1 Simulation setup

During STANDBY, in order to retain stored data, the voltage at SRC node must not be allowed to
exceed Vpp— 0.7V. In order to size the DCT, a DC simulation is set up in which the SRC node is
initialized to Vpp— 0.7V, the bit lines and cell PMOS bulk are tied to Vpp and the cell NMOS bulk is
tied to GND. The footer bulk is also tied to GND. All word lines in the block (represented by WL1 in
Figure 7.2) are maintained in the inactive state. The DCT is placed between the SRC and GND node.
The length is fixed at 55nm and a transistor multiplication factor is used to obtain the size that would
be able to maintain DRV across the memory block in all corners. The simulation is run separately for
different supply voltage levels, and in each case Vg is recorded as a function of temperature in
different corners. The simulation setup can also be used to get data on the total leakage current through

the system.

The simulation is carried out for three DCT configurations. In the first (Figure 7.2a), the SRAM-PU
(PMOS) transistor is used in the DCT configuration with its bulk tied to the SRC node. The second
configuration (Figure 7.2b) is similar to the first except that that PMOS bulk is tied to Vpp instead of
the SRC node. In the third configuration (Figure 7.2c), the SRAM-PD (NMOS) transistor is used in
the DCT configuration with its bulk tied to GND.
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4096 cells 4096 cells

4 ILEAK
— SRAM-PU

SRAM-PD |
0 |

(a) with PMOS DCT (bulk tied to SRC node) (b) with PMOS DCT (bulk tied to Vpp)
4096 cells
Vdc= VD[ ) WL1
—l_VDD
_Vdc= 0
[ p
BL BLb
"’3 — ILeax
SRAM-PD |V,
Vo= | W | SRAM-PD

(c) with NMOS DCT

Figure 7.2 DCT configurations with a footer switch

7.3.2 Results and discussion

7.3.2.1 SRAM-PU DCT with bulk tied to SRC node

Figure 7.3 shows Vggc plotted as a function of temperature during STANDBY for the configuration
depicted in Figure 7.2a. The three plots show Ve variation as a function of temperature for different
supply voltage levels. The minimum DCT width that guarantees DRV in all corners as well as over the
full variation in supply voltage is 15.7um, which is achieved with the simulation conducted at Vpp =
0.9Vppmom)- The FNSP process achieves the highest SRC node voltage because of the fact that the off-
resistance of the block decreases the most compared to the off-resistance of the DCT. On the other

hand, the SNFP process achieves the lowest SRC node voltage due to the fact that the off-resistance of
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the DCT decreases the most compared to the off-resistance of the block. The SRC node voltage for

other processes lies between these two extremes over the entire temperature scale.

Vsac during standby [———FNep ——FNSP NOMINAL Vsrc during standby [—— FNFP ——FNSP NOMINAL Vsrc during standby [—— FNFP ——FNSP NOMINAL
(0-9Vbp(nom) ———SNFP ——SNSP = = Target (0.29V) (Voo(nom) |——— SNFP ———SNSP = = Target (0.40V) (1.1Vop(rom) —— SNFP ——SNSP = = Target (0.51V)

Voltage / V
Voltage / V
°
P
8
Voltage / V
2

S oag\_____/ S B e A B e o B
“'ZU\\_______/ 020\_______——-/ 020v

-40 20 0 20 40 60 80 100 120 -40 20 0 20 40 60 80 100 120

Temperature / Deg Temperature / Deg Temperature /Dog

() (b) (©

Figure 7.3 Vgge during STANDBY using PMOS DCT (bulk tied to SRC node) at Vpp = 0.9Vpppem) (2) at Vpp =
Vopmomy (b) at Vpp = 1.1Vpppom (€)

Ideally we would have liked to see Vgge rise to 0.4V in case of Vpp = Vppuom) and to 0.51V in case of
Vop = 1.1Vppmom), but the voltage across the DCT is maintained at a much lower value in these two
cases. It is important to state here that although Ve is the highest in the FNSP process, as explained
above, the maximum leakage current through the entire system does not flow for this process. The
maximum leakage current flows in the MOST LEAKY corner (FNFP process, I.1Vppuem and
T=125°C) The results presented in Figure 7.3 illustrate that the DCT solution does not help achieve

maximum leakage reduction when it is desired.

The two primary contributors that influence the shape of the curves in Figure 7.3 are threshold voltage
and mobility, both of which are known to decrease with temperature. As previously stated, a detailed
study on mobility and threshold voltage variation with temperature of all memory cell transistors, the
footer and DCT was not carried out. The graphs are presented to indicate that the selected DCT width
guarantees DRV across the block in all corners, over the entire operating temperature range and across

full supply voltage variation.

7.3.2.2 SRAM-PU DCT with bulk tied to Vpp node

Figure 7.4 shows Vsgc plotted as a function of temperature during STANDBY for the configuration
depicted in Figure 7.2b. When the bulk of the PMOS DCT is tied to Vpp instead of the SRC node, [Vl
is already greater than zero at Vpp = 0.9Vppmem) and increases further with increase in supply voltage.
This increases the threshold voltage of the DCT with increasing Vpp. Unlike the topology presented in
Figure 7.2a, this particular circuit topology is able to achieve a higher Ve with increasing supply
voltage level, as is desired. With a higher threshold voltage, the minimum width needed to achieve

DRV across the block is also greater at 60.7um. The slightly higher voltage levels achieved for
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different processes (compared to

above.

the results in Figure 7.3) are evidence to the discussion presented
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Figure 7.4 Vgge during STANDBY using PMOS DCT (bulk tied to Vpp) at Vpp = 0.9Vpppem) (a) at Vpp =
Vopmomy (b) at Vpp = 1.1Vppgom (€)

7.3.2.3

SRAM-PD DCT with bulk tied to GND

Figure 7.5 shows Ve plotted as a function of temperature during STANDBY for the configuration

depicted in Figure 7.2c. The three plots show Ve variation as a function of temperature for different

supply voltage levels. The minimum DCT width that guarantees DRV in all corners as well as over the

full variation in supply voltage is 6.9um, which is achieved with the simulation conducted at Vpp =
0.9V ppmom)- Unlike the case of PMOS DCT, the SNFP process achieves the highest SRC node voltage
for the NMOS DCT because of the fact that the off-resistance of the NMOS DCT increases the most

compared to the off-resistance of the block. On the other hand, the FNSP process achieves the lowest

SRC node voltage due to the fact that the off-resistance of the NMOS DCT decreases the most

compared to the off resistance of the block.
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——FNSP,
——SNsP

NOMINAL
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(Voomom)

——FNsP
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——SNFP - = Target (0.40V]
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Figure 7.5 Vgge during STANDBY using NMOS DCT (bulk tied to GND) at Vpp = 0.9Vppmem) () at Vpp =
VDD(lmm) (b) at VDD = LJVDD(/mm) (C)

A smaller NMOS DCT suffices because of the higher carrier mobility in an N-channel device, which

leads to higher conductivity of the DCT. Since source and bulk are tied to the same node (Vsz=0), the
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threshold voltage does not change with variation in supply voltage, similar to the circuit topology

discussed in section 7.3.2.1.

7.4 DCT with SRAM-PU header switch

7.4.1 Simulation setup

During STANDBY, in order to retain stored data, the voltage at SUP node must not be allowed to drop
below 0.7V. In order to size the DCT, a DC simulation is set up (Figure 7.6), similar to the one
outlined in section 7.3.1. The DCT is placed between the Vpp and SUP node. The simulation is again
run separately for different supply voltage levels, and in each case Vgyp is recorded as a function of

temperature in different process corners.

