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Abstract

Process Variation Aware DRAM (Dynamic Random Access Memory Design Using

Block-Based Adaptive Body Biasing Algorithm

by

Satyajit Desai, Master of Science

Utah State University, 2012

Major Professor: Dr. Sanghamitra Roy
Department: Electrical and Computer Engineering

Large dense structures like DRAMs (Dynamic Random Access Mmory) are particu-
larly susceptible to process variation, which can lead to vaable latencies in di erent mem-
ory arrays. However, very little work exists on variation studies in DRAMs. This is due to
the fact that DRAMs were traditionally placed o -chip and th eir latency changes due to pro-
cess variation did not impact the overall processor perforrance. However, emerging technol-
ogy trends like three-dimensional integration, use of sopisticated memory controllers, and
continued scaling of technology node, substantially redue DRAM access latency. Hence,
future technology nodes will see widespread adoption of erd@lded DRAMs. This makes
process variation a critical upcoming challenge in DRAMs that must be addressed in cur-
rent and forthcoming technology generations. In this paper techniques for modeling the
e ect of random, as well as spatial variation, in large DRAM array structures are presented.
Sensitivity-based gate level process variation models conined with statistical timing anal-
ysis are used to estimate the impact of process variation onite DRAM performance and
leakage power. A simulated annealing-baseWy, assignment algorithm using adaptive body

biasing is proposed in this thesis to improve the yield of DRAM structures. By applying



v
the algorithm on a 1GB DRAM array, an average of 14.66% improement in the DRAM

yield is obtained.

(58 pages)



Public Abstract

Process Variation Aware DRAM (Dynamic Random Access Memory Design Using

Block-Based Adaptive Body Biasing Algorithm

by

Satyajit Desai, Master of Science

Utah State University, 2012

Major Professor: Dr. Sanghamitra Roy
Department: Electrical and Computer Engineering

Process variation can be de ned as the deviation of processgrameters from its nominal
speci cations. Variation is induced by several fundamentd e ects resulting from inaccu-
racies in the manufacturing equipment. It is a combination d systematic e ects (e.g.,
lithographic lens aberrations) and random e ects (e.g., dgant density uctuations). The
e ect of process variation becomes particularly important at smaller process nodes, where
the variation accounts for a major percentage of nominal legth or width of the device.
Process variations translate to a wide range in performancenetrics of current designs. As
technology scales, these die variations are getting largesigni cantly a ecting performance
and compromising circuit reliability. The variation e ect of length, width, and oxide thick-
ness variation on the overall delay values of DRAM circuit is evaluated in this thesis. In
this work, a novel method to mitigate the e ect of process vaiation on DRAM circuit
is proposed. The timing and leakage parameter which deternme the performance of the
circuit are sensitive to the base voltage of the transistor. A technique which modi es the
base voltage of the transistor to try and mitigate the e ect of process variation is used in
this work. The circuit is rst divided into arbitrary blocks . The base voltage of transis-

tors in these blocks are then modi ed to achieve nominal timng and leakage values for the



Vi
DRAM. Simulated annealing-based algorithm is used in orderto determine the amount of

base voltage required to be applied to each of these blocks.
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Chapter 1
Introduction

CMOS (Complementary Metal Oxide Semiconductor) scaling ha been the catalyst
for steady progress in the semiconductor industry for the pat three decades. However,
steady miniaturization of transistors in the nanometer scde continues to exacerbate the
e ects of process variation in integrated circuits. These pocess variations translate to
a wide range in performance metrics of current designs. The ature of semiconductor
manufacturing process gives rise to both intra- die variatbns (i.e., device features on one chip
can be di erent) and inter-die variations (i.e., device features across chips can be di erent).
The most severe e ects of manufacturing process variation 9 the uncertainty produced
in circuit performance, leakage power, and reliability. These uncertainties substantially
complicate circuit design and its optimization; it also and degrades the manufacturing yield
of integrated circuits.

Large dense structures like DRAMs (Dynamic Random Access Mmory) are particu-
larly susceptible to process variation, which can lead to vaable latencies in di erent mem-
ory arrays [1]. Although the design of variation tolerant on-chip SRAM (Static Random
Access Memory) caches has received signi cant attention ithe research community [2{7],
very little work exists in DRAM variation. This is due to the f act that DRAMs were tra-
ditionally placed o -chip and their latency changes due to process variation did not have a
signi cant impact on the overall performance of the system.

However, emerging technology trends like three-dimensiaa integration (3D stacking),
use of sophisticated memory controllers and continued scailg of technology nodes, substan-
tially reduces DRAM access latency [1]. Hence, future techology nodes will see widespread
adoption of embedded DRAMs [8]. The main advantages of on-dp ram, also know as em-

bedded DRAMSs, are higher memory bandwidth, customized memky sizes, lower power
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consumption, and higher system integration. However, emb@dded DRAM can present con-
siderable challenges in technology and fabrication, perfonance, testing, design methodolo-
gies, and business models [8]. As memory designer look to nease the density of the chip
and move to lower technology nodes, designers will face the ajor roadblock of process
variation. This makes process variation a critical upcomirg challenge in DRAMSs that must

be addressed in current and forthcoming technology generans.

In this work, techniques for modeling the e ect of random as well as spatial variation
in large DRAM array structures are presented. Use of sensitiity-based gate level process
variation models combined with statistical timing analysis is made to estimate the impact
of process variation on the DRAM performance and leakage poer. This thesis also intro-
duces a simulated annealing base®, assignment algorithm using adaptive body biasing
to improve the yield of the DRAM device.

