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ABSTRACT 

Static Random Access Memory (SRAM)-based cache is one of the most important 

components of state-of-the-art VLSI systems. It is responsible for increasing the speed of 

data flows, and hence the speed of the whole electronic system. SRAM is prevalently 

utilized in the design of modern microprocessors for bridging the widening divergence 

between the performances of the Central Processing Unit (CPU) and the Dynamic RAM 

(DRAM)-based main memory. This trend is accentuated by the never-ending market 

demand for sophisticated communication and multimedia applications, which require 

high-tech portable electronic gadgets with high-performance as the requisite feature. As 

the on-chip memory occupies a large portion of the chip area, the power dissipated within 

the memory, both active and standby, will become a dominant part of the chip's total 

power consumption. In view of the above, there is invariably an apparent urgency to 

address these two often-conflicting power and performance requirements. 

Our research focuses on SRAM cell design for ultra low-voltage ultra low-power 

applications. Two SRAM cell topologies have been proposed with an improved noise 

margin and hence can operate at very low supply voltages to save power. Our first 

proposal is a 10T SRAM cell design that has 4x read and lox leakage power reduction 

when compared to the conventional 6T design. The proposed cell has separate readwrite 

ports and hence its read noise margin is 31% higher than that of the conventional 6T 

design. We also proposed a special read scheme that accesses only one cell during read out 

and hence more than 98% of cell active current is saved (assuming that each row has 128 

cells and operating frequency is 250 MHz). This hefty amount of power reduction is 

obtained at the cost of 33% cell area overhead and 23% of write-ability. Extensive 

simulations on two SRAM macros using a standard 65nm / 1V CMOS process showed 

that the total read power consumption of the proposed design has reduced to 25% of that 

of the conventional 6T design. It also has smaller write power consumption. More 
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importantly, its leakage current per cell is only one tenth of that of the conventional 6T 

design. This property is a major advantage as leakage current will soon dominate the 

active current in the future technologies. 

Our second SRAM cell proposal is a differential 8T cell with a column-based dynamic 

cell supply. The 8T cell consists of a conventional 6T cell and an inverter. Unlike the 

conventional 6T design, the word-line (WL) signal in our 8T design is used to control the 

input of the inverter, the output of which is tapped to the access transistors of the core 6T 

cell. As a result, the proposed 8T cell maintains the differential readlwrite property of the 

6T cell and eliminates the inherent half-access issue of the previously published designs. 

Thus, it can be bit-interleaved for an efficient conventional Error Correcting Code (ECC) 

implementation. In order to improve the cell's static noise margin (SNM), a dynamic cell 

supply is raised to a higher voltage during the read operation. Furthermore, all transistors 

used in the 8T cell are of minimum size and hence its leakage is comparable to that of the 

6T and its area overhead is only 14%. The cell thus can operate properly in a wide range 

of supply voltages from 0.2 V to 1V. Its VDDmin is only 0.15V, which is similar to the 

above-mentioned 10T cell and much lower than that of the 6T design. Detailed analysis 

has proved that the proposed 8T is the most suitable design for ultra low supply voltage 

applications. 

Other than SRAM cell design, we also investigated several sense amplifier (SA) circuits 

to further assist the read operation of the SRAM. A new hybrid-mode SA that offers high- 

speed sensing to improve the read operation of the SRAM was introduced. As the read 

delay in SRAM is normally longer than its write delay, SRAM speed is limited by its read 

operation. Our proposed SA improves the reliability of the conventional current-mode SA 

while maintaining its speed. Simulation results using a standard 0.18 pm/ 1.8 V CMOS 

process showed that the proposed design offers more than 70% sensing delay and power 

consumption reduction when compared to the other current-mode SA designs. Another SA 

that is very much insensitive to process variation was also proposed. The design of this SA 

is based on the conventional cross-coupled structure with a novel inputloutput port 
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topology. Simulation results using a standard 65 nml 1V CMOS process showed that our 

design outperforms the SAs in comparison by at least 27% in terms of speed and 30% in 

terms of power consumption. Sensitivity analysis has proven that the new design offers the 

best reliability with the smallest standard deviation and bit-error-rate (BER). Four 32-bit 

SRAM macros have been used to validate the proposed design, in comparison with three 

other circuit topologies. The new design can operate at a maximum frequency of 1.25 GHz 

at 1 V supply voltage and a minimum supply voltage of 0.2 V. Finally, we analyzed the 

impact of process variations on a conventional latch-type SA. Although this SA topology 

is significantly faster than the conventional current-conveyor SA, its input-offset voltage is 

heavily dependent on the random device mismatches. Our analytical work proposed a 

criterion to quantify the offset of the SA using the pre-defined process variations. As these 

data are normally available from the foundry, the proposed formula allows us to calculate 

the worst-case offset voltage of the SA. This greatly reduces the amount of work in the 

design flow of SA as its offset voltage can be predicted easily. Our formula was evaluated 

using three different predictive FET models (180 nm CMOS, 32 nm CMOS, 22 nrn 

CMOS) and the analytical results closely correlate with the simulation results. 
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Bit-Error-Rate 
Bit-line 
Bit-line parasitic capacitance 
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Operating frequency 
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Supply voltage 
Minimum data retention voltage 
Drain-to-Source voltage 
Gate-to-Source voltage 
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Noise voltage 
Zero voltage reference 
Threshold voltage 
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Write Bit-line 
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Write trip point 
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Trans-conductance of the transistor 
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CHAPTERl INTRODUCTION

1.1 SRAM overview and applications

SRAM is a type of semiconductor memory that theoretically can store data as long as

the supply voltage is available. At the heart of any SRAM is the cross-coupled inverters

(Fig. 1-1) which holds the true (Q) and the complementary (/Q) values of any stored bit.

During the SRAM operation, a memory cell is addressed using its row and column address

and hence any physical location can be accessed randomly. SRAM has three features that

make it an indispensable component in computer memory hierarchy: 1) It is fully

compatible with the bulk CMOS process and hence can be fabricated as on-chip memory.

2) It is stable due to the positive feedback storage structure, and thus, refresh cycle is not

required. 3) It has a very high speed operation and consequently forms an important bridge

between the microprocessor and the main memory.

Due to its more complex internal structure, SRAM is less dense than DRAM (DRAM)

and is therefore not used for high-capacity and low cost applications such as main

memory.

Q=O IQ =1

Figure 1-1 The cross-coupled inverters

Since SRAMs are faster than other RAMs, they are normally located at the top of the

system's memory hierarchy (Fig. 1-2). SRAM can be implemented as a stand-alone

component or an embedded memory. Embedded SRAMs are normally smaller and are

used as a buffer to speed up the systems. SRAMs can be found in a wide range of systems,

1
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from simple electronic devices such as toy cars and network routers, to more complex

systems such as computers, digital cameras and automotive electronics. In computer

architecture, SRAMs are used as Levell and Level 2 caches (Ll and L2) as shown in Fig.

1-2.

SRAM

DRAM

Figure 1-2 Generic computer memory hierarchy. SRAMs are located at the top of the
hierarchy to boost up the speed of the whole system

1.2 Trends in SRAM design

Over the last decade, the development of SRAM has shifted from stand-alone

component to the embedded cache memory. With the continuous increase of

microprocessor speed, SRAM's performance has also undergone rapid enhancement,

thanks to the incessant scaling in CMOS fabrication technology. This, however, leads to

three unavoidable consequences: (1) Capacity of SRAM is escalated after each generation

to keep up with the boundless demands from the complex electronic systems. (2) Given

the fact that both size and speed of SRAM are growing, the power consumption of the

SRAM cache will eventually dominate the total power consumption of a chip. (3) As

technology scales down to sub-lOO nm regime, threshold voltage (Vth) variations and sub-

2
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threshold leakage current become problematic as the former complicates voltage scaling

while the latter dictates the use of lower supply voltage in order to save power.

The above-mentioned issues have shaped the trends in SRAM designs in recent years.

In particular, quite a lot of less-than-6T SRAM designs have been proposed to reduce the

size of the cell and hence the total silicon area occupied by the cache. Moreover, minimum

size transistors are normally used to optimize the cell area. However, this trend has been

dominated by the low-power designs in the last five years. Several techniques such as the

negative WL scheme, shortening of the WL pulse, Write-assist etc. have been employed to

reduce the Read and Write power consumption of the cache. On top of that, SRAM

designers are also striving for more-than-6T designs which are more stable and hence can

operate at ultra-low voltage conditions, resulting in lower power consumption as well as

leakage reduction. As far as the layout area is concerned, [1] indicated that the 6T cell

must be enlarged to cope with the increasing Vth variation and hence the 8T's layout will

be smaller in the sub-45-nm CMOS technologies. Furthermore, several sub-threshold

designs have also been introduced to significantly cut down the active and leakage power

consumption of the cache. These designs centered around two major concerns in low­

power nano-scale SRAM designs: process variations tolerance and leakage minimizations.

As a result, the research community has seen 9T [2], 10T[3-6] or even 11T[7] SRAM

designs which are able to work at very low voltage supplies in order to suppress the

leakage current. In the near future, SRAM will continue to play its major roles in

embedded cache memory. Therefore, designing SRAM for lower-power consumption,

higher speed performance and better stability are the utmost requirements for researchers

and circuit designers in nano-scale CMOS technologies.

1.3 Motivation

Naturally, caches are expected to operate as fast as possible because they

communicate directly with the microprocessors. From a circuit's perspective, this can be

done by redesigning circuit topologies, using a higher power supply or simply utilizing

3

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



larger transistor sizes. These options also improve the stability of the memory cell as well

as the read/write operations. However, cache designers face the serious constraint of

stringent silicon area allocation as well as power budget limitation from the battery and

thus, cache speed has to be compromised.

As mentioned before, one of the most important requirements in SRAM cache design

is to obtain a small cell area. Thus, near-minimum device sizes are normally used in

SRAM cells. This, however, leads to slow read/write operations as well as unstable cells

against various type of disturbances. As a consequence, one must use larger-than­

minimum-sized transistors in memory cells to enhance their stability [8-10]. Despite this

enhancement, cell stability still cannot cope with the excessive process variations and

hence, more-than-6-T cell designs must be used to separate the read/write ports of the

cells, therefore greatly improving their noise margin during read and write operations [11­

12]. This trend has extended to 11-T cell design to enhance cell read stability, write

margin as well as read reliability [7] at the cost of more than 60% cell area overhead.

Consequently, it is desirable to have more stable yet smaller area memory cell design to

cope with rapidly increasing process variations and read/write disturbances.

Another challenge that has recently received widespread attention in every cache

design is to reduce the total power consumption, which for the sake of simplicity can be

broadly categorized into read/write dynamic power and leakage power. As technology and

supply voltage scale down, the threshold voltage of the MOS devices must also be

reduced. Hence, their leakage currents increase exponentially [7, 13]. Since only a small

portion of the millions of cells in the cache are accessed at anyone time while the rest are

at standby, the standby leakage current contributes a significant portion to the total power

consumption. This tendency is moving faster along with the scaling down of Vth and the

escalating cache capacity. Therefore, to some extent, reducing cache's standby leakage is

becoming more crucial than managing its dynamic power. In this project, we are going to

4
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explore the circuit techniques used to reduce the following three power components of the

cache, namely the leakage power, read power and write power.

The third (and possibly the most difficult) challenge of cache design in the state-of­

the-art technology is ensuring its high yield. As we are moving to sub-32 nm gate length

technologies, device fabrications and operations are showing more profound statistical

behaviors [10, 14-19]. Thus, deterministic design methodology is no longer suitable to

predict the yield of the device. One must therefore comprehend the statistical nature of

these variations in order to manage the yield of the cache. Statistical approaches [10, 16­

18, 20-23] are more reliable but appear to be computationally costly. Important sampling

methodology [24] has recently been employed to estimate the yield of SRAM design with

more than several orders faster than traditional Monte Carlo simulations. This method

however requires a good choice of the evaluation function. Nevertheless, it allows an

estimation of failure probability smaller than 10-1°, which is almost impossible to be

carried out by using the traditional Monte Carlo simulations.

1.4 Contributions

This research work achieved the following contributions:

1. A new lOT SRAM cell has been proposed. It has separate read/write ports

hence it is more stable than the conventional 6T during the read operation.

The proposed design offers 75% read power reduction and 90% leakage

reduction at 65 nmI 1V CMOS process.

2. A new 8T SRAM cell has also been proposed. This is the first differential

8T cell reported in the literature. In this design, a dynamic cell supply

control is also employed in order to improve both read and write noise

margin of the cell. As a result, our proposed design is more stable and is

able to work at sub-threshold supply voltage conditions. Moreover, the

proposed design also solves the half-access issue in the previously

published design and hence can be bit-interleaved for an efficient ECC.

5
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Simulation results has reaffirmed that the proposed design offer 2X noise

margin and 50% power reduction when compared to the conventional 6T

SRAM design.

3. A hybrid-mode sense amplifier (SA) has been proposed to improve the

reliability of the conventional current-mode SA. Circuit performance of

the new design has been evaluated using a standard 0.18 ~m1 1.8 V

CMOS process.

4. A latch-type SA has been proposed with a novel input/output port

topology. The proposed design is less sensitive to process variations and

hence is more reliable in sub-l 00 nm CMOS processes.

5. A criterion has been proposed to closely predict the input-offset voltage of

the latch-type SA.

1.5 Thesis organization

The rest of the thesis is organized as follows: Chapter 2 introduces basic SRAM

operations and studies two of the most important issues in SRAM design: Power

consumption and reliability. It reviews the most popular techniques and published works

in SRAM designs. Chapter 3 presents our lOT SRAM cell which is assisted by a

proposed read scheme to minimize the read power consumption. Chapter 4 proposes

another SRAM cell design that offers high noise margin and low power consumption

using a column-based dynamic supply voltage scheme. This cell design eliminates the

half-accessed issue in the conventional SRAM and hence can be bit-interleaved to reduce

the multi-bit soft error rate. In Chapter 5, we propose two latch-based SAs to further

improve the power and speed performances of the memory read out circuit. Chapter 6

investigates the input-offset voltage of a latch type SA. Chapter 7 forms the conclusion of

the thesis.

6
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CHAPTER 2 LITERATURE REVIEW

As discussed in Chapter 1, SRAM designers must address cell area, total power

consumption, cell stability, read/write reliability and speed performance simultaneously in

order to meet the requirements of an advanced system. Previously, circuit designers have

strived for higher speed performance [25]. However, with the explosion of handheld

gadgets market and the continuous miniaturization of device feature size, power

consumption management has been given the highest priority followed by the system

reliability [11]. Nevertheless, these two factors cannot be optimized without jeopardizing

each other (at least, there is not yet an obvious solution). Furthermore, they both face the

stringent requirements of limited silicon area and latency, satisfying which normally

results in degraded stability.

This chapter begins with the basic operation of the Metal Oxide Semiconductor Field

Effect Transistor (MOSFET), focusing on leakage mechanisms and Vth variations in deep

sub-micron technologies. Based on this knowledge, we then study the main sources of

power consumption and circuit techniques to tackle the power-performance constraints.

Subsequently, the issue of cell stability and its analytical model will be studied and

demonstrated. The last subsection will be dedicated to review the most recently published

works on SRAM cell designs.

7
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2.1 MOS characteristics

This section discusses the operations of an n-type MOS transistor, i.e. nMOS, its I-V

characteristics and leakage mechanisms. In a similar manner, the discussion is applicable

to the pMOS as well. Fig. 2-1(a) shows the cross-sectional and symbolic view of an

nMOS transistor [26]. It has four terminals, namely the Source (S), Drain (D), Gate (G)

and Body (B). Its channel length (L) and channel width (W) are also presented in the same

figure.

Source (S)Gate (G) Drain (D)

Body (8)

(a)

Figure 2-1 nMOS a) cross-section b) symbol view [26]

The nMOS has three regions of operation: Cutoff, Triode and Saturation.

s

(b)

Cutoffregion: This region corresponds to VGS < Vth and los ~O, where VGS is the gate-

to-source voltage, Vth is the threshold voltage and los is the drain-to-source current. The

cutoff region is also referred to as the sub-threshold region where the drain current (los) in

this region is much smaller than those in the triode and the saturation regions. Thus, the

transistor is considered to be turned off. However, los is not strictly zero and increases

exponentially as the threshold voltage Vth decreases. The sub-threshold current is given by

[26]:

8
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kT. C
S =_J (1+~)lnl0

q Cox

(2.1)

(2.2)

where W is the gate width of the MOS, IolWo is the current density to define Vth, S is the

sub-threshold slope, Cox is the gate capacitance, CDP is the depletion-layer capacitance and

Tj is the junction temperature. Eq. (2.1) shows that Isub is exponentially dependent on the

threshold voltage Vtho

Triode region: As VGS increases and exceeds the threshold voltage Vth, the nMOS

transistor enters the triode region where IDs is linearly proportional to VDS for a given VGS.

The drain current is approximated by [26]:

VGS ~ ~h

VDS < VGS - ~h

IDS =/{(Vcs -~h)VDS -~V£S]

(2.3)

Saturated region: The linear relationship between IDs and VDS of the nMOS in the

triode region does not last indefinitely. As VDS approaches a certain voltage value, IDs

saturates and does not increase with the increasing VDS. Drain current (IDS) of an nMOS in

the saturated region is given by [26]:

VGS ~~

VDS ~ VGS -~h

I DS = f3 (Vcs - ~hY
2

_ W sox _ W c
f3 - L Jln t - L Jln ox

ox

V th = ~o + K(~IVBB I+2\{l - J2iP)
= (vFB +K.J2\{l +2\{l)+~2SsqN(~IVBBI+2\{l-.J2\{l)

(2.4)
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Where

(3: is the conductance of the nMOS.

fox and tox : pennittivity and thickness of the gate oxide.

VFB: flat-band voltage.

'1': Fenni potential,

N: substrate doping concentration.

f s : pennittivity of silicon

q: magnitude of electric charge.

I-V characteristic curves of a typical nMOS operating in the triode and the saturated

regions are illustrated in Fig. 2-2(a).

I

...f{l'............•..•.........•.•••...•..•.•.... .... .. ·.· .•.•.T.•······.'.·.·.·· ,', ..·.·.·~_c '.';,."., - -.-=-.:...---..:..:~.:::=-:l!m.. =====__.GSl

, ./

(a) (b)

Figure 2-2 I-V characteristic of an nMOS (a) ideal (b) actual [26]

Channel Length modulation: In the actual MOS characteristics shown in Fig. 2-2(b),

in fact, IDS increases slightly with VDS even in the saturation region. This phenomenon can

10
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be accounted for by including the empirical channel length modulation parameter (A) into

Eq. (2.5):

IDS = f3 (Vas - V;h )\1 + AVDS )
2

(2.5)

Gate-Tunneling current: Ideally, the gate current of the MOS device is zero. However,

in practice, there is a very small current flowing through the gate of the MOS which

increases with the reduction of the gate oxide thickness [26]. The gate tunneling current

flows from the gate to the source in an nMOS or from the source to the gate in a pMOS,

via the channel. Since the gate-oxide thickness has been rapidly decreased to less than 3

nm [26], this current becomes prominent. Fig. 2-3 illustrates the dependency of the gate

tunneling current on Vas and tox. Although the absolute value of this current is

considerably smaller than those of the sub-threshold current and the active current of the

MOS devices, the presence of millions of transistors in the cache makes it an important

factor in power management strategy.

1.8 1.6 1.8 2.0 2.2 2.4
tox(nm:o p~!sical)

IE + 01 c---~-~-...,.----r----,

"t::
~

C)
'': IE - 01 .....--+--~-~---+--__t

i
~ IE - 02 r------+----+--~r---+----I
<U

~
t?

IE - 03 L.-_"---_"---_""'-_"----.I

1_4

.............

t"""
I!
~~ IE - 00 I----::-+-~-+---+----+--__t

....-..IE+OO ...• -'J"
("~~ .... ..... lox - _.~
~ IE - 011----+---+--..~--t---1

'<~ IE - 02 Ir-----+~~_I_~~~
~t!

~ IE - 03 Ir-----* -==-~~-~
r..5
.~ IE - 04 1r--~j&._.f_-----rI!"~--_+__f
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~ IE - 07 ~--,;...__+_--_+_--+__t

IE - 08 ...........-.-.-........--..................................t-+-+.................

OJ) 0..6 1.2
\lGS(Y)

Figure 2-3 Gate tunneling current iGN and iGP for nMOS and pMOS, respectively [26-27]

Physical meaning and explanation of these operating characteristics can be found in

some popular textbooks, such as [28-29]. These equations will be used in this report as

guidelines to highlight the sources of power consumption in the cache in the next chapters.
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2.2 SRAM operation

SRAM occupies a large portion of the silicon area of many contemporary digital

systems. Thus, their power consumption constitutes a significant part of that of the chip

[30-31]. This situation is getting more severe with the rapid development of

semiconductor audio, video, game players and mobile devices that dictates high

performance, high-capacity memory and low power consumption with equal priorities

[28]. Fig. 2-4 shows a simplified SRAM organization. Functionalities and constituent

circuits of SRAM and its design challenges are briefly discussed in Subsections 2.2.1 and

2.2.2 below.

Bit-lines

•

•

•

•

•

•

•

•
Address buffer

ColurtU'l decoder

•

•

•

•
Column A ddre ss

Word-line

Bit-line conditioning circuit

Cell array

Sense amplifJ.er/wnte circuit

•
•
•

•
•
•

Data inJout
buffer

Row
Address

Figure 2-4 A typical SRAM structure with simplified Input/Output interfaces

2.2.1 Functionality and structure of the SRAM

On-chip SRAMs are used to store temporary data of the processor. As they receive

direct instructions from the processor, it is required that data are written to or read from

the cache as fast as the speed of the processor. In general, the nearer they are to the

processor in terms of proximity, the faster they should operate. However, high speed

operation normally incurs additional power consumption, which is not desirable for

12

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



battery-powered devices. CMOS SRAM features very fast write and read operations and

can be designed to have extremely low standby power consumption [30, 32-33].

Therefore, it is used extensively as on-chip cache at different hierarchical levels, each of

which has a different speed and size as shown in Fig. 1-2. A typical SRAM structure (Fig.

2-4) consists of a SRAM cell array, row/column decoders, SAs and read/write driver

circuits. Operations of these sub-circuits will be discussed in the next sections. When an

instruction is sent from the microprocessor, both row/column decoders are activated by the

control circuitry to address a specific memory cell. Data will be written to or read from the

chosen cell by the write driver or the SA. Since refresh cycles are not required in SRAM,

it is generally faster and consumes less power than DRAM. It is also more stable and be

able to operate in radiation-hardened environments [32].

These privileges however come at a cost. A conventional SRAM cell (Fig. 2-5) is

bulky with 6 transistors per cell. It consists of a cross-coupled structure (NI, N2, PI, and

P2) to store data and two pass-gate transistors (N3, N4) for accessing, also shown in Fig.

2-5. Thus, SRAM cache requires a substantial area usage.

BL BL\

Figure 2-5 Conventional 6T SRAM cell

Logically, circuit designers use minimum-sized devices in the SRAM to save area.

However, this cannot be done indefinitely when performance and stability come into

consideration. Another design concern is the power consumption. Previously, attentions

were drawn mostly to the dynamic power during the active cycles. However, this factor is

becoming less dominant as technology advances to the nanometer regime. When the MOS
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devices get smaller and thinner, their leakage currents are higher, which constitute a

significant portion of power dissipation [30, 33]. Furthermore, in the state-of-the-art

electronic systems where capacity of cache memory reaches tens of MB, only a small

fraction of memory cells is in active mode while the rest stores data in the standby mode.

This results in a considerable amount of standby power consumption. Consequently,

SRAM designers must reduce the supply voltage VDD in order to decrease both dynamic

and static power dissipations which unavoidably lead to degradations of both stability and

speed performance. At a low voltage operation, one of the solutions to enhance SRAM's

performance and stability is to employ larger MOSFET devices. Ironically, this solution

faces the constraint of the chip's stringent silicon area. Therefore, a smart compromise

must be made to accommodate the requirement of the system as a whole, be it from the

view point of high-speed, low-power or small-area.

2.2.2 SRAM core

SRAM core consists of a sea of identical cells each of which normally has a 6-T

topology as shown in Fig. 2-5. More SRAM cell designs are going to be mentioned in

Section 2.6. Each bit-line (BL) pair of the SRAM is shared by all cells in the same column

while each data-line (DL) is shared by all columns in the same macro. To reduce the

parasitic capacitances associated with these lines, memory core is partitioned into smaller

banks. The purposes are two-fold: Firstly, it shortens the BLs and DLs and hence reduces

the parasitic capacitances. This results in faster access time, better reliability and lower

power consumption during the read/write operations [34-36]. Secondly, during each

read/write access, all memory cells on the same row are semi-active (i.e. turned on by the

WL but not accessed by the CS signal) and hence consumes a significant amount of power

[28]. Partitioning the memory core into multiple banks reduces the number of cells per

world-line (WL) and hence greatly reducing the dynamic power per read/write cycle.

However, this approach incurs additional silicon area because each bank requires
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individual column and row sub-decoder [28, 37]. Therefore, circuit designers must

consider the area-power consumption trade-off to obtain the optimum partitioning.

2.2.3 Read/write operation

In each Read/Write (RIW) operation, a particular cell is selected by triggering its WL

and BLs. This task is performed by the row decoder and the column decoder driven by the

address buffers. The selected cell is positioned at the point of intersection between the

activated WL and BL [29]. A column SA will then detect the contents of the selected cell

in the form of small voltage or current variations via the complementary BLs. The

detection must occur as speedily as possible to achieve minimal access time.

The commonly used control signals in an SRAM are fWE, fCS and fOE. The fWE

signal decides between the read and write modes. For the read operation, the BL signals

are transported to the output, whilst for the write operation, the BLs are driven from the

input.

Timing diagram of a read operation is shown in Fig. 2-6 (a). During this time, the data

stored in a specific SRAM location (defined by the address) is read out. The read cycle

time, tRc, and the address access time, tAA, are indicated. Fig. 2-6 (b) shows the write

cycle, which permits changes to the information within an SRAM. Two timings are

indicated, the write cycle time, twc, and the write recovery time, twR.