4096 cells 4096 cells
WL1 WL1

Vge=0 Vip Voo

e VJ=‘ heac VJ=_
(a) with NMOS DCT (bulk tied to SUP node) (b) with NMOS DCT (bulk tied to GND)
4096 cells
WL1
V. =0 Vop Voo

% WEF
BL 4 | | SRAM-PU BLb

(c) with PMOS DCT

Figure 7.6 DCT configurations with a header switch
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The simulation is carried out for two DCT configurations. A potential option is presented in Figure
7.6a but it is not analyzed for reasons provided in section 7.4.2.1. In the configuration of Figure 7.6b,
the bulk of the SRAM-PD DCT is tied to GND. In the configuration of Figure 7.6¢c, the SRAM-PU
(PMOS) transistor is used in the DCT configuration with its bulk tied to Vpp.

7.4.2 Results and discussion

7.4.2.1 SRAM-PD DCT with bulk tied to SUP node

The topology presented in Figure 7.6a is not feasible from a fabrication point of view since the bulk of
the NMOS DCT is connected to the SUP node. TSMC allows all NMOS transistor bulk connections to
GND only. Even if this option is approved for fabrication, a separate p-well would need to be created,

which would add to fabrication costs.

7.4.2.2 SRAM-PD DCT with bulk tied to GND node

Figure 7.7 shows Vgyp plotted as a function of temperature during STANDBY for the configuration
depicted in Figure 7.6b. The three plots show Vgyp variation as a function of temperature for different
supply voltage levels. The minimum DCT width that guarantees DRV in all process corners as well as
over the full variation in supply voltage is 46.7um, which is achieved with the simulation conducted at
Vop = 0.9Vppmom)- When the bulk of the NMOS DCT is tied to GND instead of the SUP node, [Vl is
already greater than zero at Vpp = 0.9Vppuom), and increases further with increase in supply voltage.
This increases the threshold voltage of the DCT with increasing Vpp. Unlike the topology presented in
Figure 7.6a, this particular circuit topology is able to achieve a lower Vgyp with increasing supply
voltage level, as is desired. The SNFP process achieves the lowest SUP node voltage because of the
fact that the off-resistance of the NMOS DCT increases the most compared to the off-resistance of the
block. On the other hand, the FNSP process achieves the highest SUP node voltage due to the fact that
the off-resistance of the DCT decreases the most compared to the off-resistance of the block. The SUP

node voltage in other processes lies between these two extremes over the entire temperature scale.

Vsup during standby ——FNFP ——FNSP NOMINAL Vsup during standby ——FNFP ——FNSP NOMINAL Vsup during standby ——FNFP = FNSP NOMINAL
(0.9Vop(mom) ——SNFP ——SNsP = = Target (0.7V) (Voognom) ——SNFP ——SNsP = = Target (0.7V) (1:1Vop(om) ——SNFP ——SNSP = = Tamget (0.7V)
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Figure 7.7 Vgyp during STANDBY using NMOS DCT (bulk tied to GND) at Vpp = 0.9Vppguom) (2) at Vpp =
VDD(lmm) (b) at VDD = ]~]VDD(110)n) (C)
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Variation in supply voltage scales the voltage across the block and the DCT accordingly. A higher
voltage is therefore maintained across the block at Vpp = 1.1Vpppem) When actually the lowest voltage

(closest to or equal to 0.7V) is desired in order to achieve maximum reduction in block leakage current.

7.4.2.3 SRAM-PU DCT with bulk tied to Vpp node

Figure 7.8 shows Vgyp plotted as a function of temperature during STANDBY for the configuration
depicted in Figure 7.6c. The three plots show Vgyp variation as a function of temperature for different
supply voltage levels. The minimum DCT width that guarantees DRV in all corners as well as over the
full variation in supply voltage is 43.5um, which is achieved with the simulation conducted at Vpp =
0.9V ppmom)- Unlike the case of NMOS DCT, the FNSP process achieves the lowest SUP node voltage
for the PMOS DCT because of the fact that the off-resistance of the DCT increases the most compared
to the off-resistance of the block. On the other hand, the SNFP process achieves the highest SUP node
voltage due to the fact that the off-resistance of the DCT decreases the most compared to the off-

resistance of the block.

A relatively large PMOS DCT is needed because of the lower carrier mobility in a P-channel device,
which leads to lower conductivity of the DCT. Since source and bulk are tied to the same node

(Vsp=0), the threshold voltage does not change with variation in supply voltage.

Vsyp during standby ——FNFP ——FNSP NOMINAL Vsup during standby [ NOMINAL Vsup during standby ——FNFP ——FNSP NOMINAL
(0.9Vppnom) ——SNFP ——SNSP = = Target (0.7V) (Voo(aom) ———SNFP ———SNSP = = Target (0.7V)| (11Vopnom) ——SNFP ——SNSP = = Target (0.7V),
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Figure 7.8 Vgyp during STANDBY using PMOS DCT (bulk tied to Vpp) at Vpp = 0.9Vppem) () at Vpp =
Vopmomy (b) at Vpp = L.1Vppgom (€)

7.5 Selection of DCT

The use of the DCT helps achieve DRV across the block during STANDBY, however it does not
allow maximum possible reduction in leakage currents to be achieved. Table 7.1 and Table 7.2 present
the results of the analysis for the block-footer-DCT and block-header-DCT systems respectively. In
addition, the area estimation model developed in chapter 6 has been employed to determine the area

overhead associated with each type of DCT.
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For the block-footer-DCT system (Table 7.1), the configuration shown in Figure 7.2c (NMOS DCT
with bulk tied to GND) is able to achieve the highest SRC node voltage (0.263V) in the MOST

LEAKY corner, and hence maximum leakage reduction (64.5%). The leakage reduction achieved with
this configuration in the NOMINAL and LEAST LEAKY corners also closely matches the figures of

the other two options. It is also the most efficient option from an area overhead perspective, requiring

only 0.5% area of the memory block.

Table 7.1 Comparison of results for different DCT options with a footer switch

MOST LEAKY NOMINAL LEAST LEAKY
Percentage
Max. Max. Max.
area
Vsre leakage Vsre leakage Vsre leakage
overhead
reduction reduction reduction
Footer +
PMOS
DCT with 7.63% 0.244V 62.5% 0.210V 57.4% 0.253V 43.0%
bulk tied to
SRC
Footer +
PMOS
DCT with 9.83% 0.244V 62.5% 0.228V 59.6% 0.274V 44.7%
bulk tied to
Vb
Footer +
NMOS
DCT with 6.63% 0.263V 64.5% 0.208V 57.2% 0.248V 42.5%
bulk tied to
GND

For the block-header-DCT system (Table 7.2), the configuration shown in Figure 7.6b (NMOS DCT
with bulk tied to GND) is able to achieve lower SUP node voltage in the MOST LEAKY and
NOMINAL corners (0.930V and 0.849V), and hence higher leakage reduction of 25.5% and 36.5%

respectively in the two corners. It is also more efficient from an area overhead perspective requiring

only 2.9% area of the memory block.
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Table 7.2 Comparison of results for different DCT options with a header switch

MOST LEAKY NOMINAL LEAST LEAKY
Percentage
Max. Max. Max.
area
Vsup leakage Vsup leakage Vsup leakage
overhead
reduction reduction reduction
Header +
NMOS
DCT with N/A N/A N/A N/A N/A N/A N/A
bulk tied to
SUP
Header +
NMOS
DCT with 6.52% 0.930V 25.5% 0.849V 36.5% 0.704V 57.5%
bulk tied to
GND
Header +
PMOS
DCT with 6.82% 0.990V 21.0% 0.902V 31.1% 0.750V 52.9%
bulk tied to
VDD

Figure 7.9 shows the selected block-switch-DCT configurations.