This thesis makes several contributions in the area of robusDRAM design [9].

This thesis incorporates the e ects of random as well as spaal variation in DRAM

components (Chapter 4).

This thesis proposes a sensitivity-based delay model for gorporating the e ects of

process variation at gate level (Chapter 5).

This thesis also proposes &4, assignment algorithm for optimizing the yield of large

DRAM arrays (Chapter 6).

Finally, the results of applying the proposed algorithm on a 1GB DRAM array are
reported (Chapter 9).

On an average, the proposed technique shows a B6% improvement in the DRAM

yield using the V;, assignment algorithm.



Chapter 2
Background and Related Work

Inter die [10] and intra die [11] process variation have signcant impact on both timing
and power consumption of a chip. Figure 2.1 gives us the amourof variation in delay for
an CMOS device in 32nm technology node for variance in lengtlof the device. The gure
shows that with slight amount of variation in gate length there is signi cant impact on
delay values of the device. Moreover, the impact of processaviation increases as the
technology scales down. As a result, future technology nodewill see a severe impact on
device performance. Process variation could potentially wpe out advancement provided
by one technology generation [12]. The impact of process vation on memory has been
analyzed in many previous works [4,13{16]. Work has been danon process variation aware
design for both SRAM and DRAM devices.

Agarwal et al. proposed a variation aware SRAM architecture for high performance
applications [4]. SRAM cell failures under process variathn is analyzed in his work and the
proposed architecture adaptively resizes the cache to avdifaulty cells, thereby improving
the yield. Process variation tolerant architectures for SRAM have also been discussed by
Agarwal et al. [5,6]. A new SRAM cell design to mitigate the e ects of variation is proposed
by Liang et al. [7]. The proposed architectural change is al# to reduce the path stability
issue displayed by current generation cell architecture da to process variation. Sasan et al.
discussed an variation aware SRAM cache based on voltage freency scaling [17]. However,
the technique requires a cache error map that must be updateadvhenever there is a change
in the operating condition. Mukhopadhyay et al. [18,19] prgpose a process variation tolerant
self repairing SRAM based on body bias technique. Mukhopadlyay et al. [20] propose a
statistical sizing methodology to reduce the SRAM cell failres. However, it is a design

level technique which ignores the operating condition and he inter-die variation.
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Fig. 2.1: Variation of delay (normalized to 1) for an CMOS device in an 32nm technology
node.

Process variation in DRAM has received far less attention inliterature as compared
to process variation in case of SRAM. Conventionally, erros due to process variation were
avoided by providing redundant rows and columns in the desig [21,22]. However, with
increasing technology generations, the density of DRAMSs isncreasing and also the amount
of errors due to process variation is on the rise. This type ofedundancy technique also has
a performance overhead or a resource limitation due to the mamum number of redundant
rows and columns that can be included in the design. Thus, usef redundancy-based
technigue alone will not su ce to avoid process variation in future generation DRAMSs.
Ohsawa et al. [16] propose a custom hardware support for DRAMchips. The custom
hardware is used to refresh dierent cells at dierent refresh rates and thereby exploits
retention-time variation among memory cells. Kim and Papadthymiou [15, 23] propose a
block-based multiperiod refresh approach, where a customefresh period is selected for each
block. An algorithm to calculate the optimal number of blocks in the system is also provided
in their work. Liu et al. [24] also propose a similar approachalbeit with a reduction in the
area overhead of the system. Venkatesan et al. [25] propose reovel software approach

that can exploit o the shelf DRAMs to reduce the refresh power to levels approaching
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that of non-volatile memory. When allocating DRAM pages the proposed software prefers
longer retention pages as opposed to shorter retention pagewhich helps to improve power
and performance of the device. Mutyam and Narayanan [26] pmpose the distribution of

blocks of cache set over multiple sets, this minimizes the nmber of sets being a ected by
process variation. Error correction codes (ECC), which areused for soft error [27,28], can
potentially be used for correcting error due to process vaation. However, ECC is able to

handle only single error, and there is an overhead involvedni terms of power consumption,
area, and complexity of the design.

All these proposed techniques try to improve the performane of the DRAM device by
exploiting the variation in timing parameters or by modifyi ng the behavior of the device
through software. The proposed technique is able to reducelte amount of timing variation
by use of adaptive base biasing, e ectively mitigating the eects of process variation. Thus,
resulting in an improvement in performance, yield, and lealage power of the DRAM chip.

In order to mitigate the e ect of process variation in DRAM ch ips, bidirectional base
biasing is used. Reverse body biasing techniques have beem@oyed in recent years for
reducing the leakage power [29{31]. Reverse body biasingvalves lowering the body voltage
of a transistor relative to the ground resulting in an improvement in leakage power and a
degradation of performance. Forward body bias has also beemsed in a similar manner to
increase the operating frequency of a particular design [333]. By combining both these
technigues, and controlling the threshold voltages throudn body bias, the number of dies
that meet both frequency and leakage constrains can be maximed. The technique for
combining both forward body biasing and reverse body biasig is known as bidirectional

body bias [34, 35].



Chapter 3
DRAM Architectural Model

In this chapter, the basic architectural design of the DRAM model that is used for anal-
ysis and the reason for selecting DRAM as an viable option fofuture memory technology
is discussed.