15
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Figure 2-6 Typical timing diagram of an SRAM (a) Read cycle (b) Write cycle [37].

2.2.4 Peripheral circuits

2.2.4.1 Decoder

Because of the random access nature of the cache, address decoders must be present in

the constituent circuits of SRAM. These address decoders choose one specific memory

cell in order to readout the stored datum or to write a new datum into the cell. When

designing these decoders, it is crucial to keep a geometry matching between the

dimensions of the decoders and the memory core. Failing to do so would result in a

dramatic wiring overhead as well as additional power consumption, timing mismatches

and silicon area [28]. These decoders can be implemented statically or dynamically.

2.2.4.2 Write driver

During a write cycle, the input datum (be it a "1" or a "0") must be transferred to one

of the DLs while its complementary is transferred to the other. As a result, the write driver

behaves like a strong inverter buffer that is able to drive one of the DL to VDO while the

other to 0, i.e. full swings, in a short time. Fig. 2-7 shows a simplified schematic of a

SRAM write circuitry.
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Figure 2-7 A SRAM write circuitry

2.2.4.3 SA

SA, as its name suggests, is responsible for sensing the input signal(s) and amplifying

it (them) to the desirable output level(s). It is the key element in defining the performance

and environment tolerance of CMOS memory [32] and performs the following functions:

1) Amplification 2) Delay reduction 3) Power reduction [28]. SA can be categorized

according to their circuit types (differential or non-differential) or modes of operation

(voltage, current or charge) [32]. The minimum signal amplitude that can be distinguished

by the differential amplifier is much smaller than that of the non-differential topology [32].

Thus, differential SA can be enabled sooner than the non-differential SA, resulting in a

faster sensing delay and lower power consumption. Therefore, differential sensing is more

favorable than its non-differential counterpart, especially in the state-of-the-art memory

where extremely high level of noise is present.

Conventionally, voltage-mode sensing is used because the very large input resistance

of the MOS devices offers high voltage gain. However, its sensing speed is limited by the

charging/discharging time of the circuit-inherent parasitic capacitive elements. Thus,
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current-mode sensing is more suitable in contemporary, highly packed, large capacity

memory systems to obtain a superior power-delay product (PDP). Charge-transfer

preamplifier may be used as an alternative to improve the sensing speed of the voltage-

mode amplifiers. Nonetheless, in most cases, the performance of the preamplifier-plus-

voltage-amplifier is inferior to that of purely current-mode sensing design [32]. In this

thesis, two newly proposed SA designs will be presented in Chapter 5.

2.3 Sources of power dissipation in SRAM

Power dissipated in an SRAM can be categorized into two components: active (or

dynamic) power and standby (or leakage) power [37]. Each of these components comes

from the memory array, the decoders and the periphery circuits such as write drivers, SA

and the pre-charge circuits, etc. The standby power is dominated by the leakage current

from the memory array, thus, static current from other sources can be ignored [37]. The

active and standby power of an m x n-bit SRAM can be expressed as follows:

Pactive = I DD VDD

=(1array + 1decoder + 1peripheral );rDD

={[miactive +m(n-l)iho1d ]+[(m +n)cDEVintf]+[CPTVintf + I DCp nVDD

Pstandby =mxnxiho1d xVDD

VDO: External power supply to the SRAM.

Vint: Internal power supply to the SRAM.

iactive: Active current of the selected cells.

iho1d : data retention leakage current.

COE: output node capacitance of the decoders.

F: the operating frequency.

CPT: is the capacitance of the logic and driving circuits in the periphery.

Iocp: total static or short-circuit current of the periphery [19, 28].

(2.6)

(2.7)
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In Eq. (2.7), we assumed that leakage currents from other sources are negligible [19].

Eq. (2.6) suggests some solutions to reduce the total power consumption of a cache.

For example, cell active current can be reduced by reducing the number of cells per

accessed row by re-partitioning the memory array (i.e. the miactive component). Periphery

and decoder power consumptions can be trimmed down by using two-stage decoder

structure to reduce CPT and COE components or using smaller Vint.

On the other hand, as shown in Eq. (2.6) and Eq. (2.7), the standby leakage component

is rather constant and only dependent on the capacity of the memory array, i.e. m x n. In

principle, this static dissipation should be negligible. However, its value is escalating in

the nano-meter regime [38] where transistor leakage currents and cache size are growing

exponentially, making leakage a major source of energy dissipation in the cache [28, 33].

2.4 SRAM power reduction techniques

Power reduction techniques are essential in cache design. In this section, the most

popular and effective circuit techniques to manage cache power consumption will be

discussed. We will look into both active and standby power as they are equally important

in nano-meter CMOS technologies.

2.4.1 Macro partitioning

From the architecture point of view, macro partitioning is the most effective way to

reduce active power of the cache. By dividing the memory core into multiple sub-modules,

number of cells activated per read/write operation is proportionally reduced and so is the

active cell current, i.e. the miactive component in Eq. (2.6). It also trims down the dynamic

power consumed by the decoders and peripheral circuits due to the reduced parasitic

capacitance associated with the WLs, BLs and DLs [28, 35-36, 39-42]. From the reliability

perspectives, macro partitioning enhances the read/write yields since it involves smaller

BL and DL capacitances. Unfortunately, this multistage hierarchical architecture incurs

additional silicon area for the decoders and peripheral circuits. As a result, sub-module
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size cannot be reduced infinitely and must be carefully considered to balance its

performance and area.

2.4.2 Power reduction by modulating power supply voltage

Lowering V00 is a remarkably effective way to save power, both in memory and logic

,circuitries [1, 28, 43-52]. However using a single low-voltage power supply significantly

degrades the speed and reliability performances, especially in SRAM since the scaling

limit of Voo in SRAM is higher than that of digital circuits [53-54]. Thus, dynamic-Voo

and dual-Voo schemes have been proposed to combat this drawback. The former

dynamically modulates the power supply to the SRAM circuits so that high-Voo is

available in the active mode to enhance the performance while low-Voo is applied in the

standby mode to reduce power dissipation [31, 49, 55-59]. The latter, on the other hand,

has two different supplies, each for different circuit components to overcome the speed­

power trade-off [33, 60-62]. Details operation of each scheme can be found in the

respective references.

2.4.3 Power reduction by using dynamic sleep transistors

This approach utilizes a gated sleep transistor to switch between the active and

standby modes [33, 62-68]. Various dynamic sleep transistor implementations are

presented in Fig. 2-8. In the active mode, the Wake signal activates the sleep NMOS

transistor, pulling the virtual ground (vgnd) to zero potential. Thus, full voltage swing is

applied across the SRAM array. In the standby mode, the Wake signal is triggered low but

not to zero to limit the leakage current from the SRAM array. Vgnd is therefore raised to a

voltage level between Voo and ground. The implementation in Fig. 2-8 (a) [69] is simple

but the sleep transistor needs to be sized properly to meet the wake-up timing requirement

and to maintain a low IR drop in the current path during an active mode. This causes a

severe constraint on the size of the sleep transistor to accomplish the optimal vgnd voltage

level during the data-retention mode. The vgnd is determined by the leakage path from the

SRAM array to the ground through the sleep transistor. In order to avoid this,

20

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bhavnagarwala A. et. al [70] used a diode-connected pMOS transistor to force the vgnd to

stay at Vtp during standby (Fig. 2-8 (b). However, this solution does not give optimal

leakage reduction and the level of accuracy of the vgnd control is also degraded by the

impact of Vtp variations. Programmable bias transistors are effective in overcoming these

issues [65] (Fig. 2-8(c). Yet, this design still faces the inter-die, intra-die and temperature-

induced variations [33]. Finally an external reference voltage Vref is used to maintain a

well-controlled vgnd through the means of an op-amp, as shown in Fig. 2-8 (d) [33, 62].

a) b) c)

Figure 2-8 Various vgnd control schemes for sleep-transistor design. (a) Sleep-transistor
only. (b) Diode-connected PMOS bias transistor. (c) Programmable bias transistors. (d)

Active feedback with op-amp based control [33].

2.4.4 Pulse operation

In conventional SRAM, all control signals (i.e. WL, CS, etc) have full swing

operations and 50% duty cycles. This draws some unnecessary power consumption. In

fact, low-power SRAM designs can utilize smaller-than-50%-duty cycle and half-VDD

pulse to reduce the power dissipated from these heavily capacitive lines [37, 71]. Positive

and negative pulses can be used concurrently to overcome the reduced gate-overdrive at

the receiver ends of the signals [37,72]. However, this technique is not very widely used

in the sub-100 nm technologies since the corresponding power supply is scaled to near 1V,

half of which is very close to the threshold border, resulting in an extremely weak current

drive-ability.
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2.4.5 Dual- and multiple-threshold schemes

Dual- or multiple-threshold processes allow different MOSFET devices on the same

die to have different threshold voltages. This enables the use of fast, i.e. low threshold,

devices in circuitries where speed is more important while slow devices are used in the

circuitry where power saving is critical, thus overcoming the trade-off between speed and

power consumption [44, 73]. Several works on SRAM cell designs have been reported

utilizing dual threshold process [74-84] to reduce leakage current while maintaining cells'

performance. As a result, SNM and the read speed can be enhanced by up to 87% and

17%, respectively, as compared to the conventional 6T SRAM circuits [84]. The leakage

and the write power consumption of the dual-threshold SRAM circuit can also be reduced

by up to 66% and 35% [84]. The main limitation of this approach is that multiple­

threshold processes are not always available and usually cost more than single-threshold

processes.

2.4.6 Active write power reduction using write-assisting schemes

Write-assist SRAM designs usually weaken the cross-coupled structure in the 6T bit­

cell during a write cycle, making it easier to be written. As a result, less-than-full-swing

BLs and DLs are needed to perform the write operation, resulting in a significant amount

of power saving [85-90]. This can be done by adding one additional MOS device into the

cross-coupled loop [89] or by raising the dynamic ground of the cell to near-supply

potential [86]. Sakurai T. et. ale reported a 90% write power saving in a write-assisted SA

SRAM cell [91-92]. One shortcoming of these approaches is that they also weaken the

half-accessed cells in the same row and these cells may be written accidentally.

2.4.7 Active read power reduction using low-power SA

As mentioned in Section 2.4.3, SAs are effective in reducing the total SRAM power

dissipation. Numerous current-mode SA designs have been proposed to enhance the power

performance of the SRAM [93-112]. Since SAs have the ability to amplify small
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voltage/current signals on the BLs and DLs and rapidly produce full swing outputs, power

dissipation during the read operation of an SRAM can be greatly reduced [37], i.e. the

Iperipheral component in Eq. (2.6). Furthermore, the Iarray component in the same equation can

also be lowered by using a fast SA coupled with an ATD circuit to reduce the pulse width

of the WL signal.

2.4.8 Leakage reduction by redesigning memory cell

Scaling has allowed more transistor counts per die and increases leakage at an

exponential rate, making power a primary constraint in all integrated circuit designs.

Future designs must address emerging leakage components due to direct band to band

tunneling, through MOSFET oxides and at steep junction doping gradients. In SRAM

design, leakage currents mainly come from the memory cells since they are in the standby

mode most of the time. Fig. 2-9 illustrates the leakage components in a 6T memory cell

storing a '0'. High-threshold and thick gate oxide transistors can be used to maintain low-

leakage current from the memory array. Nonetheless, they jeopardize the SNM of the

memory cell and thus are not favorable in low supply applications. Alternative solutions

including novel cell topologies, negative biasing, reversed-biasing and dynamic Vth-

control have been proposed to overcome these challenges.

WL="O"

BL="I"

\bn

BL\= "1"

-----... Gate leakage
- - ~ Subtlrresholdleakage

Figure 2-9 Sub-threshold and tunneling gate leakage of an SRAM cell storing "0"
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For example, Jain S. K. et. at. [113] explored the strong bias towards "0" in the stored

data in the cache to propose an asymmetric 8T memory cell that has low leakage when it

stores a '0'. Although its leakage when storing a '1" is higher than that of a 6T cell, the net

leakage in the memory array is still reduced by more than 20% [113]. Similarly, Azizi N.

et. al. selectively assigned high-threshold to some transistors and normal threshold to the

rest of the 6T SRAM cell to reduce its leakage by 40x when storing a '0' [114-115].

Tawfik S. A. et. al. [84] proposed a 7T, dual Vth SRAM cell that has separate read and

write ports to enhance its stability and reduce its leakage current. As a result, the proposed

cell offers more than 40% leakage reduction in a standard 65 nm CMOS process. The

authors also proposed a dynamic WL scheme which has low voltage swing during a read

and full swing during a write to enhance the stability of the cell. Thus, transistor size can

be kept minimum, resulting in a 51 % leakage reduction [55]. A portless 5T SRAM cell

was reported by Wieckowski M. et. al., reducing the cell leakage by 6x [116]. Kulkarni J.

P. et. at. [48] demonstrated a 160 mV robust Schmitt-Trigger based sub-threshold SRAM

with 18% leakage reduction using a 0.13 Ilm CMOS process. This design has more

transistors stacking in series from VDD to ground and so it has lower leakage current when

compared to its 6T counterpart. Amelifard B. et. al. dedicated their works to minimize the

leakage dissipation of the 6T SRAM cache without incurring any area, delay or design

flow overhead. This work deploys different cell topologies at different physical locations

in a dual-Vth dual-Tox process to reduce cell leakage while maintaining its performance. As

a result, total leakage power of the cache is reduced by more than 30% in a 65 nm CMOS

process [117]. Zhiyu L. et. al. illustrated a novel 9T cell with negative WL scheme to

suppress the cell leakage [2]. Zhang K. et. al. recently summarized several important low­

power techniques to reduce both dynamic and leakage currents in the nano-scale CMOS

technologies [33].
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2.5 Cell stability and data retention limit in SRAM

Intra-die and inter-die variations result in device parameter mismatches such as Vth, L,

and W. These mismatches lead to the following failures in memories [118]: 1) Data

retention failure e.g. a cell fails to store its value. This happens when VDD is too low, cell

mismatches are too severe or a cell is disturbed by a significant amount of noise that

exceeds its margin. 2) Read failure e.g. a cell fails to keep its original value and flips

during the read operation. 3) Write failure e.g. unsuccessful write operation due to the

deviation of the strength of the access devices and the trip point of the cross-coupled

inverters. 4) Access failure: e.g. a decrease in the cell current, BL capacitance mismatch,

and excessive cell leakage along the BLs or the mismatches of the devices in the SA may

cause wrong evaluation in the SA.
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Figure 2-10 Graphical representation of SRAM SNM

Static noise margin (SNM) and Write Trip Point (WTP) are the two most commonly

used metrics to measure SRAM reliability. SNM indicates how stable a cell is. It is

defined as the worst case noise level present at the gates of the inverters that does not

cause the cell to flip. Therefore, SNM is normally associated with the Read operation and

it is desirable to have as high SNM as possible. SNM is visually equal to the largest square

that can fit into the eye of the butterfly curve formed by the voltage transfer characteristic

curves of the inverters [119], as shown in Fig. 2-10. From now on, we refer to the cell's
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SNM as its worst-case SNM. In the case of 6T design, it is the Read SNM. In the proposed

design, as will be shown later, its SNM is stand-by SNM.

WTP on the other hand, measures how easy it is to write into a cell. When a cell is to

be written, one of the BLs (e.g. /BL) remains at VDD while the other (e.g. BL) is pulled to

ground. WTP is defined as the highest BL potential that causes the cell data to flip

successfully. It is also preferable to have as high WTP value as possible. A high WTP

indicates that the cell can be written to easily and less voltage swing on the BL is required.

Conflicting nature of SNM and WTP originates from the fact that the access

transistors access the cell in the same manner during a read and a write operations but

require two opposite outcomes. While accessing in the read mode requires the cell to be

stable enough to hold its data, the write operation needs it to be as weak as possible to flip

the data. Therefore, improving one factor will unavoidably jeopardize the other. As a

result, several novel SRAM cell designs have been proposed to tackle this issue, most of

them open a separate port to perfonn the Read operation while the original 6T design is

used for data retention and write operation only.

2.5.1 Static Noise Margin and VDDmin

JEDEC dictionary defines noise margin as the maximum voltage amplitude of

extraneous signal that can be algebraically added to the noise-free worst-case input level

without causing the output voltage to deviate from the allowable logic voltage level [120].

This concept has been adopted by C. F. Hill [121-122] and J. Lohstroh [122] to define the

worst-case static noise as DC disturbance which is adversely present in all logic gates in

an infinitely long chain of gates [123]. J. Lohstroh later pointed out that the behavior of the

output nodes in the chain, as the number of gates approaches infinity, is equivalent to a

steady state of a flip flop [123]. As a result, the author developed a discussion on the

worst-case SNM of a flip-flop by adding two DC noise voltage sources into the flip-flop

loop in an opposite manner, as shown in Fig. 2-11 (a).
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WL

(a)

B

(b)

Figure 2-11 Standard circuit set-up for defining the noise margin. (a) flip-flop (b) 6T SRAM
cell.

Assume that in Fig. 2-11 (a), node A stores a "1" and node B stores a "0", resulting in

voltage potentials at nodes A and B to be VDO and °respectively. If noise sources are not

present, i.e. Vn = 0, then voltages of nodes C and Dare VDD and 0, respectively. Hence, the

inverter Pl- Nl has a strong "0" input and its output, i.e. node A, is kept at a strong "I".

Similarly, node B is kept at a strong "0". However, if some noises are present, i.e. Vn > 0,

voltage at node C is lower than VDO and voltage at node D is higher than 0. Consequently,

weak "I" and "0" are applied to the inputs of the inverters (P2, N2) and (PI, Nl),

respectively. The maximum DC noise source Vn below which the flip-flop can still

maintain its data is defined as the SNM of the flip-flop [123]. Several criteria have been

proposed to determine the worst-case SNM such as 1) Coincidence of roots of the flip-flop

equation [124]; 2) Small-signal closed-loop gain is unity [125-126]; 3) Jacobian of the

Kirchhoff Equations is zero [127]; 4) Maximum square between normal and mirrored

voltage transfer characteristic curves [121]. These criteria have been proven to be

equivalent in [123]. E. Seevinck et. ale took a further step to develop an analytical model

to determine the SNM of a 6T SRAM cell, with DC voltage noise sources connected as

shown in Fig. 2-11 (b). Since the 6T cell is more susceptible during the read access, its

SNM is defined as the maximum DC noise bearable by the cell when its WL, BL and /BL

are kept at VDD [119]. As a result, its SNM is:
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v - 2r+1 V

(
1 J DD r + 1 th

SNM=~h- -
k+1 l+_r_

k(r + 1)

Where

r =cell ratio = f3d

f3a

f3q=_P
f3a

Vth =threshold voltage

k=C:IJ{ r+l~;) /v/ I}
Vs =VDD -Vth

r
Vr =Vs ---Vth

r+1

(2.8)

It can be seen that SNM is dependent only on the threshold voltage (Vth), VDD and the

{3 ratio r. Furthermore, increasing r will increase the cell stability. Therefore, 'r' must be

maximized to optimize the SNM. Nevertheless, it is constrained by the cell area and the

reliability of the write operation [119, 128-129].

The expression presented in Eq. (2.8) is based on the assumption that all transistors are

matched and both NMOS and PMOS have the same threshold voltage, Vtho Therefore, it

cannot be used to study the effect of parameter variations of the transistors in the cell.

Ichikawa T. et. al. [130] developed a new analytical model of SRAM cell stability in low-

voltage operation and for the first time, mutual effects of cell-parameter variations have

been clarified. This work assumed that drain currents from the pull-up PMOS devices are

negligible, resulting in a cross-coupled structure of two enhance-enhanced inverters during

the read operation, as shown in Fig. 2-12 [130].
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Figure 2-12 Circuit schematic of the ideal SRAM cell with assumption that drain currents
from the pull-up pMOS devices are negligible

In order to describe the transfer characteristic of the inverters, the alpha-power law has

been used to model the I-V relationship of the inverters in consideration [130-131]. Thus,

nMOS drain current is expressed as:

(VGS >= ~h : saturation region)

(VGS < ~h : cutoff region)

(2.9)

(2.10)

Using these equations in the low-voltage supply region, assuming all transistor pairs

are matched, the corresponding SNM of the ideal cell was obtained as:

SNM= 1 1 {_1_(fJdJ~ -l}[VDD -{(1+Ya)Vtod +Vtoa }]

( J
~ 1 + Ya fJa

1 + Y + fJd
a fJa

(2.11 )

Where Vtod and Vtoa are the threshold voltages of the nMOS devices denoted as Ndand

Na, respectively in Fig. 2-12.

Eq. (2.11) shows that SNM of the SRAM cell is only dependent on the intrinsic

parameters of the transistors and the supply voltage VDD. Since SNM must be positive for

the cell to be stable, the lower limit of the supply voltage, VDDmin is:

VDDmin =(1 + ra)VtOd + Vtoa (2.12)
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J

1 (fJd)~--- >1
1+Ya fJa

(2.13)

A zero SNM means that the cell is on the verge of instability and hence its supply

voltage cannot be reduced any further. Eq. (2.13) on the other hand suggests that the

access and driver devices must be sized so that the driver device is strong enough to hold

the stored data. With a fixed VDO, the stronger the cell ratio, i.e. r = fJd , the higher its
fJa

SNM and thus, the more stable the cell. This agrees with what has been reported before in

[119]. Based on this result, similar analytical steps were used to form the SNM expression

in a non-ideal cell:

SNM = 1 {( rf3 _ l)VDO + (1 + ra2 )VtOdl - rp Vtod2 - rP Vtoal + Vtoa2 }
1+Ya2 +rf3 1+YaJ 1+YaJ

(2.14)

(2.15)

(2.16)

Where r{3 is the practical {3-ratio of the inverter 2, Rs and RN are the parasitic resistance

at the sources of the driver and the access transistors, respectively. Similar to the ideal

case, the condition ( rf3 > 1) must be satisfied to ensure a positive SNM. The
1+ YaJ

corresponding VDDmin was derived as:

VDDmin =( 1 ) {-(1-ra2)Vtodl +rp Vtod2 + r
p

Vtoal-Vtoa2}
rf3 1+ YaJ

----1
1+ YaJ

(2.17)
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By differentiating the VDDmin obtained in Eq. (2.17) with respect to different

coefficients, one can investigate the mutual effects and sensitivity of each cell parameter.

Detailed discussions on this matter have been reported in [130]. This model is very useful

in explaining the effects of the cell parameters on VDOmin of the cell and hence can be used

to predict the VDDmin of the designed circuits.

Figure 2-13 Projected PDF of SNM due to intrinsic threshold voltage fluctuations in all cell
transistors [128]

As CMOS technologies advance into the sub-lOa nm regime, intrinsic parameter

fluctuations become excessively high and hence cell SNM is reduced due to threshold

variations in uniformly doped minimum-geometry devices. Bhavnagarwala A. J. et. ale

[128] investigated the impact of intrinsic device fluctuations on CMOS SRAM cell

stability. Compact physical and stochastic models of the SNM have been proposed for the

first time. Probability distribution function (pdf) of the SNM of the cell has also been

derived [128]. As a result, SNM distributions have been projected for sub-lOa nm

technology generations, as shown in Fig. 2-13. This statistical approach is critical in sub-

100 nm design since nominal SNM does not make any sense.
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Figure 2-14 WTP simulation waveforms

2.5.2 Write failure and Write Trip Point

of a typical 6T SRAM cell.

o.5 .25
'BL (V)

.75

0-1---------

guarantee a correct write operation without spending too much energy on pulling down the

write [129, 132]. It is defined as the maximum voltage on the BL that the cell content can

In a conventional 6T SRAM design, one of the BLs is pulled to zero while the other is

BL voltage to zero [129]. WTP is a commonly used metric to measure the cell's ability to

determined by the strength of the access transistors, or more specifically, the pull-up ratio

Besides read stability for the SRAM cell, write-ability is equally important to

: WTP6TIV

of the cell. The stronger the access transistor compared to the drive transistor, the higher

the WTP, i.e. the easier it is to write into the cell. Ironically, this weakens the cell ratio

(Section 2.3.1) and hence jeopardizes the cell's SNM. This results in the well-known read-

be flipped successfully, assuming that the other BL is kept at VDO. The WTP is mainly

write conflicting design criteria of SRAM cell [129]. Fig. 2-14 illustrates a WTP of 0.25 V

kept at VDO during a write operation [37]. Since the trip-point voltage is usually slightly

less than V00/2, cell data can be written with little difficulty. However, in a high-speed,

write driver is not strong enough to pull the heavily-loaded BL and DL to zero. 3) Cells

high-capacity cache, write failures may occur in the following scenarios: 1) The WL pulse

is too short and hence the access transistors are turned off before the cell data flips. 2) The

are not sized properly and hence its write-trip point is too low. 4) Timing mismatches

cause the cell to be activated long before or after the BL is pulled to zero, resulting in

unsuccessful write operation.
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Figure 2-15 Write failure mechanisms of a 6T SRAM cell

Fig. 2-15 illustrates a failed write cycle in which the WL pulse is too short to flip the

memory content. These issues must be addressed properly in designing steps to guarantee

the fabrication yield of the cache.

2.5.3 Dynamic noise margin

Although SNM is simple and effective in predicting SRAM cell's failures, the

model is conservative. Furthermore, this model is based on the static property of

the cell which in a real can hardly be archived because read/write operation of the

cell is normally very short. Recently, several works have been published reporting

that Dynamic Noise Margin (DNM) is a more accurate measurement of the cell

stability [133-135]. While SNM simulation assumes that both Read and Write

operations of the cell are long enough so that it can settle down at final static state,

DNM simulation considers the cell directly at its real read/write operation. This

leads to some differences in these two metrics.

It has been reported that DNM is normally higher than SNM [133]. One can

recall that a cell is the most prone to error when the WL is turned on and the data

storing nodes are disturbed. If the cell is not stable enough, the node storing a "0"

will be pushed to "1" while the node storing a "1" will be pulled to "0". However,

because of the parasitic capacitances at these nodes, the cell takes time to flip

[133]. As a result, the longer the read duration, the more easily cell flips. This
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shows that SNM is somewhat too pessimistic. For example, if the cell is not stable

enough but needs 5 ns to flip, it will definitely flip under SNM consideration.