VDD VDD

- =L L4

SRAM-PU SRAM-PD

MEMORY BLOCK

() (b)

Figure 7.9 Selected block-footer-DCT configuration (a) and block-header-DCT configuration (b)

Figure 7.10 shows 32kb instance-level leakage current in STANDBY mode in different corners for the
configurations shown in Figure 7.9. Source biasing the SRC node (compared to source biasing the

SUP node) achieves greater reduction in leakage current in the MOST LEAKY and NOMINAL
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corners but not in the LEAST LEAKY corner. That is because the block-header-DCT configuration is
able to maintain Vyp closer to DRV in the LEAST LEAKY corner, relative to the block-footer-DCT

configuration maintaining Vsgc closer to 0.9Vppmem) — 0.7V.

32kb instance leakage current (STANDBY mode)
1000.00
318.168 @ No power saving
237.158 technique
112.961
100.00 -
<
=
E 10.00 - O Source biasing the SUP
g node using PMOS switch
8 2.836 and NMOS DCT
1.800
1.213
1001 0.456
0.262
0-194 B Source biasing the SRC
node using NMOS switch
0.10 and NMOS DCT
MOST LEAKY NOMINAL LEAST LEAKY
Corner

Figure 7.10 STANDBY mode block leakage current comparison for the investigated architectures

Figure 7.11 shows the percentage reduction in block/instance leakage in comparison to using no power
saving technique. Maximum leakage reduction of 64.5% and 25.5% can be achieved in the MOST
LEAKY corner for the block-footer-DCT and block-header-DCT configurations respectively.

Instance leakage reduction (STANDBY mode)
100
90 - .

B Source biasing the SRC
® 801 node using NMOS switch
< 70 64.5 and NMOS DCT
o
5 60 57.2 57.5
3
2 504 42,5
g 36.5
(=) B
g 40
§ 30 255
& 20 O Source biasing the SUP

10 4 node using PMOS switch
0 and NMOS DCT
MOST LEAKY NOMINAL LEAST LEAKY
Corner

Figure 7.11 Percentage block leakage reduction (compared to using no power saving technique)
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7.6 The actively clamped switch
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Bandgap ﬁ
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[ s

Block select (active high)

Figure 7.12 Actively clamped switch scheme (for source biasing the SRC node)

A modified version of the actively clamped sleep transistor scheme presented in [2] is employed to
estimate leakage reduction achieved during STANDBY. A schematic of this approach is presented in
Figure 7.12. A proposed version of this scheme to suit the header switch is presented in Figure 7.13.
The area overhead, current consumption and output voltage variation figures for the bandgap reference
and the op-amp are taken from NXP’s core IP library. The current consumption of an existing
embedded bandgap is 20uA, 10uA and 5uA and that of the op-amp is 20uA, 151A and 10uA in the
MOST LEAKY, NOMINAL and LEAST LEAKY corners respectively [4]. The total area overhead
associated with the bandgap and the op-amp is 75210um’ and 10um’ respectively [4], which is 993.4%
and 0.7% of the memory block area. The variation on the bandgap output voltage is +5% of the
NOMINAL value [4]. Keeping the expected variation of the bandgap output in mind, a corresponding

5% variation on the SRC and SUP nodes is taken into account as a result.

The circuit itself was not simulated. Note that a single bandgap is required per memory instance, but

each memory block needs to have an independent op-amp.

During ACTIVE mode (block select signal is active), the output of the op-amp is cut-off and both M1

and M2 are on, thus maintaining Vpp across the memory block. When the block select signal is driven
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low, M2 is switched off and the gate voltage of M1 is controlled by the output of the op-amp. The op-
amp sets its output voltage such that the difference at its inputs is minimized. Vgyp/Vge is therefore
maintained at the reference voltage level provided by the bandgap during STANDBY. The op-amp
needs to fulfill certain criteria in order to be used in this role. The op-amp should not only have a low

settling time but should also be able to guarantee minimum overshoot on the SRC node [2].

VL
Voo
Block select (active high) | E’B )
—_— (100-X) % X %
VSUF -
vL
A Memory block
_l_ + (4096 cells)

Bandgap _

Reference 0.7V —

Figure 7.13 Proposed actively clamped switch scheme (for source biasing the SUP node)

7.6.1 Simulation setup

A simulation setup, similar to the one outlined in sections 7.3.1 and 7.4.1, can be used to determine the
total leakage current through the block-switch system. The simulation setup shown in Figure 7.14

mimics the behavior of an op-amp driving the gate of the switch during STANDBY.

4096 cells 4096 cells

V= Vor WL1 WL1
Vo |

SRC

Figure 7.14 Simulation setup used to determine the magnitude of leakage current

The only difference is that the DCT is removed and a gate voltage is applied to the footer (header) to

achieve the desired voltage at the SRC (SUP) node in the different corners. The voltage at the stated
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nodes would be slightly different in different corners due to the 5% expected variation at the bandgap

output.

7.6.2 Results and discussion

Table 7.3 and Table 7.4 provide system-level results for the actively clamped footer and header

systems respectively.

Table 7.3 System-level results for actively clamped footer switch

Percentage MOST LEAKY NOMINAL LEAST LEAKY
aren Max. Max. Max.
overhead Vsre leakage Vsre leakage Vsre leakage
reduction reduction reduction
32kb
instance +
8 actively
clamped 130.9% 0.32V 13.3% 0.31V -4868.9% 0.29v -18592.1%
footers + 8
op-amps +
bandgap
Table 7.4 System level results for actively clamped header switch
Area/ MOST LEAKY NOMINAL LEAST LEAKY
Percentage Max. Max. Max.
area Vsre leakage Vsre leakage Vsre leakage
overhead reduction reduction reduction
32kb
instance +
8 actively
clamped 128.5% 0.77V -20.9% 0.74V -4889.5% 0.7V -18578.6%
headers + 8
op-amps +
bandgap

It is clear that for a 32kb instance, little leakage reduction is possible with the actively clamped footer

configuration only, in the MOST LEAKY corner. The current consumption of the op-amps and the

bandgap is far greater than the reduction in leakage achieved in the memory blocks in the NOMINAL
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and LEAST LEAKY corners. For the actively clamped header scheme, more power is actually

consumed in all corners. One method to achieve more benefit out of this scheme is to use larger-sized
blocks.

Net leakage current of 32kb instance with op-amps and bandgap (STANDBY mode)
1000.00
384.800 B No power saving
318.168 276.000 141.528 technique
140.944 85.185
85.246
100.00 -
<
=
E 10.00 - 0 Source piasing'the SuUP
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Figure 7.15 STANDBY mode system leakage current comparison for architectures using actively clamped

switch
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Figure 7.16 Percentage system leakage reduction (compared to using no power saving technique)
Figure 7.15 shows a graphical representation of system STANDBY leakage levels with the use of an

actively clamped switch scheme. Figure 7.16 shows the percentage reduction in leakage compared to

using no power saving technique. The figures tie in with the data presented in Table 7.3 and Table 7.4.
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7.7 Comparison of the two schemes

Although the actively clamped switch architecture achieves greater block leakage reduction, the
presence of an op-amp with each memory block significantly increases the overall system STANDBY
current. For a 32kb instance, the area overhead for the actively clamped switch scheme is also
significantly higher, which is primarily due to the large area overhead of the bandgap. For larger
instances, the actively clamped scheme may be more area efficient, but it can only achieve leakage

reduction in the MOST LEAKY corner for the actively clamped footer configuration.

The most promising option appears to be the block-footer-DCT architecture from the results seen in

Table 7.1.

7.8 Conclusion

Optimum candidates in a DCT role both for the block-footer and block-header architectures have been
identified. An area/leakage current trade-off has also been presented for an alternate scheme that can
be used to achieve DRV during STANDBY. The highlighted configurations in Table 7.1, Table 7.2
and Table 7.3 will be analyzed for potential power savings at the desired frequency of 500MHz in the
following chapter. A power estimation analysis is necessary so that a complete design trade-off picture
in terms of area, speed and power can be sketched. In the following chapter, a model is developed that

estimates power savings for the investigated architectures for two different memory addressing modes.
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Chapter 8

Power estimation

In the work presented thus far, optimum header and footer switches as well as optimum DCTs have
been identified keeping in view the maximum achievable leakage reduction and associated area
penalty. An alternate technique to achieve DRV during STANDBY has also been briefly investigated,
and area overhead/leakage reduction figures have been calculated. In this chapter, a power estimation
model is developed that estimates power savings achieved from the selected architectures as a function

of memory operating frequency.