Memory technology, such as PCM (Phase Change Memory) which &s superior scal-
ability and power e ciency as compared to DRAM, has also shown considerable promise
in case of future memory devices. But, before PCM can be usedsaan e ective alternative
to DRAM the signi cant disadvantages that it introduces as compared to DRAM needs
to be eliminated. Writes in case of PCM require a high amount & energy and are slow
as compared to DRAM. They require the use of current injection which results in thermal
expansion and contraction in the storage cell. Because of th phenomenon PCM has reli-
ability disadvantage restricting the device to hundreds of millions of writes per bit [36, 37].
DRAM memory is relatively large, relatively fast, and relatively cheap as compared to other
memory technology in the current process node [38]. MoreoveDRAM has been a proven
reliable technology which has been employed in modern comper systems since early 1970s.
Hence, DRAM is expected to be used in case of embedded memorny mear future.

Figure 3.1 gives an overview of the simple architectural stcture used in the proposed
model. The row decoder circuit, the column decoder circuit,and the DRAM array are
present in this model. The DRAM array consists of 1T1C storag cells.

A pre-decoder circuit is incorporated in the design of the deoding circuitry, resulting
in multiple levels of hierarchy. Use of the pre-decoder cirgit helps to reduce the overall
number of gates required for decoding the entire address spa.

The DRAM array consists of 1T1C storage cells. Open bitline IRAM array structure

is used in the design. Figure 3.2 shows an abstract layout othie open bitline DRAM array
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structure. In the open bitline array structure, bitline pai rs used for each sense ampli er
come from dierent array segments [38]. Open bitline array gructures are not currently
used in modern DRAM devices. However, as process technologdvances, open bitline
structures promise potentially better scalability for the DRAM cell size in the long run [38].
The core DRAM architecture has remained more or less the samever many technol-
ogy generations [38]. The DRAM model used in this thesis is attracted from this core
DRAM architecture and the current generation synchronous DRAM. There have been a
few hardware modi cations to improve the performance of the device. The evolution of
these hardware modi cations to the core DRAM architecture is discussed in further detail.
Conventional DRAM devices which lead to the development of nodern DRAM device
were asynchronous in nature. Several improvements were mado the conventional DRAM
device which lead to the development of FPM (Fast page DRAM), EDO (extended data
out DRAM), and BEDO (burst extended data out device). Althou gh, asynchronous DRAM
devices are historical commodity devices and not commerclily used, they are important

from point of view of understanding the evolution of DRAM devices.
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Fig. 3.2: Open bit line DRAM structure.

In case of conventional asynchronous DRAM, the row and colum address components
are sent separately at two di erent times on the bus. The row and column address are
multiplexed on a single address bus, row access strob®AS) and column access strobe
(CAS) signals are asserted to latch appropriate values at the inpt. The RAS signal for two
sequential accesses to the same row must be de-asserted ardasserted for a conventional
DRAM. Figure 3.3 gives us the timing for a conventional asynfironous DRAM.

In case of most applications it is observed that majority of acesses are to the same row
because of spatial locality. This property is exploited in @se of a fast-page mode DRAM.
The RAS signal may remain asserted in case of fast-page mode DRAM fa faster access
cycle as long as the addresses have identical row componemtdresses. A slight modi cation
is required to the conventional DRAM circuitry to obtain a FP M DRAM [39]. The sense
ampli ers for an FPM DRAM have to hold the output value till a ¢ hange on the address

input lines and column address latch takes place. The row adess latch holds the same
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Fig. 3.3: Read timing for the asynchronous DRAM.

value till a change is necessitated by the row address strobeFigure 3.4 gives the timing
for FPM read. There is little increase in the amount of die area for an FPM DRAM as
compared to a conventional DRAM.

EDO DRAM followed the fast page DRAM device. The EDO DRAM is a slightly
modi ed version of the FPM DRAM. There is an additional latch present between the
sense ampli ers and the output of the DRAM. This helps the DRAM to pre-charge faster,
since the output is held by the latch and the CAS can be applied at a higher rate [38]. An
BEDO DRAM is an EDO DRAM with a burst counter. Additional cont rol signals are used
to di erentiate between a normal access and a burst access. i§ures 3.5 and 3.6 give us the
timing for an EDO read and an BEDO DRAM read, respectively. The amount of die area
utilized by these additional modi cations is not that signi cant.

Synchronous DRAM devices was the next major step in the evoltion of DRAM devices.

The synchronous DRAM device forms the basis of many DRAM dewes that followed
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RAS
CAS
Address
Row Column Column Column
Address /\ aAddress Address Address
Data out
Valid Valid Valid
Dataout Dataout Dataout

Fig. 3.5: Read timing for EDO DRAM. The latch at the output of t he EDO DRAM allows
for the column access and the data transfer to overlap.
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RAS

Address

Row Column
Address /\ Address

Data out - - - -
Valid Valid Valid Valid
Dataouty DataoutY DataoutY Dataout

Fig. 3.6: Read timing for BEDO DRAM. The column access signalis controlled by an
internal counter giving it a faster data transfer rate.

it. The synchronous DRAM di ers from the previous devices in three major ways. The

synchronous DRAM device has a synchronous device interfacé contains multiple banks

and the synchronous DRAM is a programmable device. TheRAS and CAS signal on the
synchronous DRAM no longer control the latch directly. A control logic is present in order
to evaluate these strobe signals. Figure 3.7 gives us the réaiming for an synchronous
DRAM. The concept of burst mode is also present in the synchraous DRAM. The Double
data rate (DDR) synchronous DRAM improves upon the synchrorous DRAM device by
operating the data bus at twice the rate of address and commaah bus [38]. The memory
sub system in case of DDR synchronous DRAM transfers data on dith the edges of the
data strobe signal. Further improvement to the DDR synchronous DRAM is made possible

by increasing the prefetch length of the device.
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Chapter 4
Process Variation Model

In this chapter, the di erent models that have been used to acount for process variation
in DRAMs are discussed.