However, stored data will be maintained if the WL is only turned on for 1 ns. This

explains why under the DNM's perspective, the cell can tolerate a higher noise

level as the WL pulse width is shortened[133]. Nonetheless, this model is more

time consuming when compare to SNM. Furthermore, both metrics will return the

same result if relative noise margin of two cells are to be accessed. As a result, in

this thesis, we only consider SNM as a measurement to compare the stability of

two different SRAM cells.

2.5.4 N-Curve as a new metric to measure SNM and WTP

Two drawbacks of the SNM are the inability to be measured with automatic inline

testers and the inability to generate statistical information on SRAM [129, 136].

Alternatively, the SRAM "N-curve" provides a way to satisfy both needs [129, 136].

Furthermore, the N-curve metric contains information on both read stability and write

ability, thus allowing a complete functional analysis of the SRAM cell [19, 129, 137]. Fig.

2-16 shows the comparison between the butterfly curves and the N-curve of a SRAM cell.

A circuit setup as shown in Fig. 2-16(a) is used to extract the N-curve which contains both

voltage and current information. A voltage sweep Vin from OV to Voo is applied at node Vr

which is at zero potential and the corresponding current lin is measured, forming the N­

Curve. At three points A, Band C on the N-curve, the current injected to node Vr is zero.

The three points A, C, B are the two stable points and the meta-stable point, respectively

(Fig. 2-16 (b». The voltage difference between points A and B indicates the maximum

tolerable voltage at Vr of the cell before its content changes, i.e. the static voltage noise

margin (SVNM). The peak current between points A and B is the static current noise

margin (SINM), which refers to the maximum value of the static current that can be
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combined to convey a complete definition of the noise margin of the cell, i.e. its stability.
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injected into the SRAM cell before its content flips [129]. SVNM and SINM are now

(b)

Figure 2-16 Circuit setup to extract the N-Curve during the read operation. (b)
Corresponding butterfly curves (upper) and N-curve (lower) [129]

The SRAM N-curve can also be used to evaluate the write-ability of the cell. For a

write operation, pulling down the BL to ground discharges the' 1' node VI. Therefore, the

N-curve is now analyzed from the right to the left. At point C, the internal node Vr is 1.

The negative current peak between points C and B, or the Write-Trip-Current (WTI) is the

amount of current needed to write the cell when both BLs are kept at VDD [129]. The
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voltage difference between points C and B, or the Write-Trip-Voltage (WTV), is the

voltage drop needed to flip the internal node' 1' of the cell with both BLs clamped at Vnn.

Tables I and II confinn the equivalence between the conventional SNM and WTP

metrics and the corresponding SVNM and WTV. In both cases, the transistors in the

memory cell have the same aspect ratios. However, the transistors in the second case have

the channel width and channel length two times larger than those in the first case. As

shown in these two tables, SNM and WTP of the two cases are the same and so are their

SVNM. However, the transistors in the second case are twice as strong in tenns of SINM

and WTI. Detennining the read stability and write ability therefore requires both voltage

and current infonnation [129].

TABLE I. COMPARISON OF THE USUAL SNM AND THE N-CURVE METRICS SVNM AND SINM

FOR TWO DIFFERENT CELL DESIGNS

W/L SNM(MV) SVNM(MV) SINM(MA)

CASEI WIlLI 253.1 429 0.296

CASE2 2WI/2LI 253.5 428 0.586

TABLE II. COMPARISON OF THE USUAL SNM AND THE N-CURVE METRICS SVNM AND SINM

FOR TWO DIFFERENT CELL DESIGNS

W/L WTP (mV) WTV(mV) WTI (JlA)

Casel WIlLI 366.5 630.4 -93.8

Case2 2WI/2LI 366.6 631 -186

Similar to the previous approach, analytical model for the N-curve is derived by

equating the transistor currents at the two storage nodes. Grossar et. AI. provided both

analytical expression of the N-curve metrics as well as statistical approach to optimize the

perfonnance of the cell in [129]. Samon et. at. [137] investigated the N-curve metrics for

sub-threshold operations in 65 nm CMOS technologies. It has been concluded that N­

curve metrics are better even under lower supply voltage conditions since the current
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metrics provide more information regarding read stability and write ability issues and

enable a complete functional analysis. However magnitudes of SINM and WTI degrade at

very low sub-threshold power supply voltages, higher cell ratio of SRAM cell and higher

oxide thickness in sub-threshold region. These observations are valuable for designing

ultra-low power cache using sub-65 nm technologies and sub-threshold power supply

voltages.

2.6 SRAM cell designs

2.6.1 Overview

During the last decade, researchers have tried to develop solutions to overcome CMOS

technology scaling issues. As the impact of technology scaling and its related problems

propagate to circuit level, numerous state-of-the-art SRAM cell designs have been

reported, mainly to tackle the issue of sub-threshold leakage current and the stability of the

memory cell under the stress of low supply voltage and high process variation [19].

Although most of them share the same storage structure, each has distinctive read/write

access that either enhances its stability or reduces its power consumption. In this chapter,

we tum our attention to several contemporary SRAM cell designs, their operations and

characteristics.

2.6.2 Conventional 6T cell

Two of the most common SRAM storage structures are the Six-Transistor (6T) and

Four-Transistor (4T) cells [37]. In the past, the 4T cell dominated the stand-alone market

thanks to its small area. However, as technology scales down, the 6T SRAM cell (Fig. 2­

17) has gained popularity among circuit designers because of its stability, low power

consumption and simple fabrication process [37, 138-145]. The 6T cell is made up of a

flip-flop formed by two cross-coupled inverters (M1, M3 and M2, M4) and two pass-gate­

transistors (M5 and M6). The pass-gate transistors, which are connected to the two
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complementary BLs are controlled by the WL. They act as access devices during read and

write operations of the SRAM [19,29,32,37].

WLWL

During standby, the pass-gate transistors are turned off by the WL signal to isolate the

storage structure from the BL disturbances. The strong positive feed-back structure of the

flip-flop allows the SRAM cell to retain its complementary data as long as the power

supply is on [19, 28,32,37]. Therefore, no refresh cycles are required, making the SRAM

faster and consume less power when compared to DRAM [32].

(a) (b)

Figure 2-17 Conventional6T design (a) storing a "0". (b) Storing a "1".

During a read cycle, the WL signal is triggered high (Fig. 2-18), turning on the two

pass-gate devices. As the BLs are pre-charged to the same potential prior to each read

cycle, and the cell contains complementary data at its store nodes, this causes a differential

signal to be induced on the BLs, also shown in Fig. 2-18. This signal is subsequently

sensed and amplified before transferring to the output of the SRAM. When a cell is

written, one of the BLs is charged to Voo while the other is discharged to O. Concurrently,

the pass-gate transistors are turned on to force one of the store nodes (i.e. A or B) to VDO

and the other to 0 [19,29,32,37].
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Figure 2-18 Waveforms of several nodes during a read and write cycle of the SRAM.
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is symmetrical and hence has a very compact layout. 3) It offers differential read/write,

which results in very fast and reliable operations. However, it consists of 6 transistors and

inverter branches are cut-off once the flip-flop reaches the bi-stable stage. 2) Its structure

The 6T cell has the following advantages: 1) It has low-power consumption since both

is considered bulky when compared to the 1 Transistor- 1 Capacitor DRAM or the 4T

SRAM. As technology scales down to sub-l00 nm feature size, this shortcoming is

alleviated but unfortunately, its advantages also diminish. Firstly, the leakage current in

the sub-l00 nm is substantial and hence accumulate to a significant amount of power

consumption in the SRAM. Secondly, low-voltage operation in the state-of-the-art

technologies degrades the noise margin of the inverters and hence the stability of the

SRAM cell. Thirdly, small transistors in the SRAM cell can only sink a limited current

during a read/write cycle. This, couples with the rapidly increasing leakage current along

the BLs, leads to slow and unreliable read/write operations. As a result, larger transistors

must be used to ensure a correct operation of the memory which evidently requires both

additional power consumption and silicon area. Countless effort has been made to tackle

these issues [13, 17, 19-20,25,29,32,37,41,53, 146-192], each of which focuses on

area, power, speed or reliability improvement. In the next sections, we are going to explain
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their working principles, advantages and drawbacks. Detailed operation and design steps

will not be discussed but can be found in the respective references.

2.6.3 1T SRAM cell

The single transistor bit cell used in the 1T-SRAM technology [192] attains much

higher density since it is 25% - 35% smaller than the conventional 6T SRAM. It comprises

an access transistor and basically is a planar DRAM with the storage capacitor realized by

using a MOS structure and a capacitor, as depicted in Fig. 2-19. It alleviates the issue of

process incompatibility and in the meantime offers the SRAM-like interface and high-

performance characteristics often associated with traditional SRAMs. However, the main

issues of stability and the need for refreshing render it not as popular as the 6T SRAM.

WL

~

Figure 2-19 IT SRAM cell implementation

2.6.4 Loadless 4T SRAM cell

The concept of 4T SRAM was first introduced in 1987. However, either a specialized

WL driver circuit or additional photo masks are required in the fabrication process [37,

193-196]. In addition, it depends on the leakage mechanism of the access transistors to

hold data [196-197], which incurs extra power consumption and may not be suitable for

the future technologies. The 4T SRAM however has at least 20% area reduction when

compared to the bulky 6T counterpart [194, 196], as shown in Fig. 2-20 (a). Furthermore,

they have a higher SNM and a lower sensitivity to Vth fluctuations [198]. To date, several

4T SRAM structures have been reported in literature [165, 194-196, 198-207], three of

which [194-196,203,207] are presented in Fig. 2-20. Their read/write operations are more
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(d)

(b)

WL

WL

8L

(c)

WL

(a)

4T cell

6Tcell

4T cell area = 713 ,,-2 6T cell area = 897 ,,-2

Figure 2-20 Loadless 4T SRAM cells. (a) Layout comparison between 4T and 6T cell. (b) N­
type access. (c) P-type access. (d) zero-aware type [196]

The first conventional 5T SRAM cell was introduced in 1988 by Yang et. al. [208]

or less the same as that of the 6T SRAM cell with a slight difference in biasing the control

signals [194].

2.6.5 5T SRAM cell

where one of the nMOS access transistors in the 6T cell is replaced with a BJT. True

single ended 5T cell as shown in Fig. 2-21 (a) is then revised in [209] and [210]. This

approach eliminates the complementary access transistor and BL, thus, evidently reducing

the total silicon area (23% [210]) associated with the BL wiring and the fifth transistor. It

also benefits from less dynamic and leakage power [210]. However, its asymmetric

structure results in unreliable read/write operations in the sub-65 nm regime where

excessive process variations are present. Furthermore, the asymmetrical structure does not

allow it to scale very well with the state-of-the-art process.
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2.6.6 7T SRAM cell

(b)

--rilL

8L

(a)

Figure 2-21 5T SRAM cell (a) single-ended cell (b) port-less cell

Wieckowski et. al. proposed a symmetrical 5T (Fig. 2-21 (b)) cell which is claimed to

have both a higher SNM and a lower power consumption [116, 211-212]. Although this

approach has only 5 transistors, its cell area is almost the same as the conventional 6T cell

[116]. Besides, its active cell current is smaller than that of the 6T cell and thus, the

corresponding Ion/Ioffdegrades as VDD and device size scale down. This apparently leads to

a less reliable read operation. Therefore, careful technology-aware design steps must be

considered to ensure the operation of the cell.

42

Several typical 7T SRAM cells are depicted in Fig. 2-22. Although these designs

appear to be different, they share a similar storage topology as the 6T cell. In [84] and

The above-mentioned SRAM cell designs attempt to eliminate one or more transistors

from the conventional 6T cell and thus obtaining smaller cell area. However, as mentioned

in the previous chapter, other crucial concerns include cell stability and write/read margin

which are being severely degraded along with the rapidly increasing process variations and

steep VDD downscaling. This urges for another trend in SRAM design in which cell

stability and power consumption (both dynamic and leakage) are placed at the highest

priority [13, 19, 25]. From this section onwards, we are going to introduce some more­

than-6T SRAM designs which are able to work at sub-threshold supply voltage and hence,

significantly reduce total power consumption of the cache.
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[85], the authors proposed a SRAM cell which has different read and write ports, as shown

in Fig. 2-22(a). As a result, both its read and write operations are single ended and an

additional WWL signal is required. During a write operation, cell data are driven into the

WBL and written into node A through the pass-gate transistor N3. On the other hand, in a

read cycle, N5 is turned on by the RWL signal and the cell current will flow from the RBL

the RBL remains at its pre-charged level. Data are then sensed depending on the changes

Figure 2-22 7T SRAM cell. (a) dual-port asymmetrical. (b) single-port. (c) decoupled cell. (d)
SNM-free.

to ground through N5 and N4 if node B is high. Otherwise, no cell current is available and

lower power consumption and higher stability as the read- and write- ports are separated

of the RBL. Its area is 16% larger than the 6T cell [84]. In exchange, it benefits from both

and optimized independently. This design is almost the same as the 8T cell (which will be

discussed in the next section) but has slightly smaller area.
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Other approaches such as those depicted in Fig. 2-22 (b)-(d) can be found in [213­

216]. These designs insert an additional nMOS device into the cross-coupled loop to either

assist the write operation [213] or enhance the read-noise-margin [214-216]. Therefore,

they have superior performance to the 6T design. However, as discussed in the previous

chapter, having the same read- and write- port prevents these designs from optimizing both

operations simultaneously. Consequently, it is difficult to scale these designs in the deep

sub-micron technologies of which process variations, both inter-die and intra-die, are

inevitably becoming a major concern.

2.6.7 8T SRAM cells

One cannot stress enough the importance of power-saving designs in the era of

portable devices [13, 25, 217-220]. The demand for hand-held digital gadgets with long

battery-life has motivated circuit designers to take advantage of power supply scaling.

However, this trend cannot continue infinitely since the stability and reliability of the

memory cell are highly dependent on the supply voltage, which if reduced would lead to a

severe degradation in the cell's operation margin. Cache designers therefore must sacrifice

some circuit areas to obtain a reasonable margin at a very low supply condition.

Fortunately, this is assisted by the rapid miniaturization of the device size.

The 8T cell designs seem to have received the most attention from cache designers, only

second to 6T design. It is claimed to have superior performance compared to the 6T cell in

sub-65nm CMOS technologies regime [1, 14, 36, 39, 85, 113, 150, 213, 221-236]. Several

8T topologies are available (three of them are presented in Fig. 2-23 in the next page),

which are claimed to be more stable and work better at a very low supply voltage [1, 13­

14, 19,25,36,39,85, 113, 150,213,221-236]. Due to the larger number of transistors, 8T

cell design's area overhead is about 30% compared to the 6T cell. Nevertheless, they can

operate at a sub-threshold supply voltage level [1, 36, 229, 232] and its layout area can be

comparable to that of the 6T at 45 nm CMOS process or below [11, 237]. In addition, its

write and read operations have a reasonable margin at a very low-supply condition. As a
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result, it is considered to be best suited for sub-threshold supply applications where

performance, power consumption and cell area are all under constraint.

(a)

(b)

(c)

Figure 2-23 8T SRAM designs (a) conventional (b) isolated read gate (c) zero-aware.
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Having said so, one must understand that these designs need meticulous

considerations and under normal circumstances, several supporting techniques are required

to enhance the stability and the bit-error-rate performance. One of the most critical

drawbacks of these designs (except that of Fig. 2-23(a)) is the single-ended read port,

which is highly error-prone due to the mismatches within the SA and the BL leakage.

2.6.8 More-than-8T SRAM cell

As mentioned above, the 8T cell designs suffer from various issues associated with the

single-ended read port. To address these issues, one or more transistors have been added to

the isolated read gate 8T design [2, 5-6, 47-48, 52, 229, 238-244]. These designs either

enhance the stability of the cross-coupled structure or improve the read/write operations

through the means of additional MaS devices. As a result, they can achieve a faster

operation when compared to the 8T designs [229]. This advantage however comes at a

cost of about 20% area overhead when compared to the 8T counterpart [244]. Circuit

designers therefore must compromise between area, power consumption and performance

so that their designs are best suited for the respective applications.

2.7 Conclusion

This chapter reviews the most frequently used techniques in literature to enhance the

performance of SRAM. It reveals that VDO scaling and SRAM macro partitioning are the

most effective methods to manage the active power dissipation in SRAM. On the other

hand, SRAM leakage is mainly reduced by redesigning the SRAM cell. As a result,

memory cell design plays a crucial role in reducing the total power consumption of the

chip. Another design concern is to determine the stability of the memory cell under

process variations. In order to cope with the continuously increasing device mismatches,

different stability metrics has also been analytically proposed to comparatively measure

the stability and reliability of the memory cell designs. Finally, this chapter provides a
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comprehensive review of the recent SRAM cell developments, which were proposed to

solve the power and reliability challenges in nano-scale technologies.
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3.1 Introduction

This design aims to reduce the read power consumption as well as to enhance the

stability of the SRAM cell during the read operation. A 10-Transisor SRAM cell is

proposed with a new read scheme to minimize the power consumption within the memory

core. It has separate read and write ports, thus cell read stability is significantly improved.

A 16Kb SRAM macro operating at IV to 0.4 V supply voltage is demonstrated based on a

multi-Vth 65 nm CMOS process. Its read power consumption is reduced to 24% of the

conventional design. The new cell also offers 90% leakage current reduction. Therefore, it

is suitable for low-power mobile applications whose power supply is restricted by the

battery.

A lOT SRAM WITH IMPROVED SNM AND

REDUCED POWER CONSUMPTION

CHAPTER 3

CMOS SRAM memory has been and will continue playing a critical role in modem

microprocessors. As previously mentioned, due to its complex 6T structure (Fig. 3-1),

SRAM cache is one of the most area-consuming components in the state-of-the-art

system-on-chip (SoC) [113]. As a result, SRAM cell transistors normally use minimum

width-to-Iength ratios to meet this stringent area constraint. This, coupled with the

increasing fluctuations in transistor parameters (e.g. Vth) as device dimensions and supply

voltage scales down in the nanometer regime, leads to an urgency to increase the cell

stability for future technology.

Another major concern is the power consumption of high density SRAMs. Eq. (3.1)

and (3.2) show a simplified model of total power consumption of an SRAM which is

inclusive of active and passive powers Pactive and Ppassive, respectively [19]. Assuming that

the SRAM macro in consideration has m columns and n rows, its standby or leakage

power will be proportional to the leakage current per cell, as shown in Eq. (3.1). As a

result, it is desirable to have a small leakage current as it is becoming a dominant
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component of the total power consumption in sub-IOO nm CMOS technologies [2, 55,

245]. The second component is Pactive which is consumed when an SRAM is read or

written. During these operations, a row is chosen by triggering one of the WLs high and

hence the access transistors (N3 and N4 in Fig. 3-1) of all the cells on that row will be

turned on. Each cell then draws an active current icel/" hence a current of (m x icelJ is

consumed. Therefore, it is necessary to partition the macro into smaller sub-macros in

order to reduce this component. During these active cycles, the decoder and other

peripheral circuits such as SA and write driver also contribute a significant amount of

power consumption, as shown in Eq. (3.2).

Pstandby =mxnxihold xVDD (3.1)

Pactive = 1DD VDD

=(I + I d d . )VD,n (3.2)core eco er + perIpheral LJ

= {[mi cell + m(n -l)ihold l+ I decoder + peripheral }VDD

Figure 3-1 A conventional6T SRAM cell. Cell leakage currents are illustrated by the red
arrows. The solid and dotted arrows represent the sub-threshold and gate leakage current,

respectively.

In this chapter, we focus on the first component of the active power, i.e. Lore ,by

redesigning the memory cell and the leakage power, i.e. Pstandby' We propose a new lOT

SRAM cell and a new BLs pre-charge scheme that can reduce the (m xicelJ component into

I xicell and thus I core is drastically reduced. The new cell also offers a lower leakage and

hence can be suitable for applications where the system is in standby mode most of the

time.
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This work contributed in the following aspects:

1. We propose a lOT SRAM cell to reduce the unnecessary cell currents during the

read operation. Transistor optimization and layout is discussed using a multi-Vth 65

nm CMOS process from STMicroelectronics (STM) to reduce the leakage current

without compromising the read speed.

2. We propose a new BL pre-charge scheme that leads to a more than 90% read

power consumption reduction within the memory core and at the same time reduces

the cell leakage.

3. Cell stability using noise margin is extensively studied: statically, dynamically and

statistically. Read reliability is also investigated via the BL leakage current to ensure

that the proposed design can be implemented using smaller technologies where

leakage current dominates the active cell current.

3.2 The new lOT SRAM cell

3.2.1 Read operation

Fig. 3-2 shows the transistor level of the proposed cell with separate read and write

ports. It consists of four pMOSs (PI - P4) and six nMOSs (NI - N6) transistors. Like the

conventional 6T SRAM, PI, NI and P2, N2 form a cross-coupled inverters flip-flop which

has two stable states to store either a '0' or a '1'. Fig. 3-3 illustrates a simplified read data

path of the proposed design with two BL pre-charge transistors (NIl, NI2), pull-up

transistors (PIO-PI2), a BL SA and four DLs driving transistors (PI3-PI6).
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IBLVODBL
WWL

.lL

Figure 3-3 Data path in the read cycle of the proposed SRAM.

During standby, both BLs are pre-charged to ground, as shown by the light blue lines

Figure 3-2 Proposed lOT cell with separate write/read ports. Cell leakage currents are
illustrated by the red arrows. The solid and dotted red lines represent the sub-threshold and

gate leakage currents respectively.

VDD

in Fig. 3-4. When a read operation is activated, a specific memory cell is chosen by its

corresponding RWL and CS signals (Fig. 3-3). Consequently, NIl and Nl2 are turned off
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Figure 3-4 Waveforms of several nodes during a read cycle

7.0

IBL
~

~BL

6.75

D--~

6.25 6.5
time (ns)

6.0

1.0

.25

.75
L.-..-......---......,

~
> .5

~> .5

.25

0..,····················································.......................•.............................. 0··

1.o-i========~~;:;:::~~::1

Henceforth, we assume that the chosen cell stores a '0', thus N5 is off whereas N6 is on.

to release the BLs. As PI0-PI2 are turned on, they charge the BLs up from ground level.

V/BL to rise at a slowe rate r than VBL, i.e. V/BL < VBL. Thus, VGS of P11 is larger than that

.75

Since the RWL is triggered high, a small current Leu flows from /BL to ground, causing

Although the RWL signal turns on N3 and N4 of all the cells in the same row, the BLs

higher rate than V/BL and quickly creates a large voltage gap between these two lines. The

respectively, P15 is turned on and P16 is cut-off. P15 sources a current to IDL and pulls it

SA is then turned on to sense this voltage difference and amplify it to intermediate outputs

ofP12 and Pll sources a higher current than P12. Consequently, VBL continues to rise at a

C and D, as shown in Fig. 3-3 and 3-4. Since C and D are pulled to ground and VDD

to a high voltage level while DL remains unchanged. A simple buffer is then used to

provide full CMOS logic level outputs, as shown in Fig. 3-3 and Fig. 3-4.

of the other column are kept at ground level and hence no Leu flows into the other cells of

the accessed row. Thus, power dissipation within the SRAM core is mainly consumed by

the SA and a significant amount of current is saved. One however must understand that the

exact level of power saving depends on number of cells per row and number of cells

accessed during each read/write operation on that row.
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When data is transferred to the BLs, the WWL turns on the access-transistors of the cells
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The proposed SRAM design has a similar write operation as the conventional design.

All transistors in the lOT cell have the minimum size of W = 120 nm . On the other
L 60nm

3.2.2 Write operation

Figure 3-5 Waveforms of several nodes during a write cycle of the proposed (above) and 6T
designs (below). The proposed design's write delay is about 50/0 slower than that of the 6T
design due to the PMOS access device. A and B are the data storing nodes of the memory

cells.

3.2.3 Transistor sizing and cell layout

transistors (P3 and P4 in Fig. 3-2) are used to access the memory instead of NMOS

and data is written. However, since the pre-charge level of BLs is ground, PMOS

write operation and hence the proposed design has a 5% longer write delay and smaller

transistors (N3 and N4 in Fig. 3-1). This results in a 10% smaller cell current during a

write power when compared to the conventional 6T design. Simulated waveforms of

Fig. 3-5.

several nodes of the proposed and the 6T designs during a write operation are illustrated in
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hand, the pull-down transistors of the 6T cell have the size of W = 360 nm while the
L 60nm

others have the minimum size. As the proposed design has separate read/write ports, its

noise margin during the read operation is still higher when compared to the conventional

6T cell, as will be discussed in Subsection 3.3.2. However, both read and write delays are

3%-5% longer than those of the 6T cell design. The proposed design has 33% layout area

overhead when compared to the conventional 6T layout due to the four additional NMOS

transistors and wiring of the RWL, as shown in Fig. 3-6.

(a)

(b)

Figure 3-6 Layout of the proposed SRAM cell (a) 6T with the pull-down transistors have a

W/L = 360nm/60nm (b) lOT with all transistors have a minimum size ofW/L = l20nm/60 nm

It is worth mentioning here that this area comparison is based on our available

standard logics rule from the foundry and no pushed layout rules are used. If memory

layout rules are used to mimic the industry, memory size ofthe 6T and lOT are 0.41 um x

54
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1.26 urn and 0.62 urn x 1.26 urn, respectively, i.e. the proposed design's area over

head is 50%. Nonetheless, as technology scales down, excessive fabrication fluctuations

require 6T design to use larger transistor size to maintain a reasonable noise margin [12].

Thus, the lOT design will have its advantage as the area overhead reduced thanks to the

minimum-sized transistors.

Our proposed design has a similar structure to that in [5] but we use PMOS

access devices with separate Read and Write WL. As a result, there are three major

differences between our design and that in [5]:

1. The proposed design has separate Write and Read WL while [5] share one

WL. This means that the cell is disturbed during the read operation.

2. Both read/write currents of the cell are approximately twice as large as that

of the 6T. However, half of its active current during the write operation

flows directly to ground and does not contribute to the write process. This

is a waste of energy.

3. In [5] its BL must be pre-charged to VDD which obviously induces more

leakage current due to the four additional NMOS devices.

Since our work focus on low-power low-leakage property of the design, we

will not compare our design with that in [5].