The power estimation analysis is presented for the MOST LEAKY, NOMINAL and LEAST LEAKY
corners using two types of memory access schemes: cyclic single block access and sequential block

access.

8.1 Power consumed by switch

The power consumed by the driving of the switch is directly proportional to the frequency of operation,

Saccess,» Of the memory.
Figure 8.1 shows the voltage and current profiles for the NMOS switch. The area under a power-time

graph represents the energy consumed per transition, E,sm.- The power consumed by the switch is

therefore given by Equation (8.1).
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Figure 8.1 Energy consumption per transition for footer switch
PSWITCH = Econsume ’ faccess (8 1)

8.2 Power savings in memory block

As soon as the switch is de-activated, the leakage of the block begins to charge the SRC node
capacitance (in case of a footer switch) and the voltage on the node begins to rise. As a consequence of
that happening, the leakage current through the memory block begins to decrease. The rising SRC
node voltage is finally clamped to a fixed potential by the DCT. Consequently, the decreasing leakage
level through the memory block also hits a constant level at time ty. This principle is illustrated in

Figure 8.2.

The leakage current savings achieved over time are expressed by Equation (8.2), where I gk max) 1S

the leakage of the memory block when a potential difference of Vpp, exists across its terminals.

Toave =1 ipagnaxy =1 Leax (8.2)
The corresponding instantaneous power savings are expressed by Equation (8.3).
Pssve =V Lsave (8.3)

The energy savings achieved at a particular instant in time can be obtained by integrating the

instantaneous power savings over the STANDBY time period, as shown by Equation (8.4).
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t
Egye = J-PSAVE -dt (8.4)
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Figure 8.2 Deactivating the footer switch

8.3 Memory access schemes

8.3.1 Cyclic single block access (CSBA)

In this particular access scheme, a single memory block is accessed cyclically while all other blocks
are in STANDBY, i.e. they are never accessed. The power saved by the accessed block is inversely
proportional to the frequency of operation, while all non-accessed blocks save maximum power.
Figure 8.3 illustrates this principle. This access scheme mimics designs using high locality of

reference.

97



NXP Restricted (NXP-R-TN 2009/00028)

- Cyclic

single
J» block
v’ access

o p

tsranDBY (MAX)

tACT
V(.;S(FOOTER-Ba) I I_I I_I I_ ) _I I—I I—I I—
+—>
téTANDBY
B8 B8 B8 B8 B8 B8
I eax 4
(B8)
VGS(FOOTEF!-B1 to B7) e o o
B1-B7
ILEAK .
(B1-B7)
: > >

Figure 8.3 Principle of cyclic single block access scheme

The pull down time (#pp) of the SRC node in the MOST LEAKY, NOMINAL and LEAST LEAKY
corners is 480s, 410ps and 450ps respectively for the SRAM-PD footer. The ACTIVE time (minimum

cycle time) of the proposed memory architecture is therefore given by Equation (8.5).

Lacr = Teyc(min) =Ipp T lns

where Ins is the cycle time of the existing memories and 7pp is the access time penalty associated with
the use of a footer switch. The penalty (¢p;) in case of the SRAM-PU header switch is 800ps, 670ps
and 860ps respectively in the MOST LEAKY, NOMINAL and LEAST LEAKY corners. Therefore

the ACTIVE time of the proposed memory architecture with a header switch is given by Equation

(8.6).
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Lacr = leye(min) = tpy T Ins (8.6)

The period T of the switch gate signal can be expressed by Equation (8.7) and the frequency of

memory access by Equation (8.8).

T =1t,cr +tsranppy (8.7)

facce‘vs = (88)

1
T
The power savings of the accessed block is expressed by Equation (8.9).
PAB = faccess ’ ESAVE (89)

The frequency for all non-accessed blocks is zero, hence the power savings of each non-accessed
block is given by Equation (8.10), where I54ygmax) represents the maximum savings in leakage current

(refer to Figure 8.2).
Pyg = ISAVE(MAX) Voo (8.10)

The total power savings of the memory instance is therefore given by Equation (8.11), where Ng

represents the total number of blocks the instance is divided into.
PI:(NB_I)’PNAB-FPAB (8.11)

8.3.2 Sequential block access (SQBA)

In the SQBA scheme, all memory blocks are accessed sequentially in a cyclical pattern. In other words,
all blocks save equal power for a given f,...;; value. Figure 8.4 illustrates this principle. This particular

access scheme mimics situations where random block wise hopping is observed.

The common time for which each block remains in STANDBY is given by Equation (8.12).

tSTANDBY(COMMON) = (NB - 1) T+ tSTANDBY (8.12)

99



NXP Restricted (NXP-R-TN 2009/00028)

—| B8 |-

AT TE

4

Sequential
block access
'i'

—>

taer : :
<> :

M L. oL ro
1::TANDBY :
;8 B1 B2 . B8 . BI B2

VGS(FOOTER-BS) | | ; « o —l I
ek 4 : :
(B8)

'

GS (FOOTER - B1)

>

A

tsTanDBY (cCommon)

Figure 8.4 Principle of sequential block access scheme

The common internal frequency of accessed blocks is expressed by Equation (8.13).

1
Scomon = (8.13)

L stannpy (coMMON) +1lycr

The power savings of each block is therefore given by Equation (8.14) and the total power savings of

the instance are given by Equation (8.15).

PAB = fCOMMON ) ESAVE(’STANDBY(COMM()N)) (814)
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P, =N Py (8.15)

8.4 Power savings with the block-switch-DCT architecture

Figure 8.5 shows power savings of a 32kb memory instance together with the power consumption of
the NMOS switch, plotted as a function of f,.. for the two memory access schemes, using the block-
footer-DCT architecture. The net power savings at a specific frequency are the power savings of the
instance minus the power consumption of the switch. Figure 8.6 shows the same for the block-header-

DCT architecture.

It is evident that with a 32kb instance, the only power savings possible at the desired frequency of
500MHz are in the MOST LEAKY corner. What is also evident from the results is that the
investigated memory architecture is mostly suited to high-temperature applications. For a 32kb
instance, more power is actually consumed in the NOMINAL and LEAST LEAKY corners for
frequencies above /0MHz for the block-footer-DCT and above 40MHz for block-header-DCT

configurations respectively.

Power savings vs power consumption (Block, fecter and DCT)
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Figure 8.5 32kb instance power savings against power consumed by footer switch (block-footer-DCT)
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Power savings vs power consumption (Block, header and DCT)
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Figure 8.6 32kb instance power savings against power consumed by header switch (block-header-DCT)

Plots that curve downward represent the power savings of the instance using SQBA scheme and the
plots that are relatively horizontal represent the power savings of the instance using the CSBA scheme.
The achieved power savings are lowest at very high frequencies since sufficient time is not available
to the SRC (SUP) node to float up (down) to the designed-for potential during STANDBY. Block
leakage currents therefore do not reduce substantially after the switch has been turned off. As f cess
decreases, more STANDBY time is available to the memory blocks hence leakage currents reduce by
a greater amount leading to higher power savings. Below a certain frequency, the plot for instance

power savings hits a constant value because maximum reduction in leakage currents is achieved.