Process variation is divided into two main categories: inte-die and intra-die variations.
Inter-die variation refers to the parametric variation tha t has a single value across the entire
die. Inter-die variation represents a shift in the mean value of the parameter distribution
from the nominal value. The inter-die variation parameter captures the variation that occurs
from die-to-die, wafer-to-wafer, and from lot-to-lot. These variations are independent from
each other, and hence can be represented by a single value feach die. These variations
include gate length variations caused from varying exposu time during the manufacturing
process and metal thickness variations for di erent metal byers. There is a systematic trend
for inter-die variation across dies that can be captured if he orientation and the location
of the die is know during design time. Since, the designer haso control on the placement
of the die on the wafer and the information is not available duing design time the impact
of these factor on the process is captured using random varide. The inter-die variation
parameter is assumed to have a simple distribution [40], andhence a Gaussian distribution
is used to model it.

Intra-die variation is the component of variation that causes the device parameters to
vary across di erent locations within a single die. Each devce on the die is required to
have a separate random variable to be able to account for itsntra-die variation. Intra-die
variations are either spatially correlated or spatially uncorrelated. By de nition, system-
atic variations exhibit spatial correlation and therefore, nearby transistors share similar
parametric variation [41]. In contrast, random variation has no spatial correlation, and

a transistor's randomly varying parameters di er from thos e of its immediate neighbors.
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Lithographic aberrations introduce systematic variations, while dopant uctuations and
line edge roughness generate random variations.

Most generally, variation in any parameter can be represergd as follows [40]:

P = Prom*+ Pinter + Pinra (Xi;Yi) (4.1)

= Prom * Pinter ¥ Pspatiat (Xi;Yi)+  Prang;i;

where the process parameter that is being a ected by variaton is represented as P. Pnom
is the nominal value of the process parameter at a particulartechnology node. Pinger IS
the inter-die variation value and it is constant here as the eatire DRAM circuit is assumed
to be fabricated from the same die. A Gaussian distribution #milar to the one shown in
Figure 4.1 is used to model the inter-die variation paramete. Pinra (Xj; ;) is the intra-die
process variation a ecting a particular block, gate or region \i" located at co-ordinates X
and Y;. This component is further subdivided into spatial ( Pspata (Xi;Y;)) and random

component ( Prang:i )-

4.1 Random Variation

Random variation for a particular parameter is modeled usirg a Gaussian function. A
standard normal distribution is obtained from the Gaussian function by use of Box-Muller
transformation. Random variation of di erent components |ike length, width, and oxide
thickness is mapped using the Gaussian curve shown in Figurd.1l. Random variation
occurs at a much ner granularity as compared to systematic \ariation (i.e., it occurs at

the individual transistor level).

4.2 Systematic Variation
The systematic variation or spatial variation is modeled usng a normal distribution
[38], which has a spherical spatial correlation. Each gaten the row decoder and the

column decoder circuit have their own systematic variationparameter. In case of the array
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Fig. 4.1: Gaussian distribution for parametric variation.

structure, 16 bits of data line are grouped together as a sinig block for systematic variation
modeling.

Spatial correlation is assumed to be independent of the poson on the die and not
dependent on the direction. This assumption implies that fa any two points on the die,
the correlation of systematic variation will be dependent aly on the distance between the
two points [41]. The correlation function for the systematically varying parameter P can
be de ned as

Com(P,iPy)= () r=ix 'yij (4.2)

where the parameter \r" represents the distance between any two devices, or blocksn the
die. By de nition it can be observed that (0) =1 and (1) = 0. In order to map the
behavior of (r), a spherical model is used [41,42]. The spherical functiosan be de ned

as
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3
+2r_§ (r )

8
2
(=

1
(4.3)
0 otherwise:

The parameter values are highly correlated with their neigtbor. The correlation de-
creases approximately linearly at the beginning. Then it strts decreasing slowly as the
value moves further away from the defect point. The spherickmodel ensures a valid spatial
correlation function as de ned in Xiong et al. [43].

At a nite distance from the origin of error, the correlation function converges to zero.
This means that at a certain distance there is no longer any coelation between the intra-
die variation of the two transistors. The limitis denedto b e equal to . In Figure 4.2, is
expressed as a fraction of the chip length. A large implies that large sections of the chip
are correlated with each other; the opposite is true for a smk . As an illustration, Figure
4.2 shows example systematic variation maps for chips with = 0:1 and =0:5 [41]. In
the second case, large spatial features are used, whereastive rst one, the features are
small. A distribution without any correlation appears as white noise [41].

A single defect has been introduced on the chip in Figure 4.3yhich results in systematic
variation. The red spot on the chip represents the area of thechip with maximum deviation
from the nominal value due to process variation. The remainng blue area is a ected by
random variation and the inter-die variation. Thousands of such errors occur during the
manufacturing process.