3.3 Leakage and noise margin analysis

3.3.1. Cell and BL Leakages

3.3.2.1 eeilleakage

Leakage current is one of the major concerns in nano-scale SRAM where most of the

transistors are in the standby mode [207]. Figs. 3-7 illustrates the major leakage currents

in the 6T and lOT cells where the solid and dotted red lines represent the sub-threshold

and gate leakage currents respectively. Since both BLs of the lOT cell are pre-charged at 0
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(b)

(c)

(a)

In an attempt to further reduce the leakage current of the lOT SRAM cell, we use a

Figure 3-7 (a) Conventional6T cell. (b) Proposed lOT cell with standard Vth transistors (c)
Multi-Vth lOT SRAM cell. Standard Vth transistors have thin channel while high-Vth

transistors have bold channel. Leakage currents are illustrated by the red arrows. The solid
and dotted red lines represent the sub-threshold and gate leakage currents, respectively

V, it only incurs one additional leakage current through the gate ofN5, as highlighted by

the blue oval. However, the pull-down transistors Nl and N2 of the new cell are smaller

than those in the conventional cell, hence reducing its total leakage. For example, at 40°C,

leakage currents of the 6T and lOT cells are 300 pA and 210 pA respectively.

multi-threshold CMOS process and apply different Vth for different transistors in the cell.

Since among the 10 transistors within the memory cell, only four transistors N3-N6

contribute to the read delay, it is necessary for these transistors to have as low-Vth as

possible. Fortunately, they do not contribute any significant leakage current to the cell. On
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Figure 3-8 Leakage current comparison of the two designs against the temperature variation.
All transistors have minimum size except the pull-down transistors of the conventional 6T cell

with W/L =360nml60nm. Minimum size transistor is W/L = 120nml60nm, according to the
standard logic rules from the foundry.

the other hand, the other six transistors are the main contributors to the total leakage

delay and thus does not affect the operating frequency of the system.

standard Vth for N3-N6. Nonetheless, this extended write delay is still shorter than the read

Fig. 3-8 shows the leakage currents of the conventional 6T, the proposed lOT and the

current, as illustrated in Fig. 3-7. Hence, we use high Vth for Nl-N2 and Pl-P4, and

leakage reduction. This is because all transistors used in the lOT designs are minimum size

proposed lOT cell has less leakage current when compared to the 6T cell, with about 30%

proposed lOT with multiple-Vth CMOS process. Despite having more transistor count, the

improvement incurs no additional latency or worse case delay of the system, which is

reduced to 10% of that of the 6T cell. It is worth mentioning here that this excellent

and BLs are pre-charged to ground. When multiple-Vth is used, its leakage current is

determined by the read operation. All subsequent simulations on the lOT design are

performed on the multi-Vth cells.
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Figure 3-9 BL leakage current (a) 6T cell (b) lOT cell
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3.3.2.2 BL leakage

It is desirable to have as large !cen as possible to ensure a fast and reliable read

One of the fundamental requirements of high density SRAM is a reliable read

operation. In any SRAM architecture, the cell read current !cen is used to identify the stored

data in the accessed memory cell. There are two basic read schemes in the literature which

into a current difference along the complementary BLs and amplifies it into CMOS logic

output levels. On the other hand, voltage-mode read scheme waits for the leen to discharge

use the above-mentioned leen in different ways: current-mode read scheme translates leell

one of the BLs to a lower voltage potential than the other BL and then amplify this small

voltage difference to the required output levels [96, 102, 246-247].

operation. However, because of the stringent constraint of the cell area, SRAM designers

usually use minimum-size transistors and thus leen is usually very weak. Fig. 3-9

demonstrates the flow of!cen (blue arrow) in one column when the first cell is accessed. In

theory, this is the only available current along the BLs. Nonetheless, one must bear in

mind that sub-threshold leakage currents are always present, also illustrated in Fig. 3-9 as

red and purple arrows.
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Fig 3-10 details the leakage path in the 6T and lOT cells during a read operation.

(3.3)

JBL

(a)

(b)

I
Ratio! = cell > n-l

I Leakage

BL
WWL

.1.

Figure 3-10 BL leakage current within the SRAM cell (a) 6T (b) lOT

Where n is the number of rows. In case of the lOT cell, since Ileakage(N5,3) > Ileakage(P4) +

Assuming that the cells in Fig. 3-10 store a '1' at node A and thus a '0' at node B, the

leakage current will flow from the IBL through N4/P4 to node B, as shown in Fig. 3-10

(a). In the lOT cell, there are two other leakage currents flowing from both BLs to ground,

through N5-N3 and N6-N4, as shown in Fig. 3-10 (b), and hence its total BL leakage is

higher than that of the 6T design. In the 6T SRAM design, the worst case happens when

illustrated in Fig. 3-9 (a). The condition to have a correct output is:

the accessed cell stores a '1' and all the other cells in the same column store a '0', as

Ileakage(N6,4), Eq. (3.3) becomes:
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rapidly increases [52] and hence, these ratios will shrink to a level where the number of
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As technology and supply voltage scale down, !cell becomes smaller while Ileakage

Fig. 3-11 represents the simulation data of Ratio} (6T SRAM) and Rati02 (lOT

. Ratio2RatlO=--
Ratio1

I
Figure 3-11 ----!!!!- Ratios of the memory cells in comparison at different supply voltages.

I off

cells per row is not limited by the BL parasitic capacitance but by the ratio between !cell

and Ileakage instead. Therefore, it is desirable to have these ratios as high as possible.

SRAM) at different supply voltages. It is apparent that although the proposed cell has

more leakage current, as shown in Fig. 3-9 and 3-10, the leakage on the right, i.e.

Leakage}- denoted as Lkg} in Fig. 3-9, cancels its left counterpart, i.e. Leakage2 - denoted

as Lkg2 in Fig. 3-9, and thus the cell's net leakage current is less than that of the 6T cell.

As a result, Rati02 is higher than Ratio}, as shown in Fig. 3-11. It is important to note that

these leakages of the new cell are only available in one column during a read cycle when

both BLs are raised to high voltage levels. The term Ratio= Ratio2 shown on the
Ratio}
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secondary axis in Fig. 3-11 is used to emphasize the relative performance of the two

designs. It is clear that the lower the supply voltage, the more the new design outperforms

the 6T cell. For example, at IV, Rati02 equals to l.lx Ratio1 but at 0.4 V, it increases to

1.8x Ratio1.
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Figure 3-12 Ratioz using Monte-Carlo simulations. (a) VDD = IV. (b) Histogram plot of Rati,02 ,
Ratlo1

VDD = 1 V. (c) VDD = 0.4 V

In the sub-IOO nm CMOS processes, it is necessary to understand the behavior of the

designs under excessive process variations. We have performed various Monte-Carlo

simulations to evaluate Ratio1 and Rati02 under process fluctuations using standard data

from the foundry. Fig. 3-12 (a) shows a scattering plot between Ratio1 and Rati02 at IV
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3.3.2.1 SNM versus DNM
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Figure 3-13 Dynamic Noise Margin of the conventional and the new 6T cells versus the cell
ratio and the access transistor's width variations.

supply voltage. It is apparent that most of the points lie below the Ratio}=Rati02 line and

this means that most of the time Ratio} < Rati02 . An auxiliary histogram plot is shown in

SNM is the most popular measure to evaluate the stability of the memory cell [119,

Fig. 3-12 (b), indicating that Rati02 is higher than Ratio} in only 87% of the time as

illustrated by the blue bars in Fig. 3-12 (b). At O.4V, Ratio} is always smaller than Rati02

as all of the points are below the red line. It therefore has conclusively proved the new

cell's advantage especially in applications where ultra low supply voltages are preferred.

3.3.2. Noise Margin

248-249] as it indicates how much noise is needed to malfunction the cell content under

the worst case scenario. However, recent works on cell stability have pointed out that

SNM is only a special case under a broader class of DNM in which NPW extends to

infinity [5, 134-135]. In this work, we performed a simple DNM analysis of the proposed

design and the conventional 6T cell using different NPW at 40° C and 100° C,

respectively. Simulation results are presented in Fig. 3-13 and strongly agree with the

conclusion in Ref. [134-135].
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Both designs have very high noise margins when the NPW is exceptionally short, i.e.

about lOps but they drop by more than 70% when the pulse width increases to 100 ps. For

example, at 40° C, 10 ps NPW, the DNMs of the lOT and 6T cells are 1460 mV and 820

mY, respectively. However, for NPW higher than 100 ps, these DNMs saturate and

approach their SNM values of390 mV and 198 mY, respectively. This has reaffirmed that

the proposed design has about 2X superior stability when compared to the conventional 6T

design, dynamically and statically.

3.3.2.2 Statistical Simulation ofSNM

As mentioned in the previous section, deterministic simulations are not sufficient to

evaluate the performance of the design, especially in nano-scale SRAM [129]. Although

both DNM and SNM of the proposed design are higher than those of the conventional 6T

SRAM, statistical simulations are necessary to predict their relative stability under process

variations. Fig. 3-14 shows the butterfly curves of both lOT and 6T SRAM cells at 1 V

and 0.4 V supply voltages. The SNM is now defined as the biggest square that can fit into

the smaller eye of the butterfly curve [129]. In other words, it is the worst-case-SNM

under process variations. As shown in Fig. 3-14, the proposed design has a higher SNM of

172 mV when compare to 132 mV of that of the 6T design. This is because the access

transistors of the proposed design are PMOS and hence the disturbances of the half­

accessed cells are less than that of the 6T design.
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Figure 3-14 Monte-Carlo simulations of the butterfly curves of the two designs. (a) lOT cell.
(b) 6T cell.

As we use high-threshold transistors NI-N2 and PI-P4 to significantly reduce leakage

transistors are weaker than the conventional NMOSs in the 6T design which further

worsens the situation. As a result, the lOT's WTP is inferior to that of the 6T design.

3.3.3. Write Trip Point

current, writing into the proposed cell is rather difficult. Furthermore, the PMOSs access

successfully (assuming that the /BL is kept at VDD). In our design, one of the BLs is kept at

ground while the other is raised from ground to VDD during the write operation. Thus,

Conventionally, WTP is defined as the highest BL voltage that can flip the memory cell

minimum BL swing that can flip the memory cell successfully. Fig. 3-15 shows the

using the conventional definition may create confusion. Instead, we define WTP as the

write operation. The lOT cell takes more time to write and also requires a higher BL

voltage. Fig. 3-16 summarizes the corresponding WTP of the two designs at different

simulation waveforms of the conventional 6T and the proposed lOT SRAM cells during a

supply voltages. The proposed design requires about 23% higher BL voltage swing.
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Figure 3-15 WTP of the 6T and the proposed lOT design during a write operation

Two 128x128 SRAM macros have been designed and simulated in a standard 65 nm

3.4. Performa~ce comparison

CMOS process from STM using the conventional 6T and the multi-Vth lOT cells. Both

macros have identical address decoders, DL drivers and SA design. Extensive Read/Write

operations have been simulated at 40° C to evaluate the performance of the newly

proposed cell. All results are recorded at (250 MHz, 1 V), (500 MHz, 1V) and (1 MHz, 0.4

V) as shown in Table III. It is apparent that under any operating condition, the proposed

design has significantly less read power consumption. This is because only one cell is
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turned on instead of all the cells in one row in the conventional design. At 250 MHz, the

6T SRAM macro has 4X read power consumption when compared to that of the new

design. The new design's write power is also reduced by 30% when compared to that of

the conventional 6T design. Our design has 5% read and write speed overhead when

compared to those of the conventional 6T design. Relative performances of the two

macros at different operating frequencies and supply voltages are summarized in Table III.

lOT SRAM macro 6T SRAM macro

Read Power: 11 uA Read Power: 50.7 uA

0.4V,lMHz
Read Delay: 96 ns Read Delay: 90 ns

Write Power: 38 uA Write Power: 50.9 uA

Write Delay: 87 ns Write Delay: 79 ns

Read Power: 0.78 rnA Read Power: 3.25 rnA

IV, 250 MHz
Read Delay: 820 ps Read Delay: 780 ps

Write power: 2.0 rnA Write power: 3.3 rnA

Write delay: 600 ps Write delay: 580 ps

Read Power: 1.6 rnA Read Power: 4.4 rnA

IV, 500 MHz
Read Delay: 790 ps Read Delay: 760 ps

Write power: 3.2rnA Write power: 4.5 rnA

Write delay: 600 ps Write delay: 700 ps

TABLE III. SUMMARY OF THE PERFORMANCE OF THE TWO SRAM MACROS.
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Figure 3-17 Average read power of the two design during a read cycle
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Fig. 3-17 breaks down the read power consumption of the two designs in

consideration. It consists of two components: Core dissipation and peripheral dissipation.

Theoretically, by turning on only one cell during the read operation, power dissipation of

the proposed design would be 1/128 of that of the conventional design. Nevertheless, some

circuit components also draw currents when the core is activated such as the RWL or the

CS, etc. These are short pulse currents and quickly diminish after a few tens of

picoseconds. In the conventional 6T design, a significant read current flows into all the

half-accessed cells on the same row and lasts until the end of the read cycle, as shown in

Fig. 3-18. It also shows that the "pulsing period" dominates the total read cycle when the

value of 128, our proposed design has made a measurable power reduction within the core.

8X whereas that at 250 MHz is 48X. Although these numbers are far below the optimum

frequency is higher. This explains why at 500 MHz, the power reduction within the core is

This implies that power consumed due to half-accessed cells during the read operation is

no longer a design bottleneck and circuit designers can partition the macro differently with

more cells per row, and hence its layout is more efficient and can be used to compensate

the area overhead induced by the larger lOT cell layout.
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Figure 3-19 Average power reduction versus cache hit ratio
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Figure 3-18 Leakage current in the SRAM cell. m is the number of cell per
row and icell is the read current of one accessed cell.

Fig. 3-19 approximates the percentage power saving versus the hit ratio of the cache.

Each time data are found within the cache, a hit occurs and a read operation is performed.

Otherwise, data must be written to the cache before read out. As a result, average power

reduction of the proposed design is a function of the hit ratio. Fig. 3-19 also shows that in

slow operations, the average power reduction is very high, from 65% to 77%. When

operating at 500 MHz, these number ranges from 57% to 63%.
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A novel lOT SRAM cell has been proposed and analyzed. It separates the write and

Figure 3-20 Read delay of the two SRAM macros in consideration at different process
corners: Fast-Fast (FF), Fast-Slow (FS), Typical (T), Slow-Fast (SF) and Slow-Slow (SS).

represents the read delay of both designs at different process comers and supply voltages.

As mentioned in Subsection 3.3.1, SRAM speed is limited by its read delay. Fig. 3-20

It is noticeable that the lOT design has slightly longer delay when compared to the 6T

remains almost the same at all process comers. Both designs have the longest read delay at

Slow-Slow comer, which is up to 70% longer than that at the Fast-Fast comer. As a result,

a read cycle when using the same SA. However, this additional delay is only marginal and

the SA enable (SEN) signal must be delayed further to cope with this variation and ensures

design. This is because it has smaller pull-down transistors within the memory cell during

a correct sensing. As this is not the emphasis of this project, we only used inverters as a

simple way to increase the delay of this signal.

the read cycle. As a result, its noise margin is 1.3x of that of the conventional 6T design.

read operations of the SRAM and hence has improved the noise margin problem during

Concurrently, it reduces 76% of the total read power at 250 MHz, 1 V supply voltage.

3.5 Conclusion
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Considering the active current within the core, the proposed design offers more than 90%

reduction. Its write and read delays are also compatible to that of the conventional 6T. In

addition, its leakage is only 10% of that of the conventional 6T design, which is

attributable to the use of multiple-Vth CMOS process. This achievement is made with 23%

sacrifice in WTP. However, the cell still can be written properly if full BL voltage swing is

obtained during the write operation. In view of the above-mentioned advantages, it can be

concluded that the new design is a more suitable choice for applications that require ultra

low-power ultra low-leakage applications where power is the most critical design factor.
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4.1 Introduction

minimize the leakage, dividing the SRAM macro into multiple sub-macros to enhance its

AN 8T DIFFERENTIAL SRAM WITH
IMPROVED SNM FOR BIT-INTERLEAVING

CHAPTER 4

Lowering power consumption and increasing noise margin have become two

central topics in every state of the art SRAM design [36, 250]. Due to parameter

cell designs have been reported, improving the cell stability [1, 225, 232, 237,

fluctuations in scaled technologies, stable operation is critical to obtain high yield

251]. However, they either employ single-ended read port or require too large area.

low-voltage, low-power SRAM [16, 52, 250]. Recent published works in literature

have shown that the conventional 6T SRAM suffers a severe stability degradation

due to access disturbances at low-power mode [11, 16]. Thus, several 8T and lOT

Low-power and high-stability have been the main themes of SRAM designs in the last

interleaving to achieve soft-error tolerance with conventional Error Correcting

In this paper, we use a fully differential 8T SRAM that allows efficient bit-

Code (ECC). It also consumes less power when compared to the conventional 6T

design. A column-based dynamic supply voltage scheme is utilized to improve

both the read noise margin and the write-ability. To verify the technique, a 128x64-

bit of the proposed SRAM has been implemented in a standard 65 nm/ 1V CMOS

process. Simulation results reaffirmed that the proposed design has 2x higher noise

margin and consumes 54% less power when compared to the conventional 6T

design.

decade [251]. The explosion of the portable electronic market constantly urges for less

power-hungry architectures. Thus, many techniques have been employed to deliver this

requirement such as scaling the supply voltage, using multi-threshold CMOS process to
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stabilities and to reduce the dynamic power. Among these, supply voltage down scaling

offers the highest effectiveness since the dynamic power is a quadratic function of voltage.

Furthermore, it also exponentially reduces the leakage current which dominates the active

current in the sub-IOO nm CMOS processes. Supply voltage scaling has recently extended

to sub-threshold circuit operations to significantly reduce the total power consumption [1,

3-4, 12, 251]. As a result, a hefty amount of energy has been saved, at the cost of the speed

performance. Several silicon results have been successfully measured at 0.3 V or lower [4,

251]. However, it is arguable to further scale down the supply voltage since the speed is

exponentially degraded and hence total energy per read/write is increased. For example,

[251] reported a 32 kb lOT SRAM which dissipates 1 J.lW at 0.3V, 500 kHz and 0.15 J.lW

at 0.16 V, 500 Hz. A simple calculation shows that at 0.3 V, the memory consumes 1.7 pJ

per write, whereas at 0.16 V, it consumes 246 pJ per write. Thus, the energy consumption

per write increases 144x when the supply voltage is reduced from 0.3 V to 0.16 V. In this

paper, we will investigate the optimum supply voltage for the proposed SRAM cell at

which the energy consumption per read/write is minimized.

The second challenge in designing a robust SRAM is to ensure a reasonable noise

margin, which is normally measured by the SNM and the WTP [23, 129,249,252-255].

According to [129], these two design factors degrade when the threshold voltage variation

increases. Furthermore, they are linearly dependent on the supply voltage, which if being

reduced in order to save power, has a negative impact on the cell stability. As a result, it is

extremely difficult to maintain the cell stability as technology enters the sub-IOO nm

regime. Vigorous efforts have been put forth to improve the SNM and the WTP of the

SRAM cell. Unfortunately, these two factors conflict with each other and hence improving

one is likely to jeopardize the other.

Several more-than-6T SRAM cell designs have been proposed in literature,

emphasizing on solving the above-mentioned conflict in SRAM design [1, 3, 6, 36, 84,
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113, 165,214,224,241,251]. They employ separate Read and Write ports and hence the

cell's SNM and WTP can be optimized individually without affecting each other.

Nevertheless, most of these designs can only be implemented in WL sharing architecture

which is not preferable as the conventional ECC requires bit-interleaving to address

multiple bit soft-error [3, 251, 256].

In this paper, we use a disturb-decouple differential 8T SRAM cell [224] to address the

above-mentioned issues. It also eliminates the half-access issues associated with

previously published designs and thus both SNM and WTP can be improved concurrently.

A true single column-based dynamic supply voltage technique is employed to

simultaneously improve the cell read stability and write-ability. The proposed design also

consumes less power when compared to the other differential cell designs as only one cell

is activated during any read or write operation, which is unique when compare to all

previously published works. In addition, it can operate in a wide range of supply voltage

(0.2 V to 1V) without any significant circuit modification.

The rest of the chapter is organized as follows: Section 4.2 reviews the basic

operations of the conventional 6T SRAM cell and the recent developments in SRAM cell

design. Section 4.3 presents the operating principles of the proposed cell and its circuit

implementation. In section 4.4, we describe in detail the simulation methodology and

performance evaluation of the proposed design, in comparison of the conventional 6T, the

original 8T [224], the lOT [251] and the 6T_1[257] SRAM cells. Section 4.5 concludes

the chapter.

4.2 Recent SRAM designs for bit-interleaving

4.2.1 Shared BL versus Bit-interleaving

There are two commonly used ways to arrange the words in SRAM architecture:

shared WL (Fig. 4-1 (a)) and bit-interleaving (Fig. 4-1(b)).

73

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Word Al WordA2 WordAk
.-/'--.. .-/'--. .-/'--.

r ~ r """"""'\ WL r ~

B8---8 8 8---8 ••• B8---8-
I (a)I
I

Y ~ .... -A,- - WL

~ 8---8 ~ 8---8 ••• 8 8---8
'-- J '-- J '-- J

-v-- ---v-= ---.....,r-
1st Bits 2nd Bits n-th Bits

(b)

Figure 4-1 SRAM word organization (a) Shared WL (b) Bit-interleaving

In the shared WL architecture, all the bits of the same word are located next to each

other. For example, Fig. 4-1(a) shows a row of k words, with each having n bit cells.

During access, the WL is activated and all the bits on the row are turned on. A NAND gate

can also be used to choose only one word out of k words on a row. This architecture is

widely used because of its simplicity and compactness. However, as all the bits of a word

are adjacent to each other, the probability of multi-bit soft errors is very high, especially in

sub-IOO nm CMOS technologies. This has a negative impact on the yield of the chip. As a

result, bits of adjacent words must be interleaved to avoid the multi-bit errors in the

accessed word so that the conventional ECC can be implemented to detect the single error

bit. For example, in Fig. 4-1(a), if we read from word Al and the ionized radiation is

focused on the first bit of the row (i.e. All), the adjacent cells are also affected. Thus A12,

AI3 .••Alp may be erroneous too. This results in the multi-bit error phenomenon that cannot

be efficiently solved by the conventional ECC. On the other hand, in Fig. 4-1(b), bits A12,

AI3 ...Alp are very far away and hence only one bit of Al is affected. Since the rate of soft

error increases as technology scales down, bit-interleaving is preferable in state-of-the-art

designs. Most of the low-power SRAM designs published in the literature, however, have

the half-access issue during the write operation and therefore cannot be bit-interleaved

[251]. Recently, there are two lOT cell designs [3, 251] that successfully mitigate the half-
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access problem and bit-interleaving becomes feasible at very-low supply voltages. Their

operations are going to be discussed in Section 4.3.2.

4.2.2 Recent SRAM cell designs

Fig. 4-2 represents the recently published lOT SRAM cells that successfully addressed

the half-accessed issue. The 10T_l design in Fig. 4-2(a) has two additional transistors (N6

and N8) in the write port (when compared to the conventional 6T) which are only turned

on by the column-based Write WL (WWL). As a result, unselected cells on the accessed

row are isolated from the BL disturbances as their WWLs are inactive. It also has a

separate read port (N3-N5 and N4-N7) that does not affect the internal nodes of the cells.

Consequently, its noise margin is very high and similar to that of the conventional 6T in

the standby mode [251]. This design however has two major drawbacks: (1) Its area

overhead is very large as it uses 10 transistors and its layout is not very compact; (2) The

write port uses two cascaded nMOSs and hence its write strength is weaker than that of the

6T design. Consequently, it has a lower WTP. The 10T_2 design has partially solved the

above mentioned drawbacks by rearranging the connections between the transistors and

applying a column line assist. Nevertheless, its SNM is compromised. In summary, both

designs have better SNMs than the 6T design and the half-access issue has been mitigated

but their area and WTP are not as good as those of the 6T cell. Along with the

conventional 6T, these two cells will be discussed in the paper as references to evaluate

the performance of our design.
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Figure 4-2 SRAM cells (a) Differential 10T_l [251] (b) Differentiall0T_2 [3]

The 8T disturb-decouple SRAM cell was first introduced in [224]. Similar to the

above-mentioned lOT cells, it has successfully eliminated the half-access problem in the

conventional 6T design. However, the potential of this 8T cell has not been fully explored

to maximize it performance. In [224], the only accessed cell in a row is turned on by its

respective WL and CS signals. As a result, this accessed cell is disturbed in a similar

manner as the conventional 6T. To improve its read noise margin, a voltage mode sensing

scheme must be used to fully discharge the BL to ground. Thus, disturbances to the cell

are mitigated and simulations showed that the cell is more stable and less prone to error

during operation. However, this scheme has three main drawbacks: 1) The BL must be

discharged to ground very quickly. Otherwise, the cell is still flipped. The stability of the

cell depends on the timing of the BL discharge and the WL turn on. 2) Normal SRAM

operation cannot be used as it removes all the benefit ofthe 8T cell. 3) Noise margin ofthe

cell is only marginal and is limited by the amount Vbump reduction [224]. Next section will

described the operation of the proposed cell with a dynamic column-based supply control
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[257] that significantly improves the performance of the cell. The combination of the half-

access free cell with a column-based supply control fully explores the cell's potential for

implementing in bit-interleaving manner.

4.3 Operating principles of the proposed 8T SRAM

4.3.1 Operating principles

The proposed SRAM cell consists of 8 transistors, NI-N5 and PI-P3, as shown in Fig.