In case of the CSBA scheme, the power savings of only the accessed block depend on f,...s;. Since the
remaining blocks are always in STANDBY, they save maximum power. This is the reason why the

plots for the CSBA scheme are relatively horizontal in Figure 8.5 and Figure 8.6.
Note that if only one 4096-cell memory block was used in the analysis, the power curves for both

memory access schemes would be identical, horizontal till a certain frequency value and curving

downwards with further increase in frequency.
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As the number of blocks is increased, the separation between the CSBA and SQBA curves decreases
at high frequencies because a larger number of blocks increases the value of fsranpsy (common) I

Equation (8.12), bringing its value closer to when maximum leakage reduction can be achieved.

In Figure 8.5 and Figure 8.6, the maximum operating frequency of the instance in the three corners is
different due to the difference in pull-down (pull-up) times of the SRC (SUP) nodes in the three
corners, which contribute differently to the access time penalty thus giving different values for

minimum cycle time.

Since it is clear that significant power savings cannot be achieved with an instance of 32kb, the
memory instance size is now increased so that a near break-even between power saved and power
consumed at 5S00MHz is achieved in the NOMINAL corner for the SQBA scheme. This would allow
power savings to be achieved at room temperature and above for the desired frequency of operation. In
order to achieve a near break-even at the stated condition a memory instance of 4Mb (1024 blocks) is
required using the block-footer-DCT configuration (Figure 8.7), and a memory instance of 2Mb (512
blocks) is required using the block-header-DCT configuration (Figure 8.8).

Power savings vs power consumption (Block, footer and DCT)
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Figure 8.7 4Mb instance power savings against power consumed by footer switch (block-footer-DCT)
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Power savings vs power consumption (Block, header and DCT)
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Figure 8.8 2Mb instance power savings against power consumed by header switch (block-header-DCT)

In connection to the data presented in Figure 8.7 and Figure 8.8, an estimate of net instance power
savings at 500MHz, in comparison to employing no power saving technique, is presented in Figure 8.9.
Significant power savings can now be achieved in the MOST LEAKY corner by both memory
architectures. Lesser power savings are achieved in the NOMINAL corner for both memory
architectures, using the CSBA scheme. The power savings are the least for the SQBA scheme in the
NOMINAL corner for both architectures as it presents the near break-even case. For the block-footer-
DCT configuration, power is actually consumed in the LEAST LEAKY corner. However, for the
block-header-DCT architecture, some power is still saved in the LEAST LEAKY corner using the

CSBA scheme, due to the lower power consumption of the header switch at 500MHz.
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Figure 8.9 Power savings achieved at 500MHz operation
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8.5 Power savings with the actively clamped switch scheme

In chapter 7, it was shown that leakage reduction was only possible for the actively clamped footer
scheme in the MOST LEAKY corner. Unlike the case of the DCT architecture, a break-even between
power saved and that consumed is not possible in the NOMINAL corner since power is not saved in
that corner. As the number of blocks in the instance is increased, leakage reduction improves but the
power consumption of the op-amp units also increases since their power consumption is directly
proportional to their number. A near break-even in the MOST LEAKY corner has been achieved at
500MHz with an instance size of 256kb, using the SQBA scheme. This is graphically illustrated in
Figure 8.10.
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Figure 8.10 256kb instance power savings against power consumed by bandgap, op-amps and footer switch

The plots for power consumption curve upwards at high frequencies because the increasing power
consumption of the switch is being added to the constant power consumption of the bandgap and the

op-amp units.
The results indicate that this particular architecture is only suited to very high temperature applications.

Also, significant power savings cannot be achieved with this architecture if the instance size is

increased beyond 256kb since the power consumption of the op-amp units increases proportionally.
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In connection to the data presented in Figure 8.10 and, an estimate of instance power savings, in
comparison to employing no power saving technique, at the desired frequency of operation is
presented in Figure 8.11. As explained earlier, no power is saved in any corner except the MOST

LEAKY.
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Figure 8.11 Power savings achieved at 500MHz operation using actively clamped NMOS switch
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8.6 Results

A power estimation model has been presented in this chapter to estimate power savings for the
architectures selected at the end of chapter 7. Power savings have been estimated for two different
memory access schemes. Significant power savings can be achieved using the DCT approach in the
MOST LEAKY and NOMINAL corners, while lower power savings are possible with the actively
clamped switch scheme in the MOST LEAKY corner only. The complete design trade-off picture
for the investigated options is presented here. Figure 8.12 illustrates the block-footer-DCT

architecture and Table 8.1 provides a summary of results for this configuration.

Voo
i

Memory block

Figure 8.12 The block-footer-DCT architecture

Table 8.1 Summary of results for the block-footer-DCT architecture

MOST LEAKY NOMINAL LEAST LEAKY
Block size 4096 bits
SRAM-PD footer size 214pm (996 x 215nm)
SRAM-PD DCT size 6.9um (32 x 215nm)
Total area overhead
6.63%

(switch and DCT)

Percentage reduction in
leakage current for a 64.5% 57.2% 42.5%
32kb instance

teycLg of proposed

1.48ns 1.41ns 1.45ns
architecture
Frequency of proposed
675MHz 709MHz 689MHz
architecture
Net power savings of a
30.7mW (CSBA) 177.9uW (CSBA) -19.2uW (CSBA)
4Mb instance at
30.4mW (SQBA) 18.5uW (SQBA) -44.6uW (SQBA)

500MHz
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The maximum operating frequency of the design is 740MHz in the FAST corner.

Figure 8.13 illustrates the block-header-DCT architecture and Table 8.2 provides a summary of results

for this configuration.

Memory block

Figure 8.13 The block-header-DCT architecture

Table 8.2 Summary of results for the block-header-DCT architecture

MOST LEAKY NOMINAL LEAST LEAKY
Block size 4096 bits
SRAM-PU header size 58um (645 x 90nm)
SRAM-PD DCT size 46.7um (217 x 215nm)
Total area overhead
6.52%

(switch and DCT)

Percentage reduction in
leakage current for a 25.5% 36.5% 57.5%
32kb instance

teycLg of proposed

1.80ns 1.67ns 1.86ns
architecture
Frequency of proposed
555MHz 598MHz 537MHz
architecture
Net power savings of a
6.2mW (CSBA) 62.6uW (CSBA) 9.6uW (CSBA)
2Mb instance at
6.1mW (SQBA) 2.0uW (SQBA) -6.5uW (SQBA)

500MHz

The maximum operating frequency of the design is 675MHz in the FAST corner.
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Figure 8.14 illustrates the actively clamped footer architecture, a configuration that was also briefly

investigated to determine leakage reduction and power savings. Table 8.3 provides a summary of

results for this configuration.
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Figure 8.14 The actively clamped footer architecture

Table 8.3 Summary of results for the actively clamped footer architecture

MOST LEAKY NOMINAL LEAST LEAKY
Block size 4096 bits
SRAM-PD footer size 214pm (996 x 215nm)
Op-amp area 10um”
Bandgap area 15210um”
Total area overhead for
32kb instance (switch,
130.9%
op-amp units and
bandgap)
Percentage reduction in
leakage current for a 13.3% -4868.9% -18592.1%
32kb instance
teycerg of proposed
1.48ns 1.41ns 1.45ns
architecture
Frequency of proposed
675MHz 709MHz 689MHz
architecture
Net power savings of a
385.8uW (CSBA) -1.11mW (CSBA) -0.68mW (CSBA)
256kb instance at
4.1uW (SQBA) -1.13mW (SQBA) -0.68mW (SQBA)
500MHz
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The results of the block-footer-DCT architecture are the most promising out of the three architectures
presented. It achieves the maximum leakage reduction in the MOST LEAKY and NOMINAL corners
for the desired 32kb instance. It also meets the 500M Hz operating frequency requirement in all corners.
It also achieves the highest power savings in the MOST LEAKY and NOMINAL corners. The
proposed architecture sees feasibility of use at room temperature and above. Finally, the total area

overhead associated with this scheme is only 6.63%.