A graphical representation of the above systematic variaton function de ned in equa-
tion (4.3) can be seen in Figure 4.4. The height of the graph awesponds to the amount
of variation that is being introduced due to a defect occurrng at a particular point on the
die. The peak of the 3D graph represents the point where a def¢ has occurred. From the
graph it can be observed that the variation spreads out in a ralial pattern from the defect

point.
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Fig. 4.2: Systematic variation maps for a die with =0:1 (left) and = 0:5 (right).

Fig. 4.3: Variation map due to systematic and random componat (for single systematic
error).



Fig. 4.4: Graph showing the 3D correlation function (r).
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Chapter 5
Delay Models

In this chapter, sensitivity-based delay models for measung the performance impact
of process variation on large DRAM arrays are discussed.

A complete HSPICE (Simulation Program with Integrated Circ uit Emphasis) based
Monte Carlo simulation for measuring the e ect of process vaiation is computationally
prohibitive for large dense structures like a multi GB DRAM. To mitigate this computational
e ort, a two-step hierarchical modeling approach is taken. HSPICE models are developed
for the basic components of the DRAM array including NAND gates, NOT gates, and basic
1T1C DRAM cell. These models are used to develop the look-upables. The gate level
models are used in a statistical timing ow for the DRAM array s, while incorporating the
spatial variation component in the blocks.

Figure 5.1 gives us an overview of the design ow. The intra-ie and inter-die variation
are combined together using equation (4.1) to form a variaton map of the entire DRAM
circuit. The variation map gives us the amount of variation present in length, width, and
oxide thickness for each device present in the proposed moldéMonte Carlo simulations are
used to develop look-up table based delay models for NAND, NO, and the 1T1C memory
cell in HSPICE. These look-up tables are employed in the degn framework to perform
statistical timing analysis of the circuit.

Look-up table-based approach is used for statistical analsis as opposed to analytical
equations because the result obtained from HSPICE simulatins are not smooth enough
to formulate accurate equations. In the proposed approach he transition time at the
input and the output loading are used as indexes to nd the dehy. The delay values for
intermediate transition times and output loads are obtained using linear interpolation [40].

The total delay of a particular path is a function of the variation in process parameters
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Fig. 5.1: Delay estimation framework.

and is amenable to any arbitrary distribution of the underly ing process variation. Linear

interpolation is used in order to have a fair amount of accuray without signi cant run-time

for statistical analysis.

The delay for a particular path is modeled as

XX
Di = Dpom;i + ik Pji; (5.1)
j=1 k=1
where Dnom;i is the nominal value of delay for path \i." Pj represents the variation in

the j process parameter of thek™ gate present in path \i." The e ective variation in
gate delay values in response to individual process paramets is captured by the sensitivity
parameter . jx represents the sensitivity of the parameter §" of gate \k" in path \ i"
on the total delay of the path. Three process parameters havéeen considered (i.e., length,

width, and oxide thickness). Figures 5.2, 5.3, and 5.4 presg sensitivity analysis for the
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variation of delay with respect to length, width, and oxide, respectively. These values
are obtained using HSPICE simulations and used to determinghe value of the respective
sensitivity parameters. The details about the procedure usd to obtain these graphs is
described in further detail in Chapter 7.

The interconnect network's delay in the open bitline structure is calculated using an
RLC circuit model [44]. The sense ampli er delay is assumedda be independent of process
variation. A constant delay is assumed for these ampli er crcuits.

In order to introduce the interconnect delay in the circuit, RLC interconnect delay
model is used [44]. The line resistance, capacitance, anddactance per unit length can be
expressed using the equations mentioned by Wong et al. [45]nd Qi et al. [46], provided

next.

1
R= e W; (5.2)
C 0:071
Coo W 408 o T
o H T +4:5341H
s 1:773
- - : 5.3
S +0:535H (-3)
Ce _ .. T 4S
Ol 1:4116 s P STl
T 0:071
+4:08 ———
4:08 T +4:5341H
s 1:773
- - : 5.4
S +0:535%H G4
2 1 W+ T
L = 2_0 In T *5t0:2235 — o (W+T), (5.5)
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2| S
Lmutzz—o n 3 1+71>S (5.6)

where Cy and C; are capacitance per unit length between line-to-ground andine-to-line,
respectively. Lsgr and Ly are self and mutual inductance per unit length, respectivey.
off IS the e ective resistivity. "o is the e ective dielectric constant of the material and ¢ is
the vacuum magnetic permeability. W, S, T, H, and | representthe line width, line spacing,
line thickness, dielectric thickness, and length of the lire, respectively. The interconnect
empirical parasitic model that is de ned by the formula given above can accurately estimate
the electrical parameters for most materials.
The impact of mutual capacitance and inductance on the accuacy of the estimate of
interconnect performance is also taken into consideration The total capacitance and the

total inductance per unit length is given as [45]
C=Cy+2C

L= Lseift +2Lmut:

Combining the above equations for R, L, and C, the value of thee parameters can be
extracted for the interconnect circuit. An RLC delay model is simulated in HSPICE to

obtain the delay value of the interconnect circuit.
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Chapter 6
Process Variation Aware DRAM Design

In this chapter, technique to make the DRAM model more robustto process variation
is developed by use of an adaptive body biasing technique.

Adaptive body biasing is a technique that allows for post-sficon tuning of individually
manufactured dies such that each die is able to optimally meethe delay and power con-
straints. The threshold voltage of the transistor is controlled through body biasing. The
delay distribution can either be moved towards the right (by raising the Vi) or to the left
(by lowering the Vi, ). The Vi, for dies that are too slow is lowered and is increased for dies
that are too leaky. This helps to increase the number of dies wich meet both the timing
and power constraints. Varying the Vi, in either direction can be accomplished by the use

of bidirectional base biasing [35].