4-3(a), with all having minimum size of W = 120 nm to save area. Four transistors Nl,
L 60nm

N2, PI and P2 form a cross-couple structure to store data. Four transistors P3 and N3-N5

are used to access to the internal nodes D and ID of the cell. N3 and N4 connect the cell

internal nodes to the BLs while P3 and N5 form an inverter to control the voltage of node

CI. The source terminal ofP3 is connected to a column select (CS) line while the gates of

P3 and N3 are connected to the WL. As a result, N4 and N3 are turned on if and only if

both the WL and the CS are triggered. Unlike the conventional design, the sources of PI

and P2 are connected to a dynamic cell supply (Cell_supply) line which is raised to the

higher voltage during the read operation in order to obtain a higher noise margin.
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Figure 4-3 Proposed SRAM cell topology and array organization

Similar to the conventional design, it has three modes of operations: Standby, Read

.. Column Doooder I
ColumnAddress L-- ---'

a result, transistor N5 of each cell is turned on to pre-charge node CI to ground. Thus,

and Write; as follows:

During standby, Cell_Supply voltage is kept at Voo to maintain a high noise margin. At

the same time, all the WLs are pre-charged high while all the CSs are pre-charged low. As

4.3.1.1 Standby

both access transistors N3 and N4 are turned off, isolating the storing element from any
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BL disturbances. Moreover, the BLs are pre-charged to VDD in preparation for the next

read/write operation.

4.3.1.2 Read operation

A read operation starts by asserting the Read signal and the row and column addresses.

We assume in this discussion that the first cell of the first column is accessed. As a result,

the column control circuit of the first column raises the CS_0 from ground to VDD and the

Cell_supply_O is raised from VDD to VDD2 . It is important to note that VDD2 must be higher

than VDD to improve the noise margin of the cell during the read access. At the same time,

WL_O is pulled low to drive node C1 to VDD and hence turning on N3 and N4. Once N3

and N4 are turned on to read the cell data, subsequent circuit operations are the same as

those of the conventional design. Fig. 4-3(b) shows the gist of the column control circuit

in which the SA and the write driver are excluded for the sake of simplicity.

Fig. 4-4 illustrates the timing diagram of the proposed 8T design during a read

operation. It is worth mentioning here that the Cell_Supply_O must be raised to VDD2

before the access transistors N3 and N4 are turned on. In this work, we use an additional

external voltage source VDD2 that provides a voltage potential of 1.5 VDD. The Column

control circuits (Fig. 4-3(b») must ensure the correct timing sequence of the CS_O and the

Cell_supply_O. When both the Read and the CSinO are asserted high, the NAND2 gate

quickly pulls node F to ground, switching the Cell_supply_O from VDD to VDD2. Two

inverter buffers are responsible for delaying the CS_O so that Cell_supply_O goes high

first. This column control block introduces some additional delay into the critical path of

the read operation. To compensate this delay, the SA is also powered by Cell_supply_O to

reduce the sensing time. Therefore, the overall speed of the proposed design is higher than

that of the conventional6T, especially at low supply voltages.

79

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



WL has a short pulse
width to tum off C1 before
Cell Supply returns to VDO

C1

""'---SAEN

Cell Supply is raised
to V002 before node

C1 is triggered high

Figure 4-4 Timing diagram of the proposed design

Because only one CS_°is turned high, only node C1 of the first cell of row 1 is pulled

high to tum on the access transistors. The other cells on the same row receive the same

WL signal but are not turned on since the respective CS_i signals are at ground level.

Thus, only one cellon the accessed row is turned on while the others are not disturbed.

This leads to two special features of the new cell: 1) They can be implemented in a bit-

interleaving fashion. 2) A hefty amount of current is saved as only one cell is activated

instead of the whole row. This is very much different from all previous designs in which

all (or 50% in the case of single ended SRAM cells) of the cells in the access rows

consume a certain amount of power even though only one of them is addressed. It is

obvious that the percentage of power saving depends on the number of cells sharing aWL.

In this work, we purposely choose the SRAM architecture of 128 rows x 64 columns to

emphasize the difference between the proposed and the conventional design. One can

easily change this arrangement with no difficulty.

At the end of the read cycle, node C1 must go low before the Cell_supply_O signal

returns to VDD. This is to ensure that the cell is powered by a voltage of VDD during

standby and VDD2 during read access. Since CS_°signal lagged behind the Cell_supply_°
signal, WL must go high to tum offN3 and N4 before the Cell_supply_O signal goes low.
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This is done by using an Address Transition Detector (ATD) to generate a pulse width

which is shorter than 50% clock cycle. This signal is used to shape the pulse width of the

WL. WL pulse width however must be wider than the read/write delay in order to perform

reliable read/write operations. Detail timing sequence of the read operation is shown in

Fig. 4-4.

4.3.1.3 Write operation

Write operation of the proposed design is much simpler than its read operation. A write

starts by asserting the Write and the address signals. Concurrently, input data is available

at the input stage. The CS inO signal drives the CS_0 line to V00 while the WL_0 is pulled

down. In the meantime, one of the BLs is pulled to ground while the other is kept at V00.

When node Cl is charged up to Voo, both Nl and N2 are turned on and the input data is

written into the memory similar to that of the conventional 6T design. It is worth

mentioning here that during the write operation, Cell_supply_O is kept at Voo. In fact, one

can reduce the cell supply voltage to assist a write operation. However, this requires

additional circuits and is not in the scope of this work. Furthermore, as all transistors in the

proposed design have the minimum size, its write-ability is better than that of the

conventional 6T design. Detailed comparison of the new design's WTP will be discussed

in the next section.

4.3.2 Power consumption discussion

By using a dynamic cell supply scheme coupled with a special access topology, the

proposed design requires extra wiring as well as power consumption in the column control

circuit. Firstly, the CS signal has a full voltage swing during each active cycle. Although

this is comparable with the WWL in [251] and CSL in [3], it consumes more power than

the conventional 6T design at the same operating voltage and frequency. Secondly, the

Cell_supply signal is driven from Voo to V002 in each read operation. The additional

power dissipation is proportional to the parasitic capacitance of the Cell_supply line and
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the voltage swing. However, since only one cell in a row is activated during each

read/write cycle, power saving from this special feature can be used to compensate the

abovementioned drawbacks. Our calculation and simulation show that if the ratio between

the number of cells per row and the number of cells per column is equal or higher than one

twelfth, our design in fact consumes less power than the conventional design at a typical

working condition of 1VI 500 MHz in a 65 nm CMOS process.

4.3.3 Transistor sizing and layout

(a)

(b)
Figure 4-5 Layout of the SRAM cells (a) 6T, {j = 3 (b) proposed 8T

As mentioned before, all transistors in the proposed cell have a minimum size of

120nm . The proposed design has the same height as that of the conventional 6T but 14%
60nm

longer width, using standard logic layout rules, as shown in Fig. 4-5 (cell pull down ratio

of the 6T cell is (3 = 3). If the cell pull down ratio of the 6T cell is {3 = 2, the corresponding

area overhead is 33%, using the same layout rules. This is similar to that of the existing 8T

design in [1] and much smaller than those of the lOT designs. Furthermore, WL, CS, BL,
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Cell_supply and Gnd nodes of the proposed design can be merged with horizontally and

vertically adjacent cells, and hence its layout is as compact as that of the 6T layout. In this

study, to ensure a stable 6T design, we used {3 = 3 for the 6T and {3 = I for the proposed

and the lOT designs.

4.4 Cell performance analysis

Perfonnance of the proposed design has been extensively evaluated as an

individual as well as in a working SRAM macro. In this section, cell properties

such as SNM, WTP, leakage, etc are discussed in comparison with the four

existing designs, namely the conventional 6T, the original 8T [224], the lOT [251] and

the 6T_I[257]. The cell features under consideration are read-related properties

(SNM, read current, read delay and BL leakage), write-related property (WTP) and

stand-by related property (Leakage). All simulations are based on a standard 65

nml 1V CMOS process using Cadence simulator. In these simulations, we always

assume that VDD2 equals to 1.5 VDD.

4.4.1 SNM, read current and read delay

8000-cycle Monte Carlo statistical simulations are used to investigate the SNM of the

SRAM cells in consideration. A cell's SNM is defined as the size of the largest square that

can fit into the eyes of the statistical butterfly curves. For example, Fig. 4-6 (a-b)

illustrates the SNM of the conventional 6T design during standby and read modes. The

6T'SNM is therefore equal to 175mV as its SNM during read is smaller than that during

standby. Fig. 4-6 (c) summarizes the SNM of the five designs in consideration against VDD

variations from I V to 0.4 V. It is apparent that the proposed, the 6T_I and the lOT

designs are the best performers with similar SNM. This is because the lOT design only

accesses the cross-coupled structure during the write operation; otherwise it is isolated

from any disturbances. The proposed design raises cell supply to 1.5 VDD and hence its
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SNM is significantly improved, in the same manner as the 6T_1 design. At 1V, its SNM is

slightly smaller than that of the lOT but much higher than those of the 8T and 6T cells. As

the supply voltage scales down (i.e. < 0.9 V), the proposed design's SNM equals to that of

the lOT. This is because of the assumption that VDD2 equals to 1.5 VDD and thus at low

supply voltage, the proposed design's SNM is limited by its standby SNM. In practice,

circuit designers can choose a different value of VDD2 which may result in different SNM

but as long as VDD2 is higher than VDD, cell's SNM is significantly improved and the cell

works much better than the conventional6T and the 8T at very low-voltage operations.

Yoo= IV

SNM=350mV

Yoo= IV

'"SNM= I75mV',,,

(a) (b)

0.90.6 0.7 0.8
Supply voltage M

0.5
5J 1LlF------I--......I-------L-__..L--_-.L.-_----I

0.4
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--e- 6T1
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84
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(c)
Figure 4-6 SNM of the 6T design during (a) Standby (b) Read. (c) SNM comparison of the

four designs against supply voltage variation
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Other than SNM, cell current is also an important property of an SRAM cell design. It is

desirable to have a large cell current so that the read operation can be performed as quickly

and reliably as possible. Fig. 4-7 graphically compares the strength of each cell current

during the read operation. At 1 V, all five designs have similar cell currents, except the

lOT [251] which has two minimum-sized transistors cascaded in the read port [251].

Although the proposed design also uses minimum-sized transistors, its cell supply is raised

to a higher voltage and hence its read current is comparable to that of the conventional 6T

design. When supply voltage reduces to sub-threshold region, our dynamic cell supply

shows its effectiveness clearer. For example, at 0.4 V, the read current of the 6T, the

proposed, the 8T, the lOT and the 6T_1 are 173 nA, 430 nA, 173 nA, 173 and 430 nA,

respectively.

102 r----.--~--r----.,---_,__-__,

-*-Proposed
--6T

-e- 6T
1

-A-10T
--e-8T

0.90.6 0.7 0.8
Supply voltage M

0.5
10.1 '-------'-__---L....-__.L...--_---L..__......l....-_---J

0.4
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Fig. 4-8 shows the corresponding read delay of the cells in consideration. This delay

Figure 4-7 Active read currents of a cell of the four designs against supply voltage variation.

refers to the time required for the cell to discharge the BL from VDO to 90% VDO. It agrees

with the data reported in Fig. 4-7 as the discharging time is reciprocally proportional to the

cell current. At any supply voltage, the proposed design has a read delay similar to that of

the 6T designs, which is better than the lOT and 8T cells Our design is slightly slower than
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the conventional 6T since the CS line must be driven to VDD before the accessed transistors

of the memory cell are turned on.

X 104

9r------r---~--r-----.----r-----,

/..

2

-*-Proposed
--6T

-e-- 6T
1

-A-10T
-e-8T

Figure 4-8 Read delay of the four designs against supply voltage variation

Although a large cell current ensures a reliable and small read delay, it implies high

power consumption. It is also understood that cell current is very small as the cell

constitutes of very small size transistors. However, during each read/write operation, all

the cells on one row of the exiting designs are turned on and hence the corresponding

power consumption is proportional to the number of cells per row. The proposed 8T has

successfully solves this problem by offering a strong read current while the total power

consumption by the cells on the same row is minimized. Fig. 4-9 illustrates the total

current drawn by a row of 64 cells during read operations of the five designs. Comparing

Fig. 4-7 and Fig. 4-9, it is quite clear that the proposed design not only has the strongest

read current but also consumes the least power on the accessed row. For example, at 1 V

supply voltage, read current per row of the proposed and the 8T are 35 uA and 33 uA

while those of the 6T, lOT, and 6T_l are 2.3 rnA, 1.88 rnA and 2.5 rnA, respectively. As

mentioned previously, this power saving is very valuable and can be used to compensate

the additional energy used to drive the Cell_supply and CL signals. Comparing Fig. 4-9
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and Fig. 4-7, it is shown that our design has the low-power feature of the 8T design but

offers the stability of the 6T_1 and the lOT designs.

- if - Proposed
--6T

-e- 6T
1

--A--10T
-a-8T

0.90.6 0.7 0.8
Supply voltage (V)

0.5
10.1 1...--_--l-__----L.-__01---_----L-__--10-_----J

0.4

Figure 4-9 Active read current of a row of 64 cells of the four designs against supply voltage
variation.

4.4.2 WTP

During the write operation, both CS and Cell_supply of the proposed design are at VDD•

Thus, biasing voltages of the transistors involving in the write cycle of the proposed 8T

and 6T are exactly the same. However, the pull-down transistors of the proposed design is

smaller than that of the conventional 6T, making it easier to be written to. As a result, the

proposed design has a 20% higher WTP when compared to the 6T designs at 1 V, as

shown in Fig. 4-10 and Fig. 4-11. These four designs in tum have better WTPs than the

lOT design, as the lOT cell has two transistors cascaded in a write cycle[251]. This

reaffirms that the proposed design improved both SNM and WTP during the read and the

write operations.
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Figure 4-10 Voltages of the internal nodes of the SRAM cells in a write operation
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Figure 4-11 WTP comparison of the four designs against supply voltage variation. WTP are
normalized to VDD.

4.4.3 Cell Leakage

Leakage current is one of the major concerns in nano-scale SRAM where most of the

transistors are in the standby mode [207]. Fig. 4-12 shows the leakage currents of the five

designs in consideration in a wide range of temperate (0° C to 100° C) and supply voltage

(0.4V to 1V). Despite having more transistor count, the 8T cells has less leakage current

when compared to the 6T cells with about 10% leakage reduction at IV and 3% reduction
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at 0.4 V, respectively. It can be explained using the fact that the CS_i signals are at ground

level during standby and all transistors in the proposed design have minimum size. Our

design also has a smaller leakage when compared to the lOT design, as shown in Fig. 4-

12.

. .

Supply voltage M

-66i8T, Proposed
[=:J10T
[=:J6T,6T1

100

Temperature

......

1 0

400

350
<c
:: 300

~250
1: 200
~
a 150
&
~ 100

~ 50

0::JC2J Us;
0.4

Figure 4-12 Leakage current comparison of the four designs against the temperature (0 °c to
100°C) and supply voltage (0.4 V to 1 V) variation.
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4.4.4 BL leakage

CS ="1" BL CeICSupply="1.5" BLB

Figure 4-13 BL leakage paths that can malfunction the read operation in the worst case
scenario

As mentioned in section 3.3.2.2, BL leakage refers to the leakage currents of the cells

in the column. Fig. 4-13 shows the worst-case leakage path of the proposed cell during a

read cycle. Similar to that in chapter 3, the ratio Ion (also knownas~ ) is used to
I off I leakage

measure the reliability of the read current during a read operation. Detailed explanation of

this term can be found in section 3.3.2.2.

Fig. 4-14 represents the simulation results of the five designs inconsideration. It is

noticeable that the proposed 8T has the best Ion ratio at supply voltages smaller than O.9V
I off

while the lOT design has the worst ratio at every operating voltage. This can be explained

as follows: The lOT has two cascaded minimum sized transistors in a read path but has

two leakage currents: One flows from the BL to the read port, the other flows into the cell
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through its write port. As a result, its current ratio is worse than the other design. The

proposed design has the same topology as the conventional 6T design during a read

operation. However, its cell supply is raised to a higher voltage and hence its read current

is better when the supply voltage scales down. As a result, its cell current ratio is only

slightly smaller than that of the 6T at 1 V but becomes better when the supply voltage

reduces to less than 0.9 V. It is similar to that of the 6T_l design, as this design also

renders a raised cell supply during the read operation. This suggests that the proposed and

91
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I
Figure 4-14 ~ ratios of the memory cells in comparison at different supply voltages

I Off
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V DOmin refers to the lowest supply voltage at which the cell can retain data, read and
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If5

) 15

the 6T_1 circuits work better than the other designs at very low supply voltage condition

and has a similar performance at high supply voltage operation (when Ion is less
I Off

important).

4.4.5 VDDmin

write. To find the VDDmin of a cell design, three basis operations (i.e. standby, read and

write) are performed at very low supply voltages. We also assume that there is no time

limit to perform these tasks. A cell fails to retain data or read if its value flips after a
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certain duration of time (a few hundred flS or ms). On the other hand, a cell is considered

fail to write if its data does not flip after a certain duration of time. To obtain a reliable

conclusion, we performed Monte-Carlo simulations on each cell using the standard

process variation data from the foundry. For example, Fig. 4-15 shows the simulation

waveforms of the proposed 8T design during standby, read and write in 8000-cycle

Monte-Carlo simulations at 100 mV and 150 mY, respectively. At 100 mV supply voltage,

all cycles pass the read and write operation but 9 cycles out of 100 fail to retain the stored

data during standby. At 150 mY, all 8000 cycles read, write and retain data successfully.

100

Write
successfully

n
100 0

Raised VDD

Cell does not
flip during read

n
100 0

150
Standby

fail to retain data

100

~
'-'

>
50

time (us)

(a)

Write

100

write
-successfully

-

It d

100 0
time (us)

100 0

S dbtan )y ea

1 I
1

raised Von

I no cell flips

no cell flips

1-

o
o

50

250

200

>' 150

g
> 100

(b)

Figure 4-15 8000-cycle Monte-Carlo simulation of the proposed design to determine its
VDDmine (a) VDD = 100 mV~failede (b) VDD = 150 mV~pass
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Proposed 6T 6T 1 lOT 8T

VDDmin
150mV 250mV 150mV 145mV 250mV

Limited by
Standby Read Standby Standby Read

For each design, the VDDmin is defined as the minimum supply voltage at which it

retains data, reads and writes successfully in all 8000 cycles of Monte-Carlo simulations.

This provides a much more reliable conclusion than using only the process comer

simulations. An interesting finding is that none of the five designs fails to work due to its

write operation. It is different from the our initial impression that the two lOT design's

VDDmin is limited by their write operations as they use two cascaded NMOS to access to the

cell during a write operation. Our simulation results show that the proposed, the 6T_1 and

the lOT have the lowest VDDmin. The reason is that the lOT is isolated while the proposed

and the 6T_1 have a raised VDD during a read operation. As a result, both are limited by its

standby mode when the isolated cross-coupled structure is no longer able to retain the

written data. On the other hand, the 6T and 8T designs have disturbed read operations and

hence this mode of operation limits its VDDmin. Table IV summarizes the VDDmin values of

all five designs.

TABLE IV. SUMMARY OF VDDMIN OF THE FIVE SRAM DESIGNS.

4.5 VLSI implementation

4.5.1 Macro architecture

Two 128-row x 64-column SRAM macros have been designed in a standard 65 nm

CMOS process from STM using the conventional 6T and the 8T cells. Both macros have

identical address decoders, data-line drivers and SA design. Extensive Read/Write

operations have been simulated at 40° C to evaluate the performance of the newly

proposed cell. For a fair comparison, we do not include the lOT SRAM designs in this
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comparison. The two SRAM macros are tested using supply voltages from 1V to 0.2 V. At

each supply voltage, extensive trials were carried out to find out the maximum frequency

at which the macros work correctly. The corresponding results are presented in Section

4.5.2 below.

4.5.2 Performance summary

Fig. 4-16 shows the maximum operating frequency of the 6T and the 8T designs at

different supply voltages. At 1 V supply voltage, the proposed design has a maximum

frequency of 714 MHz whereas that of the 6T design is 500 MHz. As supply voltage

scales down, the proposed design consistently outperforms the 6T design, as its read

operation is backed by the high-speed SA, which is powered by the Cell_supply line.

Furthermore, the 6T design ceases to work at 0.3 V while the proposed design continues to

work properly even at 0.2 V supply. The minimum VDD of the SRAM macros is limited by

its readout circuits as the active read current becomes exceptionally weak and hence full

output swing is not obtainable. Thus, both macros cease to work at a supply voltage higher

than VDOmin of the cells reported in Section 4.4.5 above.

106
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Figure 4-16 Maximum frequency of the 6T and 8T designs at various operating supply
voltages.
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0.4 O.S 0.8
Operating voltage M

Other than the maximum frequency, we have also investigated the average power

consumed by each macro at different operating voltages, as shown in Fig. 4-17. As

mentioned in Section 4.4, the proposed design consumes much less power than the 6T

design as only one cell is activated per row. For example, at 1V, 700 MHz operating

frequency, the proposed design consumes 659 flW in a read and 718 flW in a write

operation whereas those of the 6T designs are 1.56 mW and 155 mW, respectively, at IV,

500 MHz. At 0.3 V supply, the proposed design has a maximum frequency of 770 kHz

and consumes 11 7 nW per read while the 6T design has a maximum frequency of 250 kHz

but consumes 190 nW per read. This confirmed that the 8T design is not only faster but

also consumes less power than the 6T design.

-*- Proposed
-e-ST

10-2 '---__--'- ----L...- ..&....-__---'

0.2

Figure 4-17 Average active power of the 6T and 8T designs.
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Figure 4-18 Energy consumed per active cycle of the 6T and 8T designs.

Fig. 4-18 emphasizes the impact of the operating voltage on the average energy

consumption of the chip. As supply voltage scales down, the chip will certainly require

less energy to perform a task. However, there is a limit at which the VDD should not be

further reduced. Fig. 4-18 clearly indicates that at 0.4 V, the 6T design obtains is

minimum energy consumption point. Further reducing VDD to 0.3 V does not improve the

actual energy consumption. This is because the corresponding delay is lengthened

proportionally to the amount of power saving. The proposed design behaves the same way

as the 6T design, as illustrated by the bold blue line in Fig. 4-18. Furthermore, as the

voltage supply is reduced to 0.2 V, the consumed energy drastically increases. This is

because at this voltage, the operation of the chip is exceptionally slow, which is more than

lOx longer that that at 0.3 V, while the power reduction is only marginal. This finding

agrees with the data reported in [251], as previously discussed in Section 4.1. It suggests

that unless constrained by the power consumption, reducing the VDD to below 0.3 V is not

energy-saving. We also carried out the comer simulations on the two designs to make sure

that both circuits works correctly at every process comer.
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Fig. 4-19 confmns this and on top of that the proposed design always has smaller delay

when compared to the 6T SRAM. All of the previously observed relationships between the

speed of the two design continue to hold at all five process comers with the proposed

design being the faster one and this advantage becomes more profound as the supply

voltage scales down. Table V summarizes the performance of the five SRAM designs in

consideration.

1.2,---------.-------r------,.-----,

• - -Proposed

1.1 ~T

o.

SSSFT
Process comer

FS
0.5 '--__----'- -----L.. --L- --J

FF

(a)

103r--------r---~-------r-------,

• - -Proposed

~T

- - -k- - - - -* - -- - -k- - - - -

S8SFT
Process comer

FS
100 '--__-----< ----'- -----L.. --J

FF

(b)

Figure 4-19 Read delay of the two SRAM macros in consideration at different process
cornes: Fast-Fast (FF), Fast-Slow (FS), Typical (T), Slow-Fast and Slow-Slow (SS). (a) VDD

equals to IV and 0.8V (b) VDD equals to 0.6 V and 0.4 V
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TABLEV. SUMMARY OF THE PERFORMANCE OF THE FOUR SRAM DESIGNS.

Conventional
Proposed 8T lOT 6T 1

6T -

CMOS
65 nm / IV 65 nml IV

90nm
90nm * 65nm

Process PD/SOI
Read/write

Differential Differential Differential
Differential

Differential
scheme *

Capacity 8K 8K 32K~ 32K~ 70M~

VDDmin 0.25 V 0.15 V
0.25 V

0.145 V N.A
(0.55 V*)

Operating
0.3 V 0.2 V N.A 0.3V* N.A

Voltage
Maximum

3.3MHz 41KHz N.A 500KHz * N.A
frequency

Normalized
1 1.14 1.14 2.08 * 1

Cell area
Leakage
per bit at 0.60 nA 0.53 nA 0.53 nA 0.83 nA 0.6 nA

IV
SNMat

53mV 190mv 50mV 146mV 190mV
0.4V
WTP 61 mV 66.3 mV 61 mV 46mV 61 mV

~

: numbers are based on the respective published paper.

4.6 Conclusion

A fully differential 8T SRAM with a single column-based dynamic supply has been

proposed and analyzed. The proposed design improved both SNM (2x) and WTP (10%)

with a marginal area overhead (14%) when compared to the conventional 6T design. In

addition, only one cell is accessed during a read or write operation, allowing it to be bit-

interleaved for an efficient ECC. On top of that, its power consumption is also reduced to

46% when compared to the conventional 6T design. Our design offers the stable features

of the lOT and the 6T_1 design while maintaining the power consumption as low as the 8T

design in [224]. Furthermore, the column-based dynamic supply control can be modified

to accommodate different requirement. For example, instead of having a high and a

normal column supply, one may employ a high column supply during a read, low column

supply for a write and a normal supply voltage during standby. By using the 8T cell
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coupled with the column-based dynamic power supply, this work has successfully separate

the read, write, standby operation of the memory cell. Besides, the accessed cell is also

separated from its neighbors so that it they can be bit-interleaved. These attractive features

make it the best choice in the five cells in Table V for state-of-the-art application where a

robust performance at ultra-low supply voltages is of critical requirement.

99

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 5 LATCH-BASED CURRENT-MODE SA DESIGNS

In Chapter 3 and 4, two SRAM cell designs have been introduced. Several SRAM

macros have also been implemented to evaluate the performance of the proposed SRAM

cells. However, for a fair comparison, only conventional write circuits and conventional

current-mode SA are used. In this chapter, we propose two SA configurations that improve

both sensing speed and power consumption of the read operation of the whole SRAM

macro. Our proposed circuits are based on the cross-coupled structure, which is widely

used in contemporary SRAM designs. These designs, if used, will certainly enhance the

performance of the memory reported in Chapter 3 and 4.