In Chapter 9, some recommendations for future work in the field of low-power SRAM design are

presented.
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Chapter 9

Recommendations for future work

SRAMs are a vital building block of most modern SoCs, therefore low-power SRAM design is
expected to be an active area of interest amongst researchers for a number of years to come. In most of
the publications available to date, the emphasis has been on the reduction of either ACTIVE or
STANDBY power. That is because for approximately the same performance figures, one of the two
can be reduced at an acceptable penalty in area. Several broad areas of future work are suggested in

the following sections.

9.1 Test chip layout

Although a test chip layout was an extended target of this assignment but due to lack of time, the
layout could not be finished. It would be a worthwhile exercise to layout the selected block-footer-
DCT architecture and carry out a post layout simulation on the design. A difference in pre- and post
layout simulations would indicate how well the design was laid out and the effect of increased routing
capacitance on the timing critical signals. Finally, a silicon measurement of leakage currents would
confirm exactly how much leakage reduction is possible with the proposed architecture, compared to

simulation results.

9.2 Sub-threshold SRAM design

Sub-threshold operation is the lower limit to low-power digital design. Since low-power design is
driving the electronics market today, it would be a worthwhile effort to investigate the operation of the

TSMC 45nm 6T SRAM cell in sub-threshold region of operation. A complete sub-threshold SRAM

112



NXP Restricted (NXP-R-TN 2009/00028)

design together with a comprehensive analysis of the associated area-speed-power trade-offs would be

a notable contribution to knowledge.

9.3 Vggc controller design

This suggestion is indirectly related to low-power SRAM design. Work could be undertaken to
investigate a potential circuit/module that can accurately control the gate-source voltage of the footer

during periods of STANDBY. A block level diagram of the proposal is provided in Figure 9.1.

Temperature
sensor
T = -40deg to +125deg
A

ACTIVE / . o Voltage level
STANDBY —» Desired circuit < sensor

l V =0.9Vyto 1.1V,

Vs (Footer)
Stﬁz? { Vsre = Vpp - 0.7V for all T, processes and Vy,

Figure 9.1 Block diagram for a potential SRC node voltage controlling circuit

The area overhead may be acceptable if the desired circuit could be shared between all memory blocks
and if it is able to control the footer Vs accurately over the entire operating temperature range as well
as for supply voltage variation. Realization of this circuit would allow maximum possible reduction in
leakage currents for large memories using source biasing, provided the highlighted modules do not

consume significant power.

9.4 Block address decoder design

For SRAM designs employing a high locality of reference (that is when a lot of read/write operations
take place within a single block), a block address decoder could be designed such that the software
running on top of the hardware is able to keep the footer (block select signal) on for multiple clock
cycles. That would significantly reduce the power consumption associated with driving the footer at

every clock edge. Also, after the first read/write operation, subsequent read/writes to the same block
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would not incur the additional access time penalty (associated with bringing the block from
STANDBY mode into ACTIVE mode) talked about this report. For subsequent read/writes, the
proposed architecture would be able to run at /GHz (Ins cycle time). The design of such a decoder
would lead to higher power savings in the MOST LEAKY and NOMINAL corners and could even
allow power savings in the LEAST LEAKY corner for the block-footer-DCT architecture at high

frequencies.
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Appendix A

Sources of power dissipation in CMOS

circuits

A brief overview of sources of power consumption in digital circuits is presented here to aid the
understanding of work presented in this thesis. There are three sources of power dissipation, namely
dynamic power dissipation, short-circuit power dissipation and power dissipation due to leakage
currents. These contributions can be combined together in Equation (A.1) [1] to represent the total

power dissipation.

P

tot

=P

dynamic

+ P

short—circuit

+ P,

leakage

(A.1)

A.1 Dynamic power dissipation

Dynamic power dissipation is attributed to the charging and discharging of capacitances in a digital
circuit. In Figure A.1b, when the input signal goes through a falling transition, the PMOS starts to
conduct and the NMOS is switched off. Current is drawn from the power supply that charges the load
capacitor to Vpp. The energy drawn from the power supply during the charging phase is C;-Vpy [2].
Half of this energy is stored on the load capacitor and the other half is dissipated in the PMOS device

and associated interconnects during charging.
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Figure A.1 CMOS inverter (a) inverter charging a capacitive load (b) inverter discharging a capacitive load (c)

When a rising transition takes place on the input terminal (Figure A.1c), the NMOS transistor starts to
conduct and the PMOS is switched off. The pull down transistor discharges the load capacitor and the
stored energy is therefore dissipated in the NMOS transistor and the associated interconnects. The

dynamic power dissipation can then be expressed as Equation (A.2) [2]:

P

2
dynamic = CL ’ VDD ’ f 2 (A2)
where C is the load capacitance, Vpp is the supply voltage, f'is the frequency of operation and a is the
activity factor. Dynamic power dissipation can be reduced by reducing any one or all of the

parameters listed on the right hand side of Equation (A.2).

A.2  Short-circuit power dissipation

The short-circuit power dissipation occurs as a consequence of the availability of a direct current path
between the supply node and ground during a switching operation. The direct current path comes into
existence during the high-to-low as well as low-to-high input transitions, in which both the NMOS and
PMOS transistors simultaneously conduct for a short duration. Figure A.2 provides a pictorial
representation of the input voltage and the short circuit current in an inverter, plotted as a function of

time.
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Figure A.2 Short circuit current in an inverter (re-drawn from [2])

The peak value of current is a function of transistor size and the slopes of Vjy and Vyyr [2]. If the
current spikes are approximated as triangles and a symmetrical inverter drive is assumed, the energy
consumed per switching can be expressed by Equation (A.3) and the power consumption can be

expressed by Equation (A.4) [2].

I -t 1 -t
E uort—cireuir = Vo PEAI; “~+Vop PEA; = =Vpp e L ppag (A.3)
Pshort—circuir = VDD : tsc ’ IPEAK : f (A4)

where Ipgax is the maximum short-circuit current, Vpp is the supply voltage, z,. represents the time for
which both devices are on and f is the frequency of operation. Short-circuit power dissipation can be
lowered by reducing the transistor aspect ratio and the supply voltage level, by using advanced

technology generations and by reducing the input signal transition times [1].

A.3 Power dissipation due to leakage currents

In CMOS technologies beyond 90nm, leakage currents of low-Vr transistors heavily dominate the
standby power consumption of a design [3]. Leakage currents can be broadly categorized into four
main types. These include sub-threshold leakage, gate leakage, gate induced drain leakage and
junction leakage. A detailed account of MOSFET leakage currents in 45nm technology is provided in

Appendix C.

Gate leakage occurs for as long as a potential difference exists across the oxide layer. Sub-threshold

leakage and gate-induced drain leakage occur when the device is in the off state. Junction leakage
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occurs for as long as a drain potential with respect to the bulk is present. Different leakage

mechanisms dominate under different bias conditions and temperatures.

Leakage currents can be reduced by using high-Vr transistors, operating at reduced temperatures, by
employing high-k gate dielectrics and by incorporating innovative circuit design techniques including

operating the circuit at reduced supply voltage levels.
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Appendix B

SRAM functional overview and 6T

SRAM cell operation

B.1 SRAM: Functional overview

A block-level diagram of the SRAM is presented in Figure B.1. An SRAM instance comprises a
memory matrix, normally arranged in a two-dimensional array of N rows and M columns, extending
over one or more pages. SRAMs are usually self-timed in that an internal module generates all the

necessary timing signals required for the operation of the SRAM.

B.1.1 The row-decoder

The word line driver (part of the row/X-decoder in Figure B.1) allows the selection of a specific word
line in the SRAM instance using the internally generated timing signals. The row decoder can be
either single or multi-stage in its architecture. In a single stage decoder, the entire decoding is realized
in a single block, which makes the architecture a promising option for small-sized memory instances.
Typically in a multi-stage decoding scheme, the most significant bits are pre-decoded in the first stage,
which provide enable signals for a second stage decoder, which then selects a particular word line.