6.1 ABB Implementation

In the simplest ABB scheme, a single bias voltage is used forhe entire chip. But
the use of a single bias voltage would ignore the intra-die vaation. This will result in a
sub-optimal solution with a large amount of variation in tim ing values and leakage among
di erent circuit blocks fabricated on the same chip. In this work, the within die variations
are taken into consideration while evaluating the bias volages. The circuit is divided into
individual blocks for the application of bias voltages. The threshold voltage of individual
blocks in each die is controlled not only by the manufacturing process but also by the
application of appropriate amount of forward base bias and everse base bias voltages.
Each block independently adjusts its own body bias to meet tte target delay, and therefore
the total die leakage is minimized for the target frequency. Bidirectional ABB is used

to apply an optimum threshold voltage, which maximizes the yield subject to timing and
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power constraints. The body bias may be applied by an externasource or by an on-chip
bias generator [35].

A process variation aware method is used that clusters gatest design time into a
handful of independent body bias groups or blocks. These basbias groups are then indi-
vidually tuned post-silicon for each die [47]. The dies aretined by selecting appropriateVi,
voltage for each block. The row decoder circuit, column decder circuit, and the DRAM
array are individually separated into blocks. An appropriate threshold voltage needs to be
selected for these independent body bias groups formed dung the design stage to achieve
maximum vyield.

One of the drawback of the adaptive base biasing technique ithe need for an additional
on-chip distribution network. The distribution network is used for the application of body
bias voltages to various blocks in the circuit. The current dawn by these distribution
network is small and does not contribute signi cantly to the overall power consumption of
the chip. However, the distribution network occupies additional silicon area and needs to be
routed. A central bias generator circuit capable of generaing several di erent bias voltage
for each block in the circuit is also required. Thus, in orderto limit overhead in the design,

the number of blocks to be incorporated in the design should b carefully chosen.

6.2 Block-Based Vi, Assignment Algorithm

Algorithm 6.1 presents the proposed algorithm for robust DRAM design. This algo-
rithm estimates the optimal Vi, assignment for each block to maximize the DRAM vyield.

There is a large combination of values forVy, assignment of every block. Since, the
solution space is very large simulated annealing is used, vith is a heuristic algorithm. The
delay distribution and power of the circuit is recalculated after every iteration of simulated
annealing based on the newy, assignment. These value are then used to nd the yield
of the circuit as de ned in section 6.2.1. The process oWy, assignment for each block is
explained in details in section 6.2.2. There are two moves @sent in the proposed algorithm

described in section 6.2.3.



Algorithm 6.1

1: Initialize Model

2: Inict error in model using spherical model

3: Add Die to Die and Within Die variation

4: Calculate ri and ¢ using equations (6.2) and (6.3)
5: Initialize Vi f (rg; c); for 'k number of blocks;
6: D DELAY (Vih); P POWER(Vy)
7Y YIELD (D;P)
8: while (T > ) OR (Reject=moves < 0:90) do
9

uphill = moves= Reject =0
10:  while (moves < 2M) OR (uphill <M ) do
11: k= f(re;c;D;P)
12: Calculate Vip ., RANDOMMOV ES (Vy); for 'k’ number of blocks;

13: Dnew DELAY (Vihyey )iPrew POWER(Vin e, )
14: YneW Y I E LD (D neW; PneW)

15: Y =Yhew Y

16 if ( Y >0)OR (Random<e Y=T) then
17: if (Y >0)then

18: uphill = uphill + 1;

19: end if

20: D Dnew; P Phew;

2L Vin Vihnew 1Y Yhew

22: if Y >Ypest then

23: Ybest  Ynew; Vihpes Vih new
24: end if

25: else

26: Reject = Reject + 1;

27: end if

28: end while

29: T T

30: end while
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6.2.1 Parametric Yield Function

The objective function is the parametric yield function, which can be de ned as
Y = P, (Delay Dg;Power Py); (6.1)

where the delay of the circuit is constrained to be less tharDy and the leakage power of

the circuit is constrained to be less thanPyg.

6.2.2 Vi Assignment
The DRAM structure in the proposed model is repetitive in nature. This inherent prop-

erty of the DRAM can be exploited for e ective Vi, assignment. By use of equation (6.2),
and (6.3), approximate value for the spatial correlation of process variation between neigh-
boring devices for a particular block can be found. Equation (6.2) and (6.3) are evaluated
for n number of rows and m number of columns. The initial Vi, assignment is done by
using these two equations. Combining these equations withhe overall delay and power of
the circuit gives us a guideline for future Vi, assignment. A parameter is created, which
is dependent on the overall delay, poweryy, and ¢ for this purpose. The parameter is
evaluated for each block in the circuit and forms the framewok for Vi, assignment in the

next iteration of simulated annealing.

X g
e = r'nifori=0toi=n 1; (6.2)

I
3
=

Ck = t'ﬁ"forj =0to j (6.3)

i=0
wheret;; is the time required to access the memory cell located in theit"" row and \ jt"

column of the DRAM array. \ k" denotes the di erent blocks present in the circuit.