5.1 Hybrid-mode SA: a new perspective on transistor sizing

A novel high-speed SA for ultra-low-voltage SRAM applications is presented. It

introduces a completely different way of sizing the aspect ratio of the transistors on the

data-path, hence realizing a current-voltage hybrid mode SA. Extensive post-layout

simulations have proved that the new SA provides both high-speed and low-power

properties, with its delay and power reduced to 25.8% and 37.6% of those of the best prior

art. It also offers a much better read-effectiveness and robustness against the bit- and DL

capacitances as well as VDD variations. Furthermore, the new SA is able to tolerate a large

difference between the parasitic capacitances associated with the complementary DLs. It

can operate down to a supply voltage of 0.9 V, the lowest reported for a 0.18 Ilm CMOS

process. A modified cross-coupled amplifier is also introduced, allowing the SA to operate

down to 0.55 V.

5.1.1 Current-mode SA and its derivatives

The current-mode sensing scheme (Fig. 5-1) in SRAM applications was first introduced

in [258]. The current-mode SAs, marked by the presence of the conventional current­

conveyor [258], is insensitive to the CBL and hence, offers a higher sensing speed and

consumes less power compared to the voltage mode counterparts [258]. Over the last two
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decades, a number of current-mode SAs have been proposed, aiming at improving the

sensing speed and the power consumption during the read operation of the SRAM [44,

259]. Since all of these SA designs utilize the differential output currents of the current

conveyor, their improvement is only incremental. Ref. [258] clearly indicated that the

above-mentioned differential current is equal to the current flowing into the cell node

where a '0' is stored, i.e. Icell. However, our analysis and simulations have proved

otherwise. In fact, the differential current is much smaller. than the Icelb due to the

imperfection of the current conveyor. This issue will be discussed in more details in the

next sections.

5.1.2 Imperfections of the current-conveyor based current-mode designs

The current conveyor consists of four identical pMOS transistors P2, P3, P4 and P5

(Fig. 5-1). Since this configuration is common to all current-mode SAs, its drawback is

also their shared weakness. As mentioned in [258], the current conveyor realizes a virtual

short-circuit across the complementary BLs, i.e. VBL =V/BL during the read operation.

Therefore, the currents 10 and I}, which are sourced by the large-sized BL load transistors

PO and PI respectively, are equal and a current difference of Icell is realized at the inputs of

the current conveyor. This is only true in an ideal case where the process variations and

short channel length effect are not present. In deep submicron technologies, these effects

become significant and there is a slight difference between the BL voltages. For instance,

at VDD = 1.8 V, WPO,l = 15 Jlm and W P2,3,4, 5 = 1 Jlm (Fig. 5-1), the corresponding VBLand

V/BL are 1.79 V and 1.77 V respectively. This 0.02 V difference makes a significant impact

on the effectiveness of the read process. It can be explained in the following manner: Since

VBL and V/BL are close to VDD, both PO and PI operate in the triode region, where their

drain currents are proportional to their drain-to-source voltages. Thus, by using VDD = 1.8

V, VBL = 1.79 V and V/BL = 1.77 V, we have 10 three times as large as II (Table IV, second

column). Consequently, the effective difference between the BL currents after taking the

Icell into account is very small (~I in Table IV).
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We use % utilization = AI = IJ -1'0 (5.1) as a figure of merit to measure the
Total current 10 + 11

effectiveness of the read scheme. In our calculations, we assumed that Len" which is

measured from the standard 6T cell, does not change during the sensing process. As

indicated in Table VI, at various transistor sizes, % utilization of the current-mode SA is

only around 10% with ill being much smaller than Len. Therefore, it can be concluded that

the differential current in the current-mode needs to be improved in order to obtain a more

effective read operation, both in terms of speed and power consumption.

Global Out
Sensing
Circuit

Current manipulation
circuit

DL
IDL C

D

TT
Figure 5-1 Current-mode SA with a current-conveyor incorporated

TABLE VI. SUMMARY OF CURRENTS CONSUMED DURING A READ CYCLE IN A CURRENT-MODE

SA. WPO,1 = 15 J-lM, ICELL = 92 J-lA. 10' = 10 - IcELL• ill = 11 - I'o.

WP2-,5 (Ilm) 1 2 3 4 5 6 7

10 (IlA ) 119 146 174 198 221 244 267

11 (IlA ) 38 76 113 143 172 199 226

10 ' (IlA ) 27 54 82 106 129 152 174

ill (IlA) 11 22 31 37 43 47 52

% utilization 7.0 9.9 10.8 10.9 10.6 10.5 10.2
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5.1.3 The proposed hybrid current-mode SA

5.1.3.1 Circuit operation

Our proposed SA is presented in Fig. 5-2. It consists of 11 pMOS and 5 nMOS

transistors (PO - P10 and N1 - N5). PO and P3 are responsible for pre-charging the BLs to

VDD while PI and P2 are for holding the BLs at VDD during the read-cycle. P4 and P5 act

as a switch to connect the BLs to the DLs. The other 10 transistors (P6 - PI 0 and N1 - N5)

form a cross-coupled inverter which amplifies the small voltage difference on the DLs to

the full CMOS logic levels [258].

T BL

DL
IDL

BL T
...-------.

Precharge
circuit

o
COL COL

+VOO+

pMOS

0.3

7.8
10

nMOS

2.3
5

W
m

10
0.5
6
8
6

W
m
2
6

20

Figure 5-2 The proposed SA with a simplified read-cycle-only memory system. Channel
lengths of all transistors are 0.18 ~m

The new SA is unique in a way that it eliminates the current conveyor and transforms

the normally-large BL loads (PO, PI in Fig. 5-1) into small sized transistors (PI, P2 in Fig.

5-2). They serve to hold the BLs at VDD and not to source the BL currents unlike in the

conventional designs. PI and P2 are purposely sized small so that it is not strong enough
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to keep the BL at VDO if Icell is present. As a result, one of the BLs will drop to a lower

level than VDO during a read access.

oj

a)

T
b)

Figure 5-3 Current paths during the read cycle in the proposed SA on the side where a) a'I'
is stored. b) a '0' is stored

Before any read cycle, the BLs and DLs are pre-charged to VDO by (PO, P3) and the

pre-charge circuit respectively (Fig. 5-2). Meanwhile, the SA Enable (SAE) signal turns

off N5 to prevent any DC current from flowing to the ground to save power whilst the

Equalization (/EQ) signal turns PI 0 on to hold the two nodes E and F at the same

potential. When a cell is accessed by the WL (WL) and Column Select (/CS) signals, the

/Read signal is triggered high to deactivate PO and P3. The pre-charge circuit is then

turned off, but PI and P2 are still on in order to hold the BLs and the DLs at Voo. Fig. 5-3

presents the current paths during a read cycle. The Access, Drive and Load are transistors

of the accessed memory cell. We assume that the first cell of the shown column (Fig. 5-2)

is accessed. On the left side where a 'I ' is stored, the BL and DL remain at VDO since they

are held by PI while no discharge current is available (Fig. 5-3a). Also, since both DL and

BL are kept at Voo, the drain-to-source voltage of PI is very small and hence, it only

sources a negligible current 11 during a read cycle, just enough to complement the leakage

current along the BL. On the side where a '0' is stored, the cell sinks a current IceI}, which

is larger than the current 10 sourced by P2. As a result, a discharge current of Idiseharge

(Idiseharge = leell - 10) is available to discharge the /BL and IDL. Idiseharge then discharges both

the /BL and /DL to voltage levels lower than Voo. The cross-coupled amplifier (P6 - PIO
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and Nl - N5) will sense the difference between the DLs and amplify it to a full CMOS

logic level. It is worth mentioning here that the /Read is triggered high during the write

cycle to tum off PO and P3.

5.1.3.2 Read effectiveness

Similar to the current-mode SA in Fig. 5-1, % utilization is also used to measure the new

effectiveness of the read scheme. It is shown in Table VII that the new design offers a

design's read effectiveness. All simulated results are presented in Table V. It is found that

other BL is already at VDO and no charging-up is needed). Therefore, the % utilization

is a more appropriate measure of the
~I ~I

Total current 11 + 10 + Idischarge

supplied current (II + 10) is much smaller than Leu. However, during standby, a current

the % utilization of the new design is higher than 100%. This can be explained as the total

equivalent to Idischarge mentioned above is used to pre-charge one of the BLs to VDO (the

adjusted

much better % utilization with less power consumption and stronger discharge current than

the current-mode scheme as presented in Table VII.

TABLE VII. SUMMARY OF CURRENTS CONSUMED DURING A READ CYCLE IN THE PROPOSED SA.

ICELL = 92 IlA. 10 ' = 10 - IcELL• ~I = 11 - 1'0

WP1 ,2 (flm) 0.3 0.5 0.7 0.9 1.1 1.3 1.5

10 (flA) 4 6 8 10 13 15 17

11 (flA) 3 4 4 4 5 5 5

10 ' (flA) -88 -86 -84 -82 -79 -77 -75

~I (flA) 91 90 88 86 84 82 80

% utilization 1308 900 735 614 467 410 363

% utilization (adjusted) 96 94 92 89 86 84 82

5.1.3.3 Tolerance to the difference between COL and C/DL

All of the SA designs in the comparison (i.e. Ref. [259-261]) are based on the

assumption that COL = C/OL. Therefore, the voltage difference developed on the DLs is

governed by Eq. (3.2):
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V -v I BL *~t
DL - 0 +

CDL

V- = V I/ BL *~t
DL 0 +

C/ DL

(4.2a)

(4.2b)

I I
When COL differs from COL' the SA works properly only if~~~. With the BL

CDL C/ DL

currents presented in Table IV, it can only tolerate up to 10% difference between the two

DL capacitances with reasonable sensing delay. The new design in contrast does not rely

on the relationship between COL and C/OL since only one discharge current is available on

one branch while on the other branch, voltage levels (of both the DL and BL) are kept at

V00. Fig. 5-4 illustrates how the sensing delay changes with the difference between COL

and C/OL. We varied C/OL up to ±50% of COL and the new SA still works with minimum

sensing delay variations.
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Figure 5-4 Sensing delay versus the difference between CDL and C/DL at CDL =3 pF, CIDL = a x

CDL, CBL =C/BL =3 pF, VDD =1.8 V

5.1.4 Performance comparison

The proposed SA and other existing designs [259-261] (the high speed [259], the ultra

low-power [260] and the charge-transfer [261]) have been optimized and extensively

simulated using Cadence's Affirma Spectre circuit simulator based on a 0.18 Jlm CMOS

process from Global Foundries Singapore (GFS). All four circuits were simulated using a

simplified read-cycle-only two columns, two rows memory system. The standard 6T

SRAM memory cells were used. The new SA's active layout area is the smallest among
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the four designs (Table VIII, Fig. 5-5). This is due to its simple structure without the

current conveyor and current mirror pairs.

TABLE VIII. COMPARISON SUMMARY OF FOUR CIRCUITS FOR CL= 0.1 pF, CBL= 1 pF, CDL = 1 pF

ATO.18 JlM CMOS TECHNOLOGY AND 50 MHz FREQUENCY

Sensing delay, ns Average power, rnW Layout area, Ilrn2

Proposed (1.8 V) 0.26 0.244 376

Proposed (0.9 V) 1.6 0.019 376

Charge-transfer (1.8V) 1.01 0.597 568

Ultra low-power (1.8V) 1.28 0.526 579

High-speed (1.8 V) 0.91 0.983 659

18.4 Ilrn

20.5 J.!rn

Figure 5-5 Layout of the proposed design. The layout includes four memory cells, pre-charge
and equalization circuits as well as the sense amplifier. Its layout has a dimension of 20.5 f.1m

x 18.2 f.1m.

All four designs were tested against CBL, COL and V00 variations. In order to gauge the

actual behavior of the circuits, a wide range OfCBL and COL (from 1 pF to 5 pF) have been

used to model the actual parasitic capacitances of the memory array. Fig. 5-6 shows that

only the proposed design can operate down to a Voo of 0.9 V while [261], [260] and [259]
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cease to work at V00 equals to 1.2 V, 1.3 V and 1.3 V respectively. Furthermore, at any

supply voltage, the new design outperforms the rest with the smallest sensing delay. Figs.

5-7 and Fig. 5-8 demonstrate the superiority of the proposed design over the other circuits

at 1.8 V supply voltage against C BL and COL variations. For example, at C BL = 1 pF, COL =

5 pF and the load capacitor CL = 0.1 pF, its sensing delay is reduced to 25.8%,20.3% and

28.6% and its power consumption is decreased to 37.6%, 46.5% and 24.9% as compared

to [261], [260] and [259] respectively. In addition, the new SA offers an enhanced speed

robustness against the varying COL, giving a sensitivity of only 3 ps/pF, which is better

than that of [261], [260] and [259] designs, being at 3.5 ps/pF, 32 ps/pF and 45 ps/pF

respectively. Table VIII provides a summary of performance metrics comparisons for all

of the SAs working at 1.8 V and the proposed design working at 1.8 V and 0.9 V.

6.....-----------------------,
-0- Proposed

---Charge-transfer

--.- Ultra low-power

~ High-speed

5

0+----r----r---~--,-----,------,--____r_-~---1

1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 0.9

Supply ~Itage, V

Figure 5-6 Sensing delay versus VDD variation for the circuits in comparison at CDL = 1 pF
and CL = 0.1 pF.
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Figure 5-7 Sensing delay and average power at 50 MHz versus CBL variation for the circuits
in comparison at CDL = 1 pF and CL = 0.1 pF.
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Figure 5-8 Sensing delay and average power at 50 MHz versus CDL variation for the circuits
in comparison at CBL = 1 pF and CL = 0.1 pF
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Figure 5-9 Improved version of the cross-coupled amplifier. Channel lengths of all transistors
are 0.18 11m
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In an attempt to reduce the supply voltage to lower than 0.9 V, we proposed a modified

cross-coupled inverter which can work at a supply voltage of 0.55 V. Two additional

pMOS transistors PI 1 and P12 were added to the conventional design as shown in Fig. 5-

9. Furthermore, other transistors were resized so that they are strong enough to work at

0.55 V. PI 1 and P12 serve as a pre-charge circuit to pre-charge the two nodes E and F to

the same potential, i.e. Voo. As a result, a small-sized transistor PIO can be used, and thus,

significantly reducing the switching time of the cross-couple inverters [262] . At 0.55 V

supply voltage, its sensing delay is 4.53 ns and consumes 6.72 J.lW. We only optimize the

SA for it to work at a very low voltage, rather than over a wide range (from 1.8 V to 0.55

V) since large transistors will consume a huge amount of power if it operates at 1.8 V. It

is, however, enough to prove the superiority of the proposed design over its state-of-the-art

counterparts. Transistor sizing for the improved circuit is also shown in Fig. 5-9.
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5.1.5 Summary

A robust, high performance SA is presented. It introduces a new read scheme that

creatively combines the current and voltage sensing schemes to maximize the utilization of

the !cell and hence, offering a much better performance, in terms of both sensing speed and

power consumption. Since only one of the BLs and one of the DLs are discharged to

voltage levels lower than V00 while their complementary lines are kept at V00, the new

SA is insensitive to the difference between COL and C/OL• This feature helps the new SA to

cope with the increasing fluctuation of these parasitic capacitances due to the layout and

fabrication processes. The new design can operate in a wide supply voltage range, from

1.8 V to 0.9 V with minimum performance degradation. Furthermore, a modified cross­

coupled inverter is introduced, which brings down the operating voltage to 0.55 V.

Although this modified version needs larger transistor sizes and only work in a small

supply voltage range, both versions of the proposed SAs have conclusively proved the

robustness and the suitability of the new read scheme for applications where ultra low­

voltage, ultra low-power, and high-speed are of crucial design considerations.
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5.2 A variation-tolerant SA using a novel cross-coupled topology

In this section, another current-mode SA is presented. It extensively utilizes the cross­

coupled inverters for both local and global sensing stages, hence achieving ultra low­

power and ultra high-speed properties simultaneously. Its sensing delay and power

consumption are almost independent of the bit- and DL capacitances. Extensive post­

layout simulations, based on an industry standard 65 nm/l V CMOS technology, have

verified that the new design outperforms other designs in comparison by at least 27% in

terms of speed and 30% in terms of power consumption. Sensitivity analysis has proven

that the new design offers the best reliability with the smallest standard deviation and Bit­

Error-Rate (BER). Four 32x32-bit SRAM macros have been used to validate the proposed

design, in comparison with three other circuit topologies. The new design can operate at a

maximum frequency of 1.25 GHz at 1 V supply voltage and a minimum supply voltage of

0.2 V. These attributes of the proposed circuit make it a wise choice for the contemporary

high-complexity systems where reliability and power consumption are of major concerns.

5.2.1. Existing designs

This section briefly describes the operations of three existing designs studied in

comparison with the proposed work. The schematic of these designs are depicted in Fig. 5­

10.

5.2.1.1 Current-conveyor- based SA

The first conveyor-based SA was proposed by E. Seevinck et. at. in [258]. It consists

of four identical pMOS transistors (PI-P4 in Fig. 5-10(a)) connected in a feedback

structure. It is assumed that the complementary BLs (BL and /BL) are pre-charged to Voo

and all four pMOS transistors operate in saturation region during the read cycles. The

current conveyor is enabled by triggering the CS signal low. Since all four transistors are

in saturation, their source-to-drain currents are only dependent on their gate-to-source
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voltages. As a result, voltages at the BL terminals (VBL and V/BL) are the same and equal to

(vI + v2). The current conveyor therefore has the ability to convey the differential current

from the BLs to the DL without waiting for the discharging of the highly capacitive BLs.

Thus, this design achieved both higher sensing speed and lower power consumption when

compared to the conventional voltage mode designs in which large voltage differences

must be developed between the BLs [258]. Based on this basis structure, several improved

versions of this design have been reported, mainly by adding current-mirrors to the feet of

the current-conveyor to enhance its current drive-ability [98, 263]. In this paper, we will

compare our work with the high-speed design [263] which consists of four additional

nMOS transistors, also shown in Fig. 5-10(a). These nMOS devices form two current­

mirrors to intensify the output currents II and 12 to the DLs. This design will be used as the

benchmark to evaluate the performance of the proposed design, the alpha latch and the

decoupled latch SAs mentioned below. However, because of its current-mode nature, we

do not study its input-offset voltage. As a result, input-off set analysis (Fig. 5-16) and

latching delay analysis (Fig. 5-14) are not applicable to this design.

5.2.1.2 Alpha-latch SA

The alpha latch [264] is depicted in Fig. 5-10(b). The nMOS transistor N5 is used to

tum the amplifier off during standby, thus saving power. When the SA is activated by the

Enable signal (EN), the differential input from the complementary BLs induces a

differential trans-conductance in N3 and N4. As a result, voltage and current differences

will appear at the drains ofN3 and N4, i.e. the sources ofNI and N2. Since the CS signal

turns off N6, the flip-flop structure will latch and full swing voltages will be available at

nodes A and B, turning one of the transistors N7 and N8 on while the other is off. During

standby, lEN is kept high to tum P3 and P4 off. During operation, both P3 and P4 are

turned on but one of N7 and N8 is turned off, thus only one current will flow to the DLs

(i.e. II or 12 in Fig. 5-10(b»). A global SA is also used to quickly amplify the voltage

difference on the DLs to the output of the SRAM.
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a)

b)

c)

Figure 5-10 Local sensing stage of existing SRAM SA. a) current-conveyor b) alpha latch c)
BL decoupled latch.

5.2.1.3 Decoupled latch SA

The decoupled-Iatch consists of six nMOS and two pMOS transistors, as shown in

Fig. 5-10(c). Similar to the alpha-latch, its N3 is used to save power. The reason we use a

tailed nMOS device in Fig. 5-10(b) and Fig. 5-10(c) is because it gives a smaller area

compared to a pMOS with the same current strength. Furthermore, the BLs are pre-

charged to VDD and hence nMOS tail device is required. To tackle the heavily loaded BLs

issue, these BL signals are tapped to the input ports of the amplifier through two
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decoupled devices, i.e. P3 and P4. Once the BL differential signal is induced at nodes C

and D, the latch is enabled by turning offN4 but turning on N3. Concurrently, P3 and P4

are turned off to decouple the BLs from the high-swing output nodes. The use of P3 and

P4 helps in reducing the impact of the BL capacitances on the switching activity, hence

significantly reducing both sensing delay and power consumption [265-266]. Similar to

the alpha latch design, full swing voltages at nodes C and D are transferred to the DL

differential voltage by the means of a pair ofnMOS transistors, as shown in Fig. 5-10(c).

5.2.2. Operating principle of the proposed SA

The proposed SA, coupled with a simplified read-cycle-only memory system, is

presented in Fig. 5-11. It consists of two sensing stages: local and global. The local

sensing stage is formed by four pMOS (P3-P6) and three nMOS (Nl, N2 and N7)

transistors. While P3 and P4 act as a column switch, the rest of the transistors establish the

local cross-coupled inverters, which are responsible for generating the BL differential

currents and transferring them to the DLs. The global sensing stage consists of three

pMOS (P7-P9) and five nMOS (N3-N6 and N8) transistors. In Fig. 5-11, two output

inverters, which serve as buffers to drive the potentially large output loads to full CMOS

logic output levels, are also included. The operation of the proposed SA is described as

follows:

During the standby period, P3 and P4 are turned off to block any BL currents. The

Column Select and Global Enable (CS and GEN) signals tum on N7 and N8 respectively

to equalize nodes A, Band C, D to the same potential, respectively. Meanwhile, two pre­

charge transistors N5 and N6 are turned on to pull both DLs to ground. At the same time,

P9 is turned off to save power. Since P9 is off and the DLs are pre-charged to ground, C

and D are also at a low potential (near Vth) during standby. The two output inverters are

also cut-off by P9, as shown in Fig. 5-11. This topology ensures that the standby current of

the circuit, and thus the power dissipation, are minimized.
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Figure 5-11 The proposed design coupled with a simplified read-cycle-only memory system.

Consider both RS 1 and CS2 being activated during a read operation. The pre-charge

signal (PRE) turns N5 and N6 off, allowing the DL voltages to change freely. The memory

cell at the upper row and right column will be selected, resulting in a small cell current Icell

flowing from the /BL into the cell as shown in Fig. 5-11 and discharges the /BL to a

voltage level lower than that of the BL. As CS2 is triggered low, P3 and P4 are turned on

to transfer the BL potentials and BL currents to the inputs of the local cross-coupled
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inverters. At the same time, N7 is turned off to activate the local cross-coupled inverters.

This building block senses the voltage and current difference at the source terminals of P5

and P6 and quickly finishes its latching process. Hence, node A is pulled to V00 while

node B is discharged to the same potential of the /DL, which is near ground, as shown in

Fig. 5-12 [265]. More importantly, during this latching process, the pulsing current

flowing from N2 to /DL, i.e. 12, is much higher than that from the Nl to the DL, i.e. 11, as

shown in Fig. 5-12. This phenomenon can be intuitively explained as follows: During

standby, nodes A and B reside at a low potential near Vtho Once the SA is activated, both

node potentials will slightly rise and then quickly start to deviate. For example, in Fig. 5-

12, node A approaches near V00 while node B plunges to near ground. Thus, transistor Nl

is in cut-off most of the time. On the other hand, transistor N2 operates in the triode region

and then moves to the saturation region, resulting in a much larger pulsing current when

compared to that of Nl. Integrating these two currents over time will yield the total

charges flowing to DL and /DL, respectively.
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Figure 5-12 Waveforms at several nodes of the proposed SA during a read cycle.

These differential currents flow to the DLs and induce a voltage difference on the global

DLs. Similarly, this voltage difference is amplified by the global sensing stage to the

intermediate outputs Vc and Vo, also shown in Fig. 5-12. These two voltages are then fed
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to the output buffers to get the full CMOS logic levels. It is worth mentioning that the

global sensing stage can only be activated after the latching process of the local amplifier

has completed. The waveforms of several nodes of the proposed SA during a read cycle

are also shown in Fig. 5-12. This hierarchical two-level sensing scheme helps in reducing

both power consumption and sensing delay imposed by the BLs and the DLs on high

density SRAM designs. Furthermore, although nodes A and B have a near-full swing

during a read operation, they are not to be tapped directly to the DLs. Otherwise, the total

power consumption and sensing delay will be increased dramatically. As a result, a global

sensing stage is required to amplify the small differential signal on the DLs to a full

CMOS logic level at the output of the SRAM.

The total active power dissipated in the proposed SA is limited by the cell current

flowing from one of the BLs to the node of the cell where a '0' is stored (which solely

depends on the cell design) and the switching currents of the sensing stages. After

latching, the cross-coupled configuration stays at one of its bi-stable stages and no

additional current is consumed and hence, power dissipated on the BLs and DLs is

optimized. Fig. 5-13 below shows the pre-layout transient waveforms of several nodes of

the proposed design during a read cycle at 1 GHz. Sensing delay is defined from the time

when CS signal reaches half-V00 to the time when the differential output reaches half-

VOO•

Vout

GEN

'II..
+

10.
10

~
Half-Voo i

senstg delay

IVOUj

.....
'II

10

o~~.......-r-'--T-~~~"....,.'11--r---r-......--T....&.....y---.-..,...-.,......"-r--'

'II..
+

10.
10
~.

> Or
0)- ~

C'I ...

~
o

> f CS1

3 3.5 T' 4Ime. ns 4.5

Figure 5-13 Output waveforms at 1 GHz.
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Since the global DLs are shared among many columns, their parasitic capacitances are

significant and have an important impact on the input margin of the global sensing stage.

The voltage difference on the DLs must be larger than the input offset voltage of the

global SA in order to perform a correct readout. Thus, the number of columns sharing the

DLs should be considered carefully to maintain a reasonable input margin. It is determined

by the size of the MaS transistors in the local SA (i.e. NI-N2 and P5-P6) and the layout

dimension of the memory cell (as it affects the length of the DLs and hence their parasitic

capacitances). This number does not depend on the technology as it can be adjusted by

changing the size of the transistor in the local SA. Our analysis indicated that in order to

maintain an input of at least 100 mV to the global SA at 1V voltage supply and 1.25 GHz

operating frequency (as will be mentioned in Section VI. C), the number of columns

sharing the DLs must not exceed 164.