This type of decoding is more suited to larger SRAM instances.
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Figure B.1 SRAM block diagram (re-drawn from [1])

B.1.2 The column-decoder

The column/Y-decoder allows multiple columns in the array to share a single sense amplifier (SA),
which greatly reduces the area overhead. The Y-decoder also provides isolation between bit lines and

the SA inputs during reading and prevents the complete discharge of bit lines by the SA.

B.1.3 The timing block

The function of the timing block is to accurately mimic the delay associated with bit line discharge
and therefore to provide a SA enable signal at the right instant. The timing module normally employs a
finite state machine (FSM) that moves through a set of pre-defined states in order to generate
sequentially timed signals for each block in the SRAM. Normally a chip select signal, global clock and
a reset signal are inputs to the FSM [2]. The timing module is driven by a dummy-loop, which consists
of a dummy column and a dummy row, similar in height and width to the actual memory matrix. This
approach allows replication of load capacitance and delays associated with bit- and word lines. The
dummy-loop based timing block provides accurate timing control over deactivation of the word line
and activation of the SA. The SA employed in the dummy-loop is usually an inverter, which resets the

FSM in the timing module when it toggles its state.

120



NXP Restricted (NXP-R-TN 2009/00028)

B.1.4 The write driver

The function of the write driver circuit (Figure B.2) is to quickly discharge one of the bit lines from

the pre-charge level (Vpp) to below the write margin of the SRAM cell [1].

BLb BL

2ot

N 1
LY g

4

Figure B.2 A typical write driver circuit (re-drawn from [1])

Each bit line pair (or a column) in the SRAM instance requires one write driver circuit so that data
may be written to each cell within the column. Depending on the data to be written to the cell, and
using a write enable signal, either M1 or M2 is activated in order to discharge the desired bit line. A
write operation is usually faster than a read operation primarily because a write operation does not

include bit line discharge by the cell and sensing delays.

B.1.5 Precharge, equalization and sense amplifier

The role of precharge, equalization and SA circuits can be better explained with the aid of Figure B.3,
which shows a classic SRAM circuit with precharge, SRAM cell, column multiplexer, SA reset and

equalization and SA. Also shown are signal waveforms during a read operation.

The role of the pre-charge circuit is to charge the bit lines to Vpp potential in the absence of a
read/write operation. The equalization transistor equalizes the voltage between the bit lines and
ensures that the differential voltage present between the bit lines at the start of a read operation is very
small, if not zero. At the start of a read operation, the bit lines are precharged to Vpp and then left
floating. The precharge level is set to Vpp to improve noise robustness and to ensure a non-destructive

read under process variations [3]. Also, since the Vpp pin is already available on the chip, it makes
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sense to use that potential for precharge rather than using an alternate voltage level, which would

normally come at an area cost, even if it provided higher design efficiency.
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Figure B.3 SRAM circuit with pre-charge, column MUX, SRAM cell, SA and signal waveforms during a read

v

operation (diagram is a modified version of the one appearing in [4])

When the word line is activated, the SRAM cell starts to discharge one of the bit lines (the one
connected to the cell node storing logic 0). The minimum acceptable differential voltage on the bit
lines directly governs the read access time of the memory and therefore its speed. A larger bit line
differential voltage is advantageous for reliable sensing but the cell takes longer to develop that

differential voltage. An optimum exists between time taken by the cell to develop the bit line
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differential (usually /00mV [5]) and the SA to amplify the input data to full swing CMOS signal
levels [4].

The inclusion of the SA in the SRAM not only allows faster reading but also permits the use of a
smaller SRAM cell [3]. Since the inputs of the SA are not isolated from the outputs, M1 and M2 are
needed to isolate the bit lines from the SA and therefore prevent full discharge of one of the bit lines,

which would otherwise add to delay and power.

B.1.6 SRAM access and cycle time

The access time is the minimum amount of time required to read data from the memory, measured
with respect to the initial rising edge of clock in the SRAM read operation. The typical value of this
parameter is usually the figure quoted on product data sheets [6]. It comprises delay of the word line
decoder, the bit line discharge time (to a sufficient differential voltage), time taken by the SA to
amplify the bit line differential voltage to full swing CMOS voltage level and the propagation delay

though interconnects before data appears at the pins.

The cycle time is the amount of time required to perform a single read or write operation and reset the
internal circuitry before a second operation can begin [6]. This time is usually designated by the fastest
clock cycle. Normally the access time is less than the cycle time. In certain cases however, the access

time may be equal to or greater than the cycle time, particularly where pipelining is employed.

B.2 6T CMOS SRAM cell

The standard six-transistor CMOS SRAM cell, shown in Figure B.4, is the most widely employed

architecture due to its small size, differential nature (as opposed to single ended) and high robustness

[1].

The cell consists of a cross-coupled inverter pair (M1/M5 & M2/M6) that forms a latch structure, and
a pair of NMOS pass gates (M3 & M4). The pass gates connect the internal storage nodes of the cross-
coupled inverters to the bit lines, allowing data to be read (non-destructively) from or written to the

memory cell. During STANDBY mode, they provide cell isolation.

The cell design must maintain a balance between robustness, speed, area, leakage and yield [5].
Reduced cell size normally increases the speed and lowers the power consumption due to reduced
capacitances. They also help reduce the total area, which in turn lowers the bit line and word line
capacitance, which in turn improves the memory access time. On the other hand, the drawback of

smaller transistors is reduced cell stability [1].
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Figure B.4 Six-transistor standard CMOS SRAM cell

Normally the NMOS pull-down transistors are the largest and the PMOS pull-up transistors the
smallest. The NMOS pass gates are generally bigger than the pull-up devices and smaller than the
pull-down devices. They are carefully sized so that they are strong enough to allow data to be changed

at the storage nodes during writing but weak enough not to flip the state of the cell during reading.

B.2.1 Read operation and static noise margin

At the start of a read cycle the bit line pair (BL/BLb) is precharged to Vpp and then left floating. These
bit-lines then act as charged capacitors. Thereafter, the word line (WL) is asserted, which enables the
two pass gates. As a result, read current (Irgap) begins to flow from BLb through the pass-gate M4 and
the pull-down transistor M6 to GND (refer to Figure B.5). BLb is therefore discharged by the memory
cell. A sense amplifier is used to speed up the reading process, and typically kicks in when the
potential difference between the bit lines reaches approximately /00mV [5]. Figure B.5 shows the

direction of read current flow through the SRAM cell.

The amount of read current flowing through the cell directly determines how fast the bit lines can be
discharged. The magnitude of the read current therefore significantly influences the maximum speed

of the memory.

At the time read current flows through the cell, voltage at the node storing logic ‘0’ temporarily rises.
Since the pull-down device M6 is stronger than the pass gate M4, the node is securely held below the
trip point of the inverter M1/MS5. Data is therefore prevented from getting corrupted during a read
operation. The maximum voltage that can be applied to the internal nodes of the cell before the cell

flips its state is termed as the static noise margin (SNM). SNM is investigated in detail in [7].
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Figure B.5 Read current flow through SRAM cell

An important term associated with the SRAM cell is the cell ratio (CR), which is defined by Equation
(B.1) [8]. CR is the same for M5/M3 due to symmetrical cell structure.

R:WMé/LM6

(B.1)
Wi/ Ly,

Higher values of CR make it less likely for the voltage at the internal node (storing a ‘0’) to go past the
trip point of inverter M1/M5 during reading. Also, higher values of CR provide higher Iggap values
and improved stability at the cost of increased cell area. Lower values of CR decrease the cell area but

also compromise somewhat on speed and stability [1].