29

6.2.3 Type of Moves

In this algorithm, two moves, m1 and m2 de ned in (6.4) and (6.5), are used. One of
the moves is randomly selected for computing the new/, assignment of the \k" number
of blocks present in the circuit. In the rst move ml, previously calculated function \ " is
used, which is dependent on timing delay, leakage power, antthe spatial correlation of error
in the circuit. For the second move m2, the Vi, level of each circuit block are randomly

varied.

m1l : Vi (block) = Vi (block) + « Vi (block) (6.4)

m2 : Vi (block) = Vi (block) rand Vi, (block) (6.5)

The delay distribution and the leakage power of the circuit is then recalculated based on

the new Vy, assignment.

6.2.4 k function

The value of the function is based on the leakage power, timing distribution and
spatial correlation of individual blocks. Each block in the model has a unique value of
associated with it.

Decrease in theVy, level for a block would result in reduction of leakage power ad
an increase in timing distribution [29], whereas an increas in the Vy, level would result in
improvement to the timing distribution of the block and incr ease in power [32]. According
to equation (6.4), a negative value for the function is required to improve the leakage
power. On the other hand, a positive value for the function would help to improve the
timing distribution of the block. The magnitude of the  function is proportional to the
deviation of leakage power and the timing delay from its nomnal values for a particular
block.

Lower value of deviation implies that the delay values mightbe related strongly to each
other. Thus, the e ect that the  function has on the overall block is consistent. A smaller

magnitude of would su ce to meet the timing and power requirement. On the other hand,
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if the deviation among delay values in a block is high, transstor lying at extremities are
to be considered. To handle these large disparities betweethe transistors dimensions, the
worst case condition is taken into account. So, a higher vala for the function is reached
in this case.

The size of the block is also an important consideration for @termining the value of

. A larger block size would result in a rapid increase in the oerall leakage power due to
increase in theVy, levels. This usually results in a failure for the chip as a reslt of the
power constraints. Thus, a more conservative policy is emmulyed for determining the value

for the function in case of large blocks. In case of smaller blocks, much more aggressive

policy can be employed.
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Chapter 7
Methodology

In this chapter, the various HSPICE models that have been usé for delay calculations
are discussed. The technique used to calculate the new deland leakage power values after
the new Vy, assignment is also discussed in this chapter.

Monte Carlo simulations are performed for NAND, NOT, and 1T1C memory storage
cell in HSPICE to obtain the variation in delay values with changes in process parameters
(i.e., with variation in length, width, and oxide thickness of the transistor). Values of
length, width, and oxide thickness were varied with a uniform distribution, with variance
of 0.1 [48]. The data obtained form these simulations is show in Figures 5.2, 5.3, and
5.4. The corresponding values that were obtained are used tform the look-up tables. The
access timing of the DRAM circuit was obtained from these lo&-up tables using equation
(5.1).

The leakage power is calculated using the leakage power madderovided by Srivastava

et al. [49]. The leakage power model can be expressed as

Leakage= exp(Vhom + X i P); (7.2)
i=1

where expVhom) is the nominal value of leakage power and P; represents the variation
in the process parameter. The sensitivity of the process pameter to the overall leakage
power of the device is expressed in terms of. The total leakage power is expressed as
the sum of the leakage power of individual gates amenable tohe underlying variation. A
similar approach to the delay calculations is taken for the kakage power calculations. A
look-up table approach is used in order to obtain the leakaggower of the di erent circuit

element present in the device based on the variation in pro@s parameters. The look-up

tables are obtained by performing Monte Carlo simulations br the various devices in the
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circuit to determine the leakage power variations.

In order to compute the new yield using the simulated annealag algorithm, the delay
and leakage power values of the DRAM circuit are recalculatd based on theVy, assignment
for the various blocks present in the circuit. The static leakage power is taken into account
to estimate the yield, because variations in dynamic power de to process variation are
insigni cant as compared to static leakage power [49]. To ckulate these new delay values,
equation (5.1), equation (7.1), and the look-up tables obtaned from the graphs in Figures 7.1
and 7.2 are used. The sensitivity parameter for HSPICE simudtions is dependent only on
the change inVy, levels. Based on the percentage change in th€y, value present in the
new voltage assignment, the new delay and power values are @emined.

Two chips are simulated, each with four 128MB banks. There isone chip select bit
and two bank select bits. A total of 13 row address bits and 11 olumn address bits are
used in order to access data in these banks. The two chips aressumed to be from the
same die. In this case, the 32nm technology node is used fomsilation purpose and this
is the nominal value. Ten-thousand Monte Carlo simulationsare performed to obtain the
nal delay values for all the DRAM bits present in the array. A Il the column bits present

are accessed in a single row access in order to obtain the ramth access timetrac .
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Chapter 8
Validation of the DRAM Model

To verify the result obtained for the delay model described n Chapter 5, complete
Monte Carlo simulation is used. The validation of the proposd model has been done
through HSPICE simulations for a 32nm CMOS process. Sixteetbit, 32-bit, and 64-bit
DRAM modules are modeled in HSPICE and Monte Carlo simulations are performed to
obtain a reliable timing distribution. The DRAM module crea ted in HSPICE is based on
the architectural DRAM model that is described in Chapter 3. The 16-bit DRAM device is
arranged in a 4X4 matrix formation with four row and column address bits to resolve the
address space. Likewise, the 32-bit DRAM device is arrangeth a 8X4 matrix formation
and the 64-bit DRAM device has a 8X8 matrix formation. The row decoder and the column
decoder circuit consists of NAND and NOT gates. Row access sibe (RAS) and column
access strobe CAS) signals are used in the circuit in order to simulate the acces pattern
of a conventional DRAM.