5.2.3. Simulation and design methodology

5.2.1.1 Test structure

All the SAs in comparison, i.e. references [263], [264-266] and the proposed circuit

have been extensively simulated using four identical 32x32-bit SRAM cores. Each column

of the core has one local SA which transfers the signal to the DLs for global sensing. The

order in which the memory cells are activated is identical for all four designs.

Furthermore, lump-sum C BL and COL are connected to the BLs and DLs to model

additional parasitic capacitance in bigger SRAM macros. As a simple approximation, each

row contributes 1 fF to the BL capacitance and each column contributes 1 fF to the DL. It

means that if C BL = 100 fF and COL = 150 fF, our structure is equivalent to a SRAM macro

of 132 rows and 182 columns. This facilitates the need to vary both C BL and COL for

investigation. It also reduces the simulation time with reasonable accuracy. Detailed

investigations for various C BL and COL parasitic conditions and supply voltage V00 have
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also been perfonned to gauge the robustness of the designs. CDL and CBL are swept from

100 fF to 200 fF simultaneously while VDD is swept from 0.2 V to 1 V. Besides the

sensing delay and the average power consumption, Power-Delay Product (PDP) is used as

the main perfonnance indicator which takes both entities into consideration. The transistor

sizes of different designs of SAs have also been fully optimized to achieve the minimum

PDP.

5.2.1.2 Circuit optimization

All transistors in the read-out circuits of the four designs have a constant channel

length of 65 nm and parameterized channel widths. Each circuit is then optimized using a

systematic parameter sweeping methodology. To ensure the fairness of the comparison,

transistor widths are set to obtain the minimum PDP at 1V supply voltage and CDL= CBL =

100 fF. Parasitic capacitances are extracted and back-annotated from the layout view to the

schematic view to perfonn post-layout simulations. All results presented in Fig. 5-14 to

Fig. 5-23 are based on post-layout simulation results.

5.2.1.3 Speed deviations

In digital and memory circuits, time matching is vital since it ensures that sufficient

input voltage is available to be amplified. If the output signal of one stage is slowed down,

the input of the next stage may be smaller than the input-offset voltage, resulting in an

incorrect sensing. This issue is even more critical in highly compact SRAM macros, due to

their heavily loaded bit- and DLs, which are likely to cause signal mismatches. Therefore,

each sensing stage should have a very stable sensing delay to minimize the above­

mentioned mismatches. Thus, speed deviations due to inter-die variations of the circuits in

comparisons must be evaluated. These are done with the SA alone as well as in the context

of 32x32-bit SRAM macro. Monte Carlo simulations are perfonned with inter-die

variations to monitor the stability of the circuits and simulation results are presented in

Fig. 5-14 and Fig. 5-15. All circuits are simulated at a power supply of 1V, CDL = 100 fF,

CBL = 100 fF, CL = 20 fF and clock frequency of 250 MHz. The latching delay is defined

as the interval from 0.5 VDD of the enable signal of the SA to the time when the differential
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output of the SA is 0.5 VDO. The total sensing delay is measured from 0.5 VDO of the CS

signal to the time when the final differential output of the SRAM reaches 0.5 Voo, as

illustrated in Fig. 5-13.

5.2.1.4 BER consideration

In this work, we investigated the input-offset quality of the SA designs. Therefore, our

BER investigations are only perfonned on the SAs alone. In this work, BER refers to the

failure rate of the SA at some specific conditions, and not the memory cell. Since the input

offset voltage is the main cause of read failure and is more critical to the cross-coupled

based SAs, only three designs are investigated, namely the proposed, the decoupled latch

and the alpha latch designs. The BL voltage is set to VDO. The input voltage is defined as

the difference between BL and IBL. All simulations are perfonned using Monte Carlo

simulations, taking both process variations (inter-die) and device mismatches (intra-die)

into considerations. Device variations are from foundry-given data with all parameters

considered simultaneously (i.e. doping level, Vth, W, etc). Number of iterations is 35000.

Simulation results are shown in Fig. 5-16.

5.2.1.5 Maximum operatingjrequencies at various supply voltages

As the supply voltage scales down, the maximum operating frequency of the SRAM

also drops. For each supply voltage from 1V down to 0.2 V, we consider the maximum

frequency at which the SAs are able to work correctly. Perfonnance comparisons are also

carried by monitoring the sensing delay and power consumption per MHz.

5.2.4. Sensitivity analysis

5.2.4.1 Process variations

As CMOS technology scales down, process variations are becoming predominant

concerns in designing VLSI systems, especially in SRAM where device geometries are

particularly small. It is therefore critical for an SA to work properly not only under power

supply fluctuations but also process variations.
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In this work, a detailed sensitivity analysis has been carried out to investigate the

operation of the four designs using the process data from the foundry. While the latching

delay analysis is only performed on the three cross-coupled based SAs, the total sensing

delay analysis is carried out on all four designs, with the current-conveyor based high-

speed SA used as a reference circuit.
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Figure 5-14 Latching delay distributions of the three designs using Monte Carlo simulation at
room temperature, IV supply voltage, 100 mV differential input. Number of iteration is 1000.

Fig. 5-14 shows the latching delay distribution of the proposed, the decoupled latch

and the alpha latch designs. It is evident that the proposed design offers the best latching

delay with the smallest mean value and a standard variation similar to that of the

decoupled latch. This can be explained as the proposed design has the smallest capacitive

load at the switching nodes (nodes A and B in Fig. 5-11) compared to those of the alpha

latch (nodes A and B in Fig. 5-10 (b») and the decoupled-Iatch (nodes C, D in Fig. 5-10

(c»). Furthermore, it contains the least number of transistors and hence, its variation is the

smallest.
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Fig. 5-15 illustrates the total sensing delay distribution of the three above-mentioned

circuits with the high-speed design added as a reference. It is in accordance with the data

shown in Fig. 5-14 where the proposed and the decoupled designs offer the best

performance. It is evident that all three cross-coupled based SAs are more reliable than the

other designs with much smaller mean values and standard deviations, also shown in Fig.

5-15. For example, the proposed design is 3.6x faster than the high-speed design and its

delay standard deviation is almost lOx smaller.
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0.8

Figure 5-15 Total sensing delay distributions of the designs in comparison using Monte Carlo
simulations at room temperature. Number of iterations is 200. The numbers in the brackets

explain the mean and standard deviation in sensing delay of each design.

5.2.4.2 Device mismatches

Device mismatches refer to intra-die variations, which are caused by the local random

variations during fabrication. In the sensing circuit, this issue is more critical than inter-die

variations as it is the main cause of the input offset voltage which in tum leads to a wrong

sensing if the input swing is smaller than the required offset value.
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Figure 5-16 BER of the three cross-coupled based SA using Monte Carlo simulations with
35000 iterations. a) BER versus supply voltage, input voltage equals to 0.1 Vnn• b) BER versus

input voltage at Vnn = IV.

Fig. 5-16(a) and Fig. 5-16(b) show the BER of the three cross-coupled-based designs

caused by the device mismatches in various supply and input conditions, respectively.

Both figures show that the proposed circuit has a smaller BER at every condition. For

example, at 1V voltage supply and 110mV input, BER of the proposed, decoupled latch

and alpha latch designs are 171, 20171 and 75532 part-per-million (ppm), respectively.
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This is because the proposed design has the least transistor count (4 versus 6). Although

the BER of the proposed design increases drastically when the supply voltage scales down

(Fig. 5-16(a)), it is still smaller than the other two designs. Furthermore, this trend

saturates when VDO approaches 0.5V and still ensures a better performance than its

counterparts down to 0.2 V supply voltage.

In contrast of Fig. 5-16(a), Fig. 5-16(b) presents three parallel lines which indicate a

predictable behavior of all three designs when the input voltage changes. At 1 V supply

voltage, the BER of the proposed design is at least 50x better than the other designs. As

the proposed design suffers less from the process variations (Fig. 5-14, 5-15, 5-16), it

scales better with technologies. Therefore, it is reasonable to conclude that the proposed

design is more reliable than the other latch-based topologies and hence more suitable for

applications where reliability is of crucial concern.

5.2.5. Performance comparison

5.2.5.1 Power consumption and sensing delay

Performance indicators (sensing delay, power consumption and PDP) of the above­

mentioned circuits are graphically presented in Fig. 5-17 to Fig. 5-19. Fig. 5-17 compares

the sensing delay of the four designs with respect to C BL and COL variations, respectively.

It is apparent that all four designs are insensitive to both C BL and COL, manifested by the

almost-horizontal surfaces. This is because all switching nodes are isolated from the

highly loaded BLs and DLs. However, DL capacitance has a greater impact on the

performance of the circuits with a higher slope along the DL capacitance axis. This figure

also demonstrates the superiority of the proposed design over the other circuits at 1 V

supply voltage against C BL and COL variations, respectively. For example, at C BL = 100 fF,

COL = 100 fF and C L = 20 fF, its sensing delay is reduced to 21.3%,72.8% and 27.6% of

that of the of high-speed [263], decoupled latch [265] and alpha latch [264] designs,

respectively. This observation is consistent over a wide range of parasitic conditions, also

shown in Fig. 5-17.
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Figure 5-17 Sensing delay versus CBL and CDL variations for the circuits in comparison CL =
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Figure 5-18 Power versus CBL and CDL variations for the circuits in comparison CL = 20 fF.
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four circuits. For example, at the same working conditions as above (Le. at Voo = IV, CBL

A similar observation can be seen in Fig. 5-18, regarding the power consumptions of the

Figure 5-19 PDP versus CBL and CDL variations for the circuits in comparison CL = 20 fF.

reduced to 70.2%,34.7% and 64.3% of that of the high-speed [263], decoupled latch [265]

10

5

35

30

25 '

0:20 '
o
CL. 15

= 100 fF, COL = 100 fF and C L = 20 fF), the power consumption of the new design is

stage in our design has very low voltage swing and thus can be tapped directly to the DLs.

and alpha latch [264] designs, respectively. This is because the output of the local sensing

Furthermore, after latching, no BL current flows from the BLs to the DLs. This is in

contrast with the other designs in which at least one BL current flows from the BLs to the

DLs. Thus, the PDP of the proposed design is more than 74% superior as compared to

other designs, as shown in Fig. 5-19. In addition, the proposed circuit achieves the most

stable behavior with a total change across the simulated regions (i.e. COL ranges from 100

fF to 200 fF and CBL ranges from 100 fF to 200 fF) of 6.5% whereas that of high-speed

[263], decoupled latch [265] and alpha latch [264] designs are 10.9%, 17.3% and 34.2%,

respectively. Table IX summarizes the comparison of these four designs, including the

layout area of each topology. As shown in Table IX and Fig. 5-20, the proposed local

design occupies the smallest active area, which is only 79%, 67% and 64% of that of the

127

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Stamp



high-speed, decoupled latch and alpha latch designs, respectively. All transistor sizes are

obtained from the circuit optimization mentioned in subsection 5.2.3.2.

TABLE IX. COMPARISON SUMMARY OF THREE CIRCUITS FOR C L = 20 FF, C BL= 100 FF, C DL =

100 FF AT 65 NM CMOS TECHNOLOGY AND 250 MHz FREQUENCY. ALL DESIGNS HAVE THE SAME

LAYOUT WIDTH OF 1.6 ~M TO FIT ONE COLUMN PITCH

Sensing delay, ps Average power, flW PDP, tJ Layout area, flm2

Proposed 156 25.58 3..99 8.64

High-speed [263] 732 36.40 26.64 10.88

Decoupled latch [265] 214 73.69 15.77 12.80

Alpha latch [264] 566 39.76 22.50 13.44

8.5

o

~~
Data-lines and Column Select signals

Figure 5-20 Layout of four local SA designs in consideration. From left to right: Proposed,
high-speed, decoupled latch and alpha latch. Vss signal runs horizontally and is not shown in

this figure.

5.2.5.2 Leakage

Leakage currents of the four SAs are investigated at various operating temperatures

using DC analysis. All four SAs (Fig. 5-10 and Fig. 5-11) are turned off by setting their
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control signals to either Voo or 0 V. At the same time, Voo is kept at 1 V and the

temperature is swept from 0 °c to 125°C, to adhere to the commercial standard range.

Simulation results are shown in Fig. 5-21. As the proposed local design has only seven

transistors cascaded into two branches (Fig. 5-11), it has the smallest leakage current, as

illustrated by the black curves in Fig. 5-21. For example, at room temperature, leakage

currents of the proposed, decoupled latch, alpha latch and high speed designs are 9 nA, 19

nA, 17 nA and 18 nA, respectively. Similarly, the proposed global SA also offers the least

leakage although the difference between the four designs is not significant. The reason is

because all four designs contain two pairs of output buffers which contribute a large

portion to their total leakage. These two observations confirm that the proposed design

consumes the least standby power and hence enabling a longer battery life for the system.

1000-.--------------------.

~ 100

Global sense amplifier
Proposed

-.- Alpha latch
High-speed

_ Decouple latch

Local sense amplifier
Proposed

-.- Alpha latch
High-speed

_ Decou Ie latch1-+--------------,.--..a..-.,r------1
o 25 50 75 100 125

Temperature. DC

Figure 5-21 Leakage currents of the global and local SAs of four designs versus operating
temperature.

5.2.5.3 Operatingfrequency

We aim to design a new SA that can work with a clock frequency higher than 1 GHz.

Furthermore, we also study the maximum frequency of each design at several supply

voltages, as shown in Fig. 5-22. It is noticeable that the high-speed design ceases to work
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at a supply voltage of 0.3 V. As shown in Fig. 5-22, the proposed design and the

decoupled-Iatch have similar maximum operating frequency at every supply voltage and

are about 2x and 4x higher than those of the alpha latch and the high-speed circuits,

respectively. This agrees with the data presented in Fig. 5-23, as the proposed design and

the decoupled latch have similar sensing delay. However, the power consumption per

MHz of the proposed design is smaller than that of the decoupled latch, which is even

higher than that of the alpha latch. Fig. 5-23 also clearly indicates that the current-

conveyor-based high-speed SA has the largest sensing delay as well as power

consumption. This conclusively proves the superiority of the proposed circuit when both

stability and performance are of critical design specifications.

104,.-------------------.

---Proposed
• Decoupled Latch

* Alpha Latch

- - - - High Speed

10-2-t---r----..-__r_-_.._---.---.....--,.----1

1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2
Supply voltage. V

Figure 5-22 Maximum operating frequency of four circuits in comparison at different the
supply voltages. CL = 20 fF, CBL = 100 fF, CDL = 100 fF. Room temperature.

A latch-type SA has been presented, offering both speed and power improvements

when compared to the existing circuit topologies. Furthermore, it can operate with clock

frequency as high as 1.25 GHz, which is the highest among the circuits in consideration.

The sensitivity analysis carried out across process comers has reaffirmed that the new

design can tolerate excessive process variations with smallest performance fluctuations. It

also provides better reliability with at least 50x BER at 1V supply voltage. In view of the
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above, it can be concluded that the new SA is best suited for applications where low-

voltage, low-power, high-speed and stability are of crucial design considerations.

160

N140
I
2

~120 105
c
N-
~100 00

0..
~ >Q)

~ 80 104~
0 "'0

+=i O'J
0.. C
E 60 00=w c
00 Q)
c 103 000 40(,.)

o 102

1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2
Supply voltage. V

---Proposed • • • • High-speed
• Decoupled latch * Alpha latch

~

Q)

~ 20
a..

Figure 5-23 Power consumption and sensing delay of four circuits in comparison at different
supply voltages. CL = 20 iF, CBL = 100 iF, CDL = 100 iF. Room temperature.

5.3 Conclusion

In this chapter, the design, operation and analysis of two newly proposed circuits have

been introduced. These designs achieve both high-speed and low-power and hence are

suitable for low-power SRAM applications. Sensitivity analysis on these two designs also

shows that they are highly reliable and can work at very low-supply voltage conditions.

These designs hence can be incorporated into the SRAM macros introduced in Chapter 3

and Chapter 4 to further enhance the performance of the proposed SRAM cell designs.
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CHAPTER 6 OFFSET ANALYSIS OF A LATCH-TYPE SA

6.1 Background

In a perfectly symmetric design, an infinitesimal initial differential input voltage V21 is

sufficient to trigger a correct sensing of a latch-type SA as shown in Fig. 6-1 [267-269].

However, with increasingly significant device mismatches due to the process variations, a

larger initial input is required [269]. The minimum differential input voltage that is able to

ignite a correct sensing is referred to as the input-offset voltage [267-269]. This implies

that, during the read operation of an SRAM, the accessed memory cell must develop a

differential input voltage larger than this offset voltage to ensure a correct readout [270].

Naturally, circuit designers must set some input margin by extending the delay time before

enabling the SA or strengthening the bit-cell current. As a result, larger input voltage is

required at the expense of additional sensing delay or power consumption on the BLs.

Therefore, predicting an accurate offset value is essential not only to improve sensing

speed and power consumption, but also to increase the yield of the memory [1, 19].

VDD

be used interchangeably) [267-269,271-278]. Most of them only dealt with the threshold

Figure 6-1 The latch-type SA. (a) Schematic (b) Small signal model

Several works in the literature have been dedicated to investigating the offset behavior

of the cross-coupled inverters (henceforth, the two tenns cross-coupled and latch-type will

(a) (b)

voltage mismatch, which is claimed to be the most influential factor of the input-offset
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[273,277]. Nonetheless, this approach is no longer suitable in the deep sub-micron or even

nanometer technologies where other parameter mismatches are becoming increasingly

significant [275, 279]. In other words, the effect of the threshold voltage, the trans­

conductance and the parasitic capacitances must be taken into consideration

simultaneously.

Sarpeshkar [268] has successfully analyzed the mismatch sensitivity of the latch-type

SA and obtained a closed-form expression. Unfortunately, his method requires a very

complicated algebraic computation and thus can hardly be generalized to other types of

mismatches or be used to evaluate the impact of second-order components. Other than

that, Nikoozadeh et. ale has recently detailed the effect of load capacitance mismatches on

the input-offset [275]. However, the authors have failed to include the impact of both Vth

and K mismatches.

Another method to evaluate the offset of the SA is by applying lump-sum voltage noise

sources to the internal nodes of the cross-coupled structure [271]. However, it provides no

insight into the causes of the input-offset voltage, hence giving no suggestion on how to

reduce the offset. This method has also been used to determine the SNM of the 6T SRAM

cell, which has a similar structure to the SA of interest. Several other works have modeled

the SNM of the SRAM cell under the impact of intrinsic device fluctuations [128-129,

249, 254, 270]. Unfortunately, these approaches are not suitable for analyzing the offset of

the SA. This is because SNM is a static property [280] and not directly related to input­

offset voltage of the cross-coupled structure which is dynamic and changes with different

input voltages.

In this chapter, we introduce a systematic and general method in deriving the input­

offset voltage of the SA configuration as shown in Fig. 6-1. A similar approach to our

model has been reported in [281] with a different SA configuration. However, it does not

include the effect of the initial common-mode input voltage which has a significant impact
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on the total offset. Furthennore, this method may require several iterations to obtain an

accurate result [281].

Our work contributed in the following aspects:

1. A simple criterion is proposed to evaluate the offset voltage of the latch-

type SA.

2. Analytical work is presented to provide a criterion to evaluate input-offset

model of the SA due to threshold voltage, trans-conductance, and capacitance

mismatches simultaneously. HSPICE simulations have been carried out to verify the

model.

3. Weakness of the proposed method is discussed with suggested solutions.

6.2 Meta-stable states and criterion for correct sensing

6.2.1 Meta-stable states

We assume that the cross-coupled SA operates in the super-threshold region, i.e. VDD >

IVtpl+V tn• As a result, its loop gain at the meta-stable point is always larger than unity and

any small disturbance is enough to drive it to a stable state. In general, due to device

mismatches, the meta-stable potential of nodes VI and V2 are not the same. For instance,

Fig. 6-2 depicts the transient wavefonns of a SA where VSI and VS2 represent the meta­

stable values of VI and V2, respectively and VCM = (VI + V2)/2, VSCM = (VSI+ Vs2)/2. At

(6.1a)

(6.1b)

Where the trans-conductance values, Gm, are dependent on tenninal voltages and intrinsic

device parameters of the transistors.

Observation: At any point of time, if VI > VS}, VI has the tendency to push V2 to a

potential smaller than VS2. On the other hand, if VI < VSI, it has the tendency to push V2to
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a potential higher than VS2. However, if VI = Vs}, it has the tendency to push V2 back to

VS2. The same observation is applicable to V2. These observations can be easily proved

using the inverting property of the inverter.

Consider the case whereby V2 > VI and the initial common-mode input voltage, VCM is

equal to meta-stable common-mode voltage, VSCM . A correct sensing operation will

eventually drive V2 to Voo and VI to O. However, with significant device mismatches,

there are three possibilities depending primarily on the values of input voltage, Yin (= V2 ­

VI) and Vs (= VS2 - VSI): (1) Yin < VS. In this case, the initial value of VI is higher than

VSI and the initial value of V2 is lower than VS2. According to the above-mentioned

observations, VI will drive V2 to a lower potential while V2 will drive VI to a higher

potential. With the assumption that the loop gain around the meta-stable points is higher

than unity, the positive feed-back configuration of the circuit will finally make a wrong

decision, as illustrated in Fig. 6-2(a). (2) Vin > Vs. In this scenario, VI is lower than VSI

and V2 is higher than VS2. Using the same argument, we can conclude that the circuit

makes a correct decision in this case (Fig. 6-2(b»). (3) Yin = Vs. The circuit falls into meta­

stable state. From this observation, the positive feed-back configuration of the cross­

coupled amplifier implies that if VCM = VSCM, the correctness of the sensing process can be

decided at time t=O when it is enabled. In a correct sensing cycle, V21 keeps increasing and

hence its derivative is positive, even at the starting time (t = 0), as illustrated in Fig. 6­

2(b). This criterion can therefore be used to determine the offset voltage of the SA, which

is the minimum required input voltage to realize a correct sensing (and is equal to Vs).

Until now, we have only discussed the "direction" of movement of the output nodes VI

and V2 but not the "speed" of movement. Since the lump-sum load capacitances (which

include both the load and the parasitic capacitances) only affect the speed of

charging/discharging of the output nodes, they have no impact on the correctness of the

sensing process. However, this does not hold if VCM ~VSCM.
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Figure 6-2 Switching waveforms of a latch-type SA. a) V CM=VSCM' wrong decision. b) V CM

=VSCM' correct decision. c) VCM>VSCM, wrong decision. d) VCM>VSCM, correct decision

If VCM ¢.VSCM, for the sake of simplicity, we only consider the case when VCM > VSCM. If

VI < VSI and V2> VS2, they will apparently lead to a correct sensing. However, if VI> VSI

and V2 > VS2, using the same argument as above, it can be shown that both initial nodes

will descend (Fig. 6-2(c) and Fig. 6-2(d)). When either VI or V2 touches their
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corresponding meta-stable value, Le. VSI and VS2, the potential of the other node will

decide the correctness of the sensing cycle. For instance, in Fig. 6-2(c), when both nodes

descend, V2 approaches VS2 first when VI is still higher than VSI . As a result, VI will

"push" V2 to a lower potential, i.e. lower than VS2. In tum, V2 pushes VI to a higher

potential and the regenerative process continues and finally results in a wrong sensing. In

contrast, if VI reaches VSI when V2 is still at a higher potential than VS2, they lead to a

correct sensing. In this second scenario where VCM ~VSCM, discharging/charging speed at

the output nodes is important. Thus, the capacitance mismatch comes into effect.

In the next Section, we will quantify the input-offset voltage due to the device parameter

mismatches (Vth and K) with the assumption that VCM = VSCM. In Section 6.2.4, we extend

our model to the case where VCM > VSCM and include the effect of the capacitance

mismatch.

It is worth mentioning that V00 and temperature variations are not considered in the

offset analysis since they are global parameters and have insignificant contribution to the

total mismatch effect [19, 281]. The worst-case scenario is assumed to incorporate the

effects of both V00 and temperature. Consequently, only the threshold voltage, the trans-

conductance and the capacitance mismatches contribute to the input-offset voltage.

6.2.2 Input-offset when VCM = VSCM

Suppose that the latch structure is enabled when VIand V2are at potentials close enough

to VSCM, the common-mode DC voltage (which again is assumed to be near V0012). As a

result, all four devices are in saturation and the MOSFET alpha law can be used (for 0.18

Jlm or larger CMOS technologies). By applying Kirchhoffs Current Law (KCL) at nodes

V1 and V2, we have:

avl(t) =_l_[Kpl (v _ V + V )a _K N1 (v _ V )a]
dt C 2 2 DD TPI 2 2 TNI

TOT

(6.2)

(6.3)

137

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



where

C TOT = C L + Cparasitic

a = 2 for channel length greater or equal to 0.18 j.1II1

Jristhetransconductance

VT is the threshold voltage

And K PI =K P2 =K P , K Nt =K N2 =K N ,VTPI = VTP2 =VTP , VTNI =VTN2 =VTN at the

perfectly matched condition, assuming that all transistor parameters are fixed over time.

This model is based on representative I-V characteristic equations for generalization

purpose, which in fact merely serves as an illustration. Circuit designers can then adopt the

same technique to suit their specific process technologies with different I-V

characteristics. A more accurate model (with a < 2) is going to be used in latter section to

predict the offset voltage in the 32 nm and 22 nm technologies.

Subtracting both sides of (6.2) by (6.3):

(6.4)

Eq. (6.4) describes the response of the system with respect to a set of device parameters

U=(Ut,U2"'US) along the time 1. In this case, u= (VTPI , VTP2, VTNI , VTN2, KNI , KN2, KpI , Kp2).