B.2.2 Write operation and write margin

During writing, a write driver discharges one of the bit lines and maintains the other at Vpp. Thereafter,
the word line (WL) is asserted, which enables the two pass gates. As a result, write current (Iwgrirg)
begins to flow from Vpp through the pull-up transistor M1 and pass-gate M3 into BL. Figure B.6
shows the direction of write current (Iygire) flow through the SRAM cell.

The pull-up device M1 tries to maintain high voltage at the node storing logic ‘I’ but is unable to do
so due to the stronger pass gate M3. Eventually M3 pulls down the internal node originally held at
logic ‘1.” The cell therefore flips it state. The minimum bit line voltage at which the cell flips it state is
termed as the WM [9]. The WM value and variation is dependant on the cell design, the memory
matrix size and process variation. A cell is considered not writeable if the value of WM drops below

zero in the worst case [1].
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Figure B.6 Write current flow through SRAM cell

In addition to maintaining high voltage at the node storing logic ‘/,” M1 also prevents the discharge of
this node that can occur as a result of leakage currents of the pull down transistor M5 during

STANDBY.

Another important term associated with the SRAM cell is the pull-up ratio (PR), which is defined by
Equation (B.2) [8].

PR = M (B.2)
Wus /LM3

The maximum allowed PR is governed by the switching threshold of inverter M2/M6 and threshold
voltage process corner of the pass gate [1]. Stronger pass gates and slightly weaker pull up transistors

are normally employed to ensure a robust write operation in the worst case process corner.

Also, at the time write current Iygrg flows through the accessed cells, parasitic read current may flow
through all other cells enabled by the same word line but which are not written to during that particular

write cycle.
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Appendix C

Leakage currents in 45Snm SRAM cell

The data retention current in an SRAM cell consists of a number of components. Three sub-threshold
currents, eleven gate leakage (or gate-tunneling) currents and five gate induced drain leakage (GIDL)

currents flow in each cell. Figure C.1 illustrates the leakage current components of the SRAM cell.

BL =1

BLb =1

Gate leakage
Sub-threshold leakage
Gate induced drain leakage (GIDL)

Figure C.1 Leakage currents in a standard 6-T CMOS SRAM cell

Junction leakage (comprising of diffusion current, generation current, avalanche current and zener

tunneling current) [1] is a second order effect in 45nm technology [2] and is therefore ignored.
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C.1 Sub-threshold leakage current

Sub-threshold leakage current is the current that flows in the channel (between drain and source) for
Ves<V7. This current increases exponentially with temperature and roughly by an order of magnitude
for every 100mV decrease in threshold voltage [3]. The threshold voltage itself is temperature and Vg
dependant. Drain induced barrier lowering (DIBL) and temperature-dependant number of carriers in

the channel are the reasons for the dependencies. Vr typically varies by about /mV/K [2].

In short-channel devices Vi reduces due to an effect called DIBL. In normal transistor operation,
carriers face a barrier close to the source, which they have to cross. An increased drain-source bias
lowers the height of this barrier. This results in reduced threshold voltage both in sub-threshold and
super-threshold operating regions [4]. Also, DIBL becomes stronger with back-biasing [2]. Sub-
threshold leakage current is governed by Equations (C.1 — C.3) [5], where W and L are the transistor
width and length, T is the temperature, x4 is the effective mobility, C,, is the gate oxide capacitance,
Cp is the depletion capacitance, k is the Boltzmann constant, g is the electronic charge, Vps is the

drain-source voltage and Vs is the gate-source voltage.

V.-V Vv
I1=1,- ST 11— m_— C.1
0 eXp( ka/qj( eXp( kT/qD ©h
W kT
0 :Il'leﬁ C()x'(fj'(m_l)'(7J (C2)
C
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Sub-threshold currents dominate the SRAM cell leakage current at and above room temperature. They
can be reduced by using high-V; transistors. Sub-threshold currents can cause read failures in cases
where the pass gates are low-Vr devices. In such a case the leakage currents of all non-accessed cells
in a column may equal or surpass the read current of the accessed cell in the sane column. This

problem can be alleviated by using high-Vr pass gate transistors [6].

C.2 Gate induced drain leakage (GIDL or gate induced band to

band tunneling) current

When gate voltage is low and drain voltage is high (in case of NMOS device), electron-hole pairs can

be generated right under the gate-drain overlap region. In such a scenario, a negative gate-drain
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voltage then exists since V< Vp. This condition would force electrons in the drain region to be pushed
away from the surface. Since the drain is heavily doped, it is hard to significantly deplete it of
electrons. Due to the high doping concentration in the drain, the depletion region formed between the
gate oxide and drain as a result is very thin. The electrons therefore tunnel across this depletion region

from the valence band into the conduction band of the drain [1].

As a result, additional electrons flow out the drain terminal. Also, empty states are left behind in the
valence band. Those holes flow out through the substrate contact. The band to band tunneling is

therefore controlled by the gate. The leakage principle is illustrated in Figure C.2.

Ves O
Poly-Si
0 Sio, Voo

Figure C.2 GIDL in NMOS

The current depends heavily on the size of the gate-drain overlap and the field across it. With a
negative Vgp for NMOS transistors and a positive Vgp for PMOS transistors, the drain potential is
lowered which in turn lowers the drain barrier height, hence increasing the leakage [2]. GIDL is very
weakly temperature dependent and governed by Equation (C.4) [2], where A, B and C are constants,

Vpg 1s the drain-bulk junction voltage and V), is the gate-drain overlap oxide voltage.

B

I=A-Vp, '(VGDUV2 +(C'VDB)2)’GXP - > >
\/VGDUV + (C Vg )

(C4)

Visp 1s the most important voltage for GIDL, but GIDL also increases with an increase in Vpg [2].

GIDL can be reduced by lowering Vpp, or by using high-k gate insulator materials [6].
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C.3 Gate leakage current

Gate tunneling current primarily flows from gate to the source for NMOS devices and from source to
the gate for PMOS devices, through the channel [6]. Gate leakage also occurs due to gate-drain and
gate-source overlap regions. A thorough gate-leakage model for the 6-T SRAM cell is presented in [7].
Gate leakage in a MOSFET is primarily of two types depending on the thickness of the oxide layer. If
the oxide layer is thick, the tunneling current through the insulator is small and the MOS structure

behaves like a typical capacitor. However, if the oxide layer is thin, the tunneling current is high.

The difference between GIDL and gate leakage is that GIDL is dependant on the drain-bulk voltage,
whereas gate leakage is not. However, gate leakage, similar to GIDL, can be reduced by lowering Vpp
or by using high-k gate insulator materials [6]. Gate leakage, like GIDL, is also very weakly

temperature dependant.

C.3.1 Fowler-Nordheim Tunneling

When gate oxides are greater than roughly 5nm in thickness [8], Fowler-Nordheim Tunneling (FNT)
mechanism dominates. Under this mechanism, when a positive voltage is applied to the gate (in case
of NMOS devices), a potential drop is established across the oxide layer, which effectively reduces the
barrier height for electrons to tunnel through. As a result, the carriers (electrons) tunnel through only a
part of the insulator layer, after which the rest of the insulator layer does not hinder the current flow.
Therefore, the higher the electric field across the oxide, the smaller is the tunneling distance for the
carriers. FNT current is a temperature independent component of the total SRAM cell leakage and is
described by Equation (C.5) [8], where E is electric field across the insulator and C; and C, are

constants.

J=C,-E* -exp(— %) (C.5)

C.3.2 Direct Tunneling

When gate oxides are less than 5nm in thickness [8], Direct Tunneling (DT) mechanism dominates
under which electrons (in case of NMOS devices) near the bottom of the conduction band can tunnel
directly through the entire oxide layer. It is a far more efficient process in that it does not depend on
the electric field inside the insulator. It depends only on the oxide thickness and the height of the
barrier the electrons have to tunnel through. Readers are encouraged to refer to [9] for detailed

information on DT current.
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