In order to validate the model, a reliable timing distributi on should be obtained from
the HSPICE simulations. The access time for a particular bitin the simulations is calculated
as the time beginning from the application of the row addressstrobe to the time it takes
for output to arrive (i.e., trac). In order for timing values to be consistent with the access
pattern of a standard DRAM device, the row address strobe is pplied rst to resolve the row
address line. The column access strobe is applied only aftéhe row address line is resolved
by the decoder circuit. To simulate the e ect of process varation in case of HSPICE models,
process variation model describe in Chapter 4 is used. The mr map obtained from the
process variation model gives us the total e ect intra-die variation and inter-die variation
has on all the gates and DRAM array present in the proposed moedl. The variation that

occurs in case of the process parameters length, width, andxime thickness for each gate
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and storage cell is present in the error map. The equivalent ppcess parameters are modi ed
for gates and storage cell present in the HSPICE model usinghte error map to simulate
the overall e ect of process variation. Since, the propsed cess variation model is used,
inter-die variation, random variation, and systematic variation are all taken into account
in case of the HSPICE model. One-thousand Monte Carlo simulbons are performed in
order to obtain the delay distribution for comparison of mean and standard deviation of
the timing access. Table 8.1 gives us the error for mean and ahdard distribution of the
timing values for the various DRAM models.

From the results obtained it can be observed that there is an gor present for the mean
and the standard deviation of the timing parameter. The look-up table approach taken for
out statistical analysis uses linear interpolation to calalate delay values for intermediate
transition times. The use of linear interpolation for determining the timing values of the
circuit paths adds some amount of error to the simulation resilt. The error due to linear
interpolation could be reduce by use of quadratic interpoldion method albeit at the cost of

increase in computational complexity of the model, which wil result in a huge increase in

the run-time.
Table 8.1: Validation result.
. Error Compared to Monte Carlo Simulations
DRAM Size Mean Error Standard Deviation Error
16 Bit DRAM 5.03% 3.77%
32 Bit DRAM 5.18% 2.28%
64 Bit DRAM 4.45% 0.76%
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Chapter 9
Results

The CDF (Cumulative Distribution Function) plot of the acce ss delay for a 16-bit
DRAM array in terms of trac is shown in Figure 9.1. trac is the total time taken by
the DRAM from the point it gets the address input, to the time i t puts the values on the
output pins. trac can also be expressed as the addition of row command delay€i, trcp
and column access strobe latencytcas). The CDF plot is used as an example to illustrates
the e ect process variation has on the overall performance bthe device. The CDF plot
indicates that some of the bits have a higher timing values asompared to others due to
process variation. Some section of the die may have a positvchange in timing values while
other sections may have a negative impact due to variation.

The distribution map is obtained by plotting the timing valu es of di erent bits in the
DRAM array. The entire chip is divided into 16 blocks in this case for adaptive base bias
application. The distribution map for the time required to a ccess individual storage bits in
absence of adaptive base biasing is shown in Figure 9.2(a).hE varying e ect that process
variation can have on di erent section of the die due to intra-die variation is illustrated in
the distribution map. The change in the distribution map aft er the application of adaptive
base biasing can be seen in Figure 9.2(b). The distribution rap indicates that there is an
reduction in the delay for nearly all the blocks in the circuit. Some of the delay values lying
on the corner cannot be reduced further because of leakage er restrictions.

The vyield result for adaptive base bias implementation are bown in Figure 9.3 and
the equivalent leakage power result are shown in Figure 9.4The vyield result have been
obtained for a 1GB DRAM using 2, 4, 8, and 16 blocks. On averagel4:66% improvement
is seen in the yield. The yield result shown in Figure 9.5 are bbtained by decreasing the

leakage power limit in the yield function. The resulting change in leakage power is shown in
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Fig. 9.1: Delay distribution.

Figure 9.6. As a result of a more stringent requirement for paver, the overall yield decreases
as more dies fail due to the restrictions brought about by theleakage power constraint. An
average improvement of 807% is seen for yield in this case. The number of blocks in theid
is an important paramter that needs to be carefully selectedduring design phase. There is
a tradeo in terms of the yield of the device and the design conplexity, leakage power, and
area which needs to be carefully evaluated beforehand.

In both cases, these is an increase in yield when moving fromt® 16 blocks. This is due
to the fact that there is better granularity of control over | eakage power and timing values
as the number of blocks increases, but there is a trade-o in ¢rms of design complexity
and area. The better control translates into better utilization of the timing slack or the
power slack and results in an improvement to the overall yiell of the device. The leakage
power of dies that are too leaky is reduced and improve the tinng values of the die which
are too slow by use of the proposed technique. The relation h&een the threshold voltage
and increase in leakage power is shown in Figure 7.2. Becauséthe exponential nature of
the relation, the increase in leakage power for slow dies is mech higher as compared to the

decrease in leakage power achieved in case of leaky dies. T$iee of the block is also an
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Fig. 9.2: Delay distribution map in seconds.

important factor in determining the e ect the proposed tech nique has on the leakage power.
A larger block size results in a rapid increase in the overalleakage power due to increase in
the forward base biasing voltage. This usually can result ina failure for the die as a result
of the power constraints. A smaller block size on the other had is able to better manage
the leakage power slack. Thus, the technique is able to achie a better yield by pushing
the overall leakage power of the die to the limit. Therefore,there is an increasing trend in

leakage power of the device due to the use of adaptive base Biag technique.
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