Assuming that we know in closed-form the solution of (6.6) (or the exact value of the

solution of (6.4) at all points of interest) with respect to the nominal parameter UNOM. Thus,
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Equation (6.4) can be rewritten explicitly as:

by applying Taylor's theorem with multiple variables, the response of the system to the

(6.5)ou aF I (ou)2 a2FI
F(u,t) = F(UNOM )+-X- u-u +--X--

2
u-u + ....11 au - NOM 21 au - NOM

If ou i ( i =1, m) are small, all components with the order higher than one can be ignored.

parameter, u = UNOM + au ,can be approximated as:
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I
m

OUi aF IF(u,t) =F(uNOM ) + -x- u-u
1, au. - NOM

i=I' 1

Where, by assuming that VI (0) ~ V2 (0) ~ VCM , we have:

(6.6)

(6.7)

The beauty of the model is that we only need to evaluate ~;[ 1,:0 . Eq. (6.7) clearly shows

that an infinitesimally small V21(O) is sufficient for a correct sensing in a perfectly matched

system since ~;I 1':0 >0 as long as V21(0) >0. It is worth mentioning that this derivative can

be evaluated at t = 0 because all devices are in saturation and ready to work at this time. In

other words, there is no disruption at this point. If one worries about the existence of

~;I 1':0 , the designer can evaluate it at t = 0+. By expanding Eq. (6.6) we have:

Ov 21--(uNOM+ou) =F(U NOM ) +
at

[
dF dF dF dF ]

+ OVTPl--+OVTP2 --+OVTN1 --+OVTN2 -- +
dVTPl dVTP2 dVTNl dVTN2 (6.8)

[
dF dF dF dF ]+ oK p1 --+oKp2 --+OKN1 --+oKN2 --

dK pl dK p2 dK Nl dK N2

=F(UNOM) + Th + Tr

where all mismatch parameters are set as in Table X to obtain the worst-case scenario.

TABLEX. MISMATCH PARAMETERS FOR THE DEVICES IN FIG. 6-1

PI P2 Nl N2

oVTPI =-oVTP OVTP2 =+oVTP oVTNI =+oVTN OVTN2 =-oV1

oK p1 =+oK p oK p2 =-oK p OK N1 = -oK N OK N1 =+oK N

All derivatives are evaluated at the nominal condition without any perturbation, as

shown below:
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•

8F I -1 [ ]-- =-- K v -V +V8V U NOM c Pl( 2 DD TPl)
TPI TOT

8F I -1 [ ]-- =--K V-V8V U NOM c Nl( 2 TNl)
TNI TOT

8F I 1 [ ]-- =-- K v -V +V8V U NOM c P2( 1 DD TP2)
TP2 TOT

8F I 1 [ ]-- =--K V-V8V U NOM C N2r 1 TN2)
TN2 TOT

(6.9)

(6.10)

(6.11)

(6.12)

aF aF aF aF
Th =OVTPI-- + OVTP2--+OVTN1-- + OVTN2--

8VTP1 8VTP2 8VTN1 8VTN2

=_1_ [Kp(v1 + V2 - 2Voo + 2VTP)bVTP - KN(V1 + V2 - 2VTN)bVTN]

CrOT

= 2 [Kp(2Vnn - 2VTP - 2Vct.JbVTP + KN(2VCM - 2VTN)bVTN]

CrOT

Similarly with the trans-conductance mismatch, we have:

By replacing (6.13) and (6.14) into (6.8) we have

(6.13)

(6.14)

By replacing (6.7) into (6.15) we have:

8v21
-(UNOM + ou) =

at

(6.16)

By rearranging the terms in (6.16), the criterion for a correct sensing is equivalent to:
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Where

E= A+B
2

vs is the offset voltage of the SA.

6.2.3 Discussion

(6.17)

Eq. (6.17) describes the worst-case offset voltage of the latch-type SA. It also shows

the impact of individual mismatch components, namely the threshold voltage and the

trans-conductance.

6.2.3.1 Threshold voltage mismatch

The impact of the threshold voltage mismatch can be seen by assuming that the trans-

conductances are perfectly matched. As a result, Eq. (6.19) is reduced to:

If the SA is symmetrical, i.e. KN = Kp and 2VSCM=VDD+VTN-VTP, we have:

(6.18)

(6.19)

Eq. (6.19) shows that the offset voltage is equal to the sum of the threshold voltage

mismatches. Therefore, the impact of the threshold voltage mismatch is the most dominant

component. This also agrees with the formula reported in [268] and [273].
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6.2.3.2 Trans-conductance mismatch

The impact of the trans-conductance mismatch can be seen by assuming that the

threshold voltages are perfectly matched. As a result, Eq. (6.17) is reduced to:

(6.20)

If the SA is symmetrical, i.e. KN = Kp and 2VCM=V00+VTN-VTP, we have:

(6.21)

Eq. (6.21) shows that the offset voltage is linearly related to the percentage trans-

conductance mismatches and the power supply. Assuming that the threshold voltage is

fixed for a given process, a higher power supply voltage leads to a higher input-offset

caused by the trans-conductance mismatch. For example, in a 0.18 Jlm/1.8 V, VTP is 0.37

(V -v -v )V, VTN is 0.29 V and hence DD TN TP equals to 0.57 V. Thus, 10% trans-
2

conductance mismatch results in a 57 mV input-offset voltage, which is comparable to the

threshold mismatch. Therefore, one of the suggestions to reduce the input-offset is by

reducing the supply voltage.

6.2.3.3 Second-order approximation

The new criterion offers a very simple and straightforward procedure to calculate the

combined input-offset voltage of the SA. Other than the analysis done in this work, one

can choose his/her own mismatch parameters. For example, one can separate the trans-

conductance into four terms W, L, Cox and Jl and replace them in Eq. (6.8):

oK= 8K oL+ 8K OW+ 8K oC + 8K 0
8L 8W 8C ox 8 Jl

ox Jl
(6.22)

Furthermore, one can investigate the second-order approximation in the Taylor

expansion with no difficulty. The reason is that the proposed method only requires the
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estimation of Ov 21 at t=O. For instance, if we consider the interaction impact of the
at

simultaneous trans-conductance and the threshold mismatches, the second-order

approximation must be used. With the above-mentioned eight parameters, the estimated

offset voltage is:

A5VTP +B5VTN +CbKp + DbKN

E - 2(5VTp bKp + 5VTN bKN)

(6.23)

The impact of the second-order components on the offset voltage is insignificant if the

mismatches are smaller than 5%. However, with larger mismatches, the second-order

components need to be taken into consideration. For example, with 10% parameter

mismatches, the second-order approximation is 4% larger than the first-order

approximation and closer to the simulation results. This point is going to be verified in

Section 6.3.

6.2.3.4 Suitability ofthe model in sub-45 nm technologies.

The precision of the approximation depends on the accuracy of the I-V characteristic

equations used in Eqs. (6.2) and (6.3). As technology moves into the nanometers range,

the square law used in Eqs. (6.2) and (6.3) is no longer valid. Thus, it must be adjusted to

fit the operating characteristic of the devices. One simple approximation is to use Ci close

to one, which is more accurate in describing the saturation current of the MOS device in

nanometer technology. Thus, the above-mentioned parameters are computed as follows:

(6.24)

In the case of symmetrical nominal conditions, i.e. KN = Kp and 2VSCM=VOD+VTN-VTP,
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we have:

(
0 0 ) aF a

-
J (bK p +oK N ) Fa

v 21 (O» VTP + VTN 2[1+ln(F)(a-l)t-K-
p
-+-K-

N
- [1 + In (F)(a-1)]

where F = Voo - VTP.- VCM = VCM-VTN

(6.25)

The improvement of (6.25) in comparison with (6.17) will be illustrated in Section 6.3.

6.2.3.5 Basic cross-coupled inverters' derivatives

Generally, the latch-type SA used in RAM read-out circuits includes one equalization

device or a MOS tail device [93, 97, 246, 261, 271, 281]. Thus, its actual transient

response is different from what is shown in Eq. (6.2) and Eq. (6.3). However, the criterion

for a correct sensing still holds. In fact, the MOS tail device adjusts the voltage across the

SA while the equalization device adds a parasitic capacitance [275]. The effect ofVoo has

been included in the above while impact of the parasitic capacitance is going to be

investigated in Subsection 6.2.4.

6.2.4 Input-offset when VCM > VSCM

As mentioned before, we only need to consider the case when V1(O) > VS1 and V2(O) >

VS2 to find the minimum required input voltage. Similar to [275], the cross-coupled

amplifier can be modeled using the following small-signal equations:

(6.26a)

(6.26b)

As both nodes descend, their derivatives are negative, i.e. Gmpi < Gmni • Assume that they

descend at constant speeds until either of them reaches their corresponding meta-stable

potential and the circuit makes decision. For a correct sensing, VI must reach VS1 first,

after a time interval dt:
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(6.27)

And

(6.28)

Where

G m2 C TOTI

GmICTOT2 (6.29)

G m = G mp -Gmn

= K p (VDD - VG - Vtp )(1 + A p VDSp ) ­

- K n (VG - Vtn )(1 + An VDSn)
(6.30)

It is important to note that the result obtained in Eq (6.29) agrees with what was reported

in [275] by letting G m2 = I, although our model is much simpler and involves only linear
G mi

equations.

As VI and V 2 decrease, magnitudes of both GmI and Gm2 decrease (Eq. (6.29)) but the

ratio G m2 can be assumed to remain unchanged with good approximation if the initial
G mi

potential of VI is close enough to V SI ' By assuming that the Gm and C mismatches are

small, Eq. (6.29) becomes:

145

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



[V2 (0) - V S2 ] > [VI (0) - V SI (1 + 1 f1
GC J

2 GmICTOT2

~ [V2(0) - VS2 ]- [vI (0) - VSI ] > [VI (0) - VSI ] 1 AGe
2 GmICTOT2

~ [v2 (0) - VI (0)] > Vs + [VI (0) - VSI ]!.. AGe
2 G mI C TOT2

So the overall input-offset voltage of the SA is:

[ ]
1 f1 GC

V ojfset =V s + VI (0) - V SI
2 GmICTOT2

=Intrinsic _ offset + Extrinsic _ offset

(6.31)

(6.32)

Eq. (6.32) shows that the overall offset voltage contains two components: Intrinsic offset

and extrinsic offset. While the intrinsic offset is caused solely by the intrinsic device

mismatches (Vth, K, etc), the extrinsic offset is caused by the initial input potentials and

the parasitic mismatch. Several previously published results can be found by simplifying

Eq. (6.31) to the corresponding special case. For instance, if the devices are matched (i.e.

Vs = 0 and GmI = Gm2), then Eq. (6.31) becomes:

[ ]
1 f1 c

V ojfset = VI(O)-VSI --­
2 C TOT2

Where ~ =CTOTI-CTOT2

(6.33)
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Figure 6-3 A correct sensing cycle with extreme capacitance mismatch and 0.6 mV input, all
other device parameters are matched

This is exactly the same as the result reported in [275]. It is also worth mentioning that

the capacitance mismatch itself does not cause the input-offset voltage when VCM=VSCM.

Fig. 6-3 confirms this by showing a correct sensing cycle with 50% capacitance mismatch

and all other device parameters are matched. Simulation waveforms show that a matched

SA makes a correct decision (Vin= 0.6 mV) even with extreme capacitance mismatch.

However, once present, it is multiplied with both Gm mismatch and the difference between

the initial input voltages and their meta-stable value (i.e. Vj(O) - VSj ). This point will be

discussed in Section 6.3

6.3 Simulation results and analysis

6.3.1 Methodology

Extensive simulations using HSPICE simulator have been carried out to verify the

accuracy of the proposed criterion. For the sake of simplicity and the clarity of the

comparisons, several single-factor-at-a-time tests have been performed to evaluate the

impact of individual mismatch type. All test comers have been measured using three
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technology nodes: a 0.18 Ilm/ 1.8V standard CMOS process from GFS, a 32 nm and a

22nm Predictive Technology Model (PTM) developed by the Nanoscale Integration and

Modeling (NIMO) Group at Arizona State University (ASU). Simulation results were

plotted in comparison with the proposed approximated model. After that, combined

mismatch simulations using multiple-factor-at-a-time approach have been carried out on

the 0.18 Ilm/ 1.8V standard CMOS process from GFS. These simulations include all the

mentioned mismatch types (i.e. oVTP, oVTN, oKp, oKN in Eq. (6.17) and ~c in Eq. (6.32))

simultaneously. Simulation results are then compared with the first- and the second-order

approximations to reaffirm the model.

The circuit set-up shown in Fig. 6-1 was used to perform the simulations. The threshold

voltage mismatch was injected by adjusting the Vto parameter in the model cards. The

trans-conductance and capacitance mismatches were modeled by adjusting the Wand L of

the devices and CL. The simulated offset voltage is defined as the largest differential input

voltage that produces an incorrect sensing. For instance, Fig. 6-4 shows a correct and an

incorrect sense cycle of a 5% K-mismatch SA with a 31 mV input-offset.
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Figure 6-4 Output voltages at of a 5% K-mismatch SA using 0.18 ~m/ 1.8 V standard CMOS
process from GFS a) Wrong sensing with V21(0) = 31 mV. b) Correct sensing with V21(0) = 32

mV. VCM=VSCM
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6.3.2 Results comparison

6.3.2.1 VCM = VSCM

Figs. 6-5 to Fig. 6-8 present the input-offset voltage of the SA where VCM = VSCM.

Fig. 6-5 shows the first-order approximation of the input-offset voltage at 0.18 ~m/ 1.8 V

standard CMOS process from GFS. It confirms the accuracy of the model with about 95%

precision. For example, at 10% Vth mismatch, the input-offset according to the simulation

is 84 mV while the calculation results in 80 mY. Regarding the K mismatch, these

quantities are 61.5 mV and 58.5 mY, respectively. Fig. 6-6 also reaffirms previous works

[268, 273] that the Vth mismatch has higher impact on the offset voltage with the offset

voltages of 84 mV and 61.5 mV at 10% Vth and 10% K mismatches, respectively.

However, they suggest that the impact of the K mismatch is significant and should not be

ignored while calculating the overall offset of the SA.

90,-----------------..
- Calculation

80 - - - • Simulation

.-.70
:>
E
~60
0'1
I1J

:a 50>
ID
~ 40
'0

30

20

10

o-fIE-___r_-r__-..----r-..,.----r-~___r_-r____4
o 2 3 4 5 6 7 8 9 10

Percentaq"e Mismatch (%)

Figure 6-5 Input-offset voltage due to the threshold voltage and the trans-conductance
mismatches individually at 0.18 J.1m/ 1.8 V standard CMOS process from GFS. Percentage Vth

. oV . oK
mIsmatch = ---!!!... x 100% . Percentage K mIsmatch = - x 100% . VCM = VSCM

Vth K

Fig. 6-6 illustrates the combined effects of the Vth and the K mismatches on the offset

voltage. It includes both the first and the second-order approximations. As the threshold
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and the trans-conductance mismatches interact, their combined effect results in an input-

offset which is slightly higher than the sum of their individuals. Consequently, the second-

order approximation is required to estimate the interaction between the two mismatches.

As shown in Fig. 6-6, the second-order approximation gives better results with about 99%

precision when compared to the 95% precision of the frrst-order approximation. This

improvement becomes more profound as the mismatch levels increase. For example, at

10% Vth and K mismatches, the first-order, the second-order approximations and the

simulation offset are 138 mY, 144 mV and 144.5 mY, respectively
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Figure 6-6 Input-offset voltage at 0.18 f.lmll.8 V standard CMOS process from GFS due to
the simultaneous mismatches. VCM = VSCM

In order to verify the accuracy of the proposed model in the nanometer regimes,

extensive simulations have been carried out with 32 nm and 22 nm predictive models.

Using these technologies, the approximation using Eq. (6.17) reveals its weakness. As

shown in Figs. 6-7 and Fig. 6-8, the calculated offset using Eq. (6.17) lags far below the
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simulation results, for both Vth and the K mismatches. This can be explained by the fact

that the square law used in Eq. (6.2) and Eq. (6.3) is not accurate in the nanometer

technologies. Therefore, a simple adjustment has been adopted by using lower values of ex

in Eq. (6.2) and Eq. (6.3). Thus, Eq. (6.25) was used to compute the offset voltage. Values

of ex were extracted from operating curves of the MOS devices. At 32 nm, ex is equal to

1.15 whereas at 22 nm it is 1.09.
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Figure 6-7 Input-offset voltage at 32nm Predictive Technology Model, 0.8 V supply voltage,

due to the device mismatches. a was extracted from the operating curves of the MOSs and is

equal to 1.15. (a) threshold voltage mismatch. (b) trans-conductance mismatch. VCM =VSCM
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Figure 6-8 Input-offset voltage at 22nm Predictive Technology Model, 0.7 V supply voltage

due to the device mismatches. a was extracted from the operating curves of the MOSs and is

equal to 1.09. a) threshold voltage mismatch. b) trans-conductance mismatch. VCM = VSCM

Although this replacement does not describe the exact I-V characteristic equations of

the MOS devices, it provides significant improvements, also shown in Fig. 6-7 and Fig. 6-

8. In this work, we focus on developing and verifying the proposed method and hence only

simple adjustment has been used for the 32 nm and 22 nm characteristic equations. If

higher precision is required, one must adopt more accurate models in Eq. (6.2) and Eq.

(6.3). As long as these equations are correct, the proposed method offers very simple and

straightforward steps to obtain the offset of the SA.

It is worth mentioning here that at 22 nm and 32 nm technology nodes, the offset

voltage due to the K mismatch is significantly smaller than that of the Vth mismatch, as

shown in Fig. 6-7 and Fig. 6-8. The reason is that the supply voltages used for these

technologies are much lower than those at 0.18 Ilm technology. Since the K-mismatch-

related offset voltage heavily depends on the supply voltage (as shown in Eq. (6.17) and

Eq. (6.25), reducing the supply voltage will reduce the corresponding input-offset

component.
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6.3.2.2 VCM > VSCM

Similar simulation steps have been carried out in this scenario. For this case, the input

common-mode voltage is raised to a higher potential compared to its meta-stable value.

Offset voltages were recorded and compared to the analytical model in Eq. (6.33). All

results are presented in Fig. 6-9 and Fig. 6-10.

Fig. 6-9 features the effect of the capacitance mismatch on the overall offset. It is

noticeable that even when CL mismatch is 0%, the simulation and computed offset is

larger than the intrinsic offset (i.e. Vs = 144.5 mV). This can be easily explained using Eq.

(6.32): although CTOT1 equals to CTOTI, device mismatches causes Gm mismatch and hence

~c is positive. In fact, 10% Vth and K mismatch can lead to 30% Gm mismatch in our

calculation. The CL mismatch, as shown in Fig. 6-9, increases the offset but its magnitude

is very small. This observation strongly agrees with the results in [268, 273, 275].
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Figure 6-9 Input-offset voltage at 0.18 J.1m11.8 V standard CMOS process from GFS due to
10% Vth and K mismatches against CL mismatch values. V1(0) - VS1 = 100 mY. Vs = 144.5 mV
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Figure 6-10 Input-offset voltage at 0.18 J.lmll.8 V standard CMOS process from GFS due to

10% Vth and K and CL mismatches against V1(0) - VS1. Vs = 144.5 mV

Fig. 6-10 depicts the impact of the difference between the initial input voltage VI and

its meta-stable value VSI. It shows that this factor has a greater impact on the input-offset

voltage than the capacitance mismatch does. Therefore, it is recommended to enable the

SA as close to the meta-stable value as possible to reduce the input-offset. It is also shown

that when VI equals to VS1 (i.e. VI-VS1 = 0), we have Voffset equals to Vs, as predicted in

Eq. (6.33), even with 10% CL mismatch. This result has reaffirmed the conclusion that CL

mismatch has no impact on offset voltage if the inputs are released at their optimum

potential (i.e. close to meta-stable value) [268,273].

6.4 Conclusion

A new approach and a new criterion have been proposed to calculate the input-offset

voltage of the latch-type SA due to the device mismatches. The new criterion offers a

simple yet accurate way to evaluate the correctness of a sensing cycle and hence the offset

voltage. Since the proposed method only requires the evaluation Of~:1 1."0 , it can afford

to include a large number of device parameters and various circuit setups. Furthermore,

the simple calculation also allows designers to estimate the second-order approximation

and consider multiple parameters simultaneously. Extensive simulations using HSPICE
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simulator under three different technologies have reaffirmed the accuracy of the method. It

is hence very useful in evaluating the offset voltage, which is directly related to the

performance and the yield of the SA.
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CHAPTER 7 CONCLUSION AND FUTURE WORKS

7.1 Conclusion

The main focus of this thesis is to minimize the power consumption and to improve

reliability (due to the process variations) of SRAM designs in nanometer technologies. To

attain efficient power savings of the SRAM we proposed two novel designs of the SRAM

cell topologies and two innovative designs of the current-mode SAs which are capable of

operating at very low supply voltages and are very robust against excessive process

variations.

Our first proposal is a lOT fully differential SRAM cell design with separated read­

and write- ports to improve both WTP and SNM. Furthermore, multiple-threshold

transistors are used to reduce the leakage of the cell by 90%. As a result, our design

offers a very low leakage and low active power consumptions. Besides, extensive

statistical simulations have shown that the proposed design has a more reliable read

operation with 2.5x higher SNM and 100/0 higher Icell/Ioff ratio at 1V. At 0.4 V supply

voltage, these improvements becomes 3x and 80%, respectively. However, this is

achieved at the expense of 33% active silicon area overhead and 23% decrease of the

WTP as compared to the conventional 6T. Nevertheless, it successfully delivered a very

low power consumption, which is the niche of this design and hence the above-mentioned

drawbacks are more than compensated for by the power advantage.

To solve the half-access issues of the lOT SRAM cell, an 8T SRAM cell is introduced

using a column-based dynamic cell supply scheme. Its cell supply is raised to a higher

voltage to improve the SNM during read by 2.5x, whereas during the write operation, the

cell supply is maintained at Vnn to obtain a 200/0 write-ability improvement. An inverter

is added to the conventional 6T structure to block the WL signal from activating the

unselected cells on the same row. This results in two unique properties of the proposed

8T cell: 1) It can be bit-interleaved for efficient conventional Error Checking Code
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implementation for soft-error correction. 2) Only one bit among the interleaved bits

is activated thus the power consumption is reduced by 54%. Extensive cell analysis

showed that the 8T design has better performance when compared to the other lOT and 6T

designs, although its area is marginally larger than the conventional 6T cell. Due to its

robustness, the cell is able to operate properly even at sub-threshold supply voltages. In

view of the above, our 8T is the best alternative to the conventional 6T in ultra low-power

ultra low-supply SRAM designs.

Apart from SRAM cell designs, we also investigated and designed a new current­

mode SA to further enhance the performance and reduce the power consumption of the

SRAM macro. More specifically, our first SA proposal resize the transistors in the current

path of the conventional current-mode SA. This results in 8x higher BL read current

utilization and 53% power reduction. Next, we proposed a novel cross-coupled SA

topology that also has ultra low-power consumption. Its power consumption is only 700/0

of that of the other cross-coupled SAse This is achievable because the BL currents are

automatically cut off at the end of the local sensing stage. Furthermore, it is proven to be

27% faster and has a lower sensitivity to process variations when compared to other

contemporary SA designs.

Finally, an analytical work has been dedicated to quantify the input-offset voltage of

the broadly used cross-coupled (or latch-type) SA. This analysis is critical for this type of

SA designs as an input below its offset value is irreversible and will eventually lead to a

wrong sensing output. Our findings infer that the SA's offset voltage is not only

dependent on the intrinsic device parameter variations but also affected by the

common-mode DC voltage. The total offset voltage of the SA is found to consist of its

intrinsic and extrinsic components. To be more precise, threshold voltage mismatch is the

main contributor to the intrinsic input offset, whereas common-mode voltage and load

capacitor mismatches contribute significantly to the extrinsic offset. This observation can

be extended to derive and approximate the input offset voltage. Our proposed criterion is

also useful for other latch-based SAs as it is simple enough to be reused easily. By
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appropriately changing the IV characteristic equations that describe the respective SA

topology, our criterion can be applied with ease to compute the corresponding offset

voltage.

7.2 Future works

In this project, we have focused on the power consumption and the reliability of the

SRAM by designing the SA as well as the memory cell topology at the circuit level. Our

future works will extent the scope of research to the architecture level of SRAM design.

Firstly, we will look at the possibility of developing CMOS SRAM based on multi­

valued logic, which may offer a more compact layout and hence both active area and

leakage power can be reduced. In a conventional memory cell, logic value is stored in

terms of node voltage. A node voltage at ground level represents a "0" while at V00 it

represents a "1". In multi-valued logic, a cell can store more than one bit (for example,

two bits) but its total number of transistor count must be less than twelve. As a result, it

consumes less area than two equivalent single-bit 6T cells. Several related issues however

must be addressed such as cell reliability at very low supply voltage and the sensing

circuits.

Another direction to implement the multi-valued memory cell is to assign logic values

to more than two voltage levels. For example, 0, 1 and 2 are assigned to voltage level of 0,

Vod2 and V00, respectively. Alternatively, current-mode memory cell designs should also

be explored. While this research direction promises to offer many advantages such as

higher density, lower power consumption it may suffer a severe noise margin reduction.

As CMOS technology scales down to sub 32-nm regime, the process variations are

excessively high and therefore noise margin and data retention reliability must be carefully

investigated.

Secondly, we will shift our research focus to the 3D integration of SRAM cache and

microprocessor: Normal MOSFET devices are used to implement the memory while their

parasitic BJTs are used to implement the computational units, or vice versa. Unlike the
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conventional 3D concept, our research aims to use only one layer of CMOS devices to

implement both memory and microprocessor. Both bulk-CMOS or SOl CMOS process

can be studied. As a result, the microprocessor and the memory can communicate with

each other directly and the corresponding delay will be substantially reduced. The

projected advantages are lower power consumption, smaller area and most importantly

higher operating speed. The main challenge is to control both normal MOSFETs

operations as well as their parasitic BJTs. Furthermore, memory devices are normally

identical and have minimum size while those used in the microprocessors are not.

Nevertheless, if this revolutional idea can be implemented it will have a huge impact on

the contemporary electronic design and transform it to a higher level of integration.

Thirdly, we may consider applying the concept of Probabilistic CMOS (PCMOS) to

memory. In the nano-scale technologies, noise and process variations are unavoidable.

While conventional design approach tries to eliminate these, PCMOS approach utilizes of

them and makes intelligent trade off between performance and yield or reliability. The

main idea of PCMOS design is to compromise a small percentage of reliability to obtain a

much bigger percentage of power saving. PCMOS however is a new field of CMOS

circuit design and a lot of design factors must be put under considerations. If successful, it

may offer a considerable amount of power saving in high the density SRAM designs in

nano-scale technologies.
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