Universita degli studi di Ferrara
DOTTORATO DI RICERCA IN SCIENZE DELL’'INGEGNERIA

Ciclo XXVIII

Coordinatore: Prof. Stefano Trillo
Settore Scienti co Disciplinare: ING-INF/01

Solid State Drives:
design challenges for optimum

performance-reliability trade-o

Relatore Dottorando
Prof. Olivo Piero Zuolo Lorenzo

Correlatore
Dott. Zambelli Cristian

Anni 2012/2015






Universita degli studi di Ferrara
DOTTORATO DI RICERCA IN SCIENZE DELL’'INGEGNERIA

Ciclo XXVIII

Coordinatore: Prof. Stefano Trillo
Settore Scienti co Disciplinare: ING-INF/01

Solid State Drives:
design challenges for optimum

performance-reliability trade-o

Relatore Dottorando
Prof. Olivo Piero Zuolo Lorenzo

Correlatore
Dott. Zambelli Cristian

Anni 2012/2015






Alla mia famiglia e in particolar modo a mio padre,
per aver creduto in me anche durante i momenti di dubbio e sconforto.

Al Prof. Piero Olivo e al Dott. Cristian Zambelli,
per avermi sempre sostenuto e aiutato durante il lavoro di ricerca.

All Ing. Rino Micheloni,
per avermi aiutato a contestualizzare questo lavoro nel panorama
industriale.

Al Prof. Davide Bertozzi,
per avermi insegnato a meravigliarmi e a stupirmi sempre.






Introduction

Solid State Drives (SSDs) are one of the electronic systems with the higher
development rate in the last decade: they are widely used in hyperscale
systems such as cloud computing and big data servers, where performance is
a constraint, as well as in consumer electronics by replacing traditional Hard
Disk Drives (HDD).
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Figure 1: Ways of NAND ash memories disruption.

SSDs’ design, in the last 5 years, faced an extraordinary evolution caused
by the continuous development of NAND Flash memories representing their
storage medium. With this respect, as shown in Fig. 1, NAND ash memo-
ries have completely transformed the way information is processed and stored.
Starting as Im and tape replacement for cameras and voice recorders, NAND

ash memories rapidly superseded traditional magnetic storage supports and
now they represent an obliged choice for high-performance storage solutions.
The availability of NAND ash-based SSDs materialized, in the last 5 years,
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as an astonishing proliferation of global-scaled Corporations whose commer-
cial strength is tightly coupled to an innovative SSD design methodology
thought for big data centers and cloud computing.

The previous developing strategy of SSDs, in fact, was based on a full com-
patibility with HDD and therefore the SSD’s performance optimization was
focused on that of the Flash Translation Layer (FTL), the rmware managing
the basic memory operations. This approach was made possible by the use of
su ciently reliable Single Levels Cells (SLC) NAND memories, storing a sin-
gle bit per cell in the traditional 0/1 digital paradigm, with a low read error
probability, thus requiring the design of simple engines for Error Correction
Codes (ECC). The SATA protocol interfacing the memory system and the
host was su cient to guarantee the requested Quality of Service (QoS), that
is the ability of keeping a sustained performance over time within a de ned
threshold.

As a whole, the SSD architecture optimization and the development of ded-
icated CAD tools for the SSD design space explorations were FTL-oriented,
in a Top-Down approach.

In the last few years, on the contrary, the need for SSDs with higher

and higher storage capacities and performance joined to the availability of
high density NAND Flash memories able to store 2 or even 3 bits in a single
cell, moved the design paradigm from a Top-Down to a Bottom-Up approach
where the performance and the reliability of the storage media dictate the
design constraints.
NAND Flash memories with scaled technologies, in fact, su er from several
physical mechanisms able to impact on their reliability gures such as En-
durance, that is the minimum number of Program/Erase (P/E) cycles that
the memory can withstand before leading to a failure, Data Retention, de-
noting the ability of a memory to keep a stored information over time with
no biases applied, and the immunity from Read Disturbs, representing the
stress su ered by a cell when reading neighbor cells.

P/E operations in NAND ash cells rely on charge transport through thin
oxides via Fowler-Nordheim tunneling into/from a storage layer. Electron
tunneling is responsible for a slow, but continuous, oxide wear out causing
undesired charge owing into/from the storage layer. As the number of P/E
cycles increases, these e ects strongly impact on the writing operations. To
counter endurance e ects, sophisticated (but slow and power hungry) algo-
rithms are adopted to tightly control the amount of charge transferred in-
to/from the storage layer. However, the relentless oxide degradation strongly
a ects the ability of keeping unaltered the charge content into the storage
layers for extremely long times, a mandatory requirement to ful Il the non-
volatile paradigm.



These reliability issues become more and more signi cant in Multi-Level Cells
(MLC) and Triple-Level Cells (TLC) storing 2 and 3 bits per cell, respectively,
where the undesired transfer of a very small amount of charge into/from the
storage layer may alter signi cantly the memory information content.

The basic parameter characterizing the NAND Flash memory reliability
is the Raw Bit Error Rate (RBER), representing the percentage of erroneous
bits retrieved during a read operation. The knowledge of this parameter,
whose value increases with technology scaling, with the number of bits that
a cell can store, with the number of P/E cycles, with the time elapsed between
two successive read operations, with the number of repeated read operations
on the same memory location, is now the driver for architectural and software
design of present SSDs.

MLC and TLC NAND Flash memories require the availability of an ECC
scheme able to correct the relatively high number of errors detected when
reading the memory. The selection of the ECC code and the design of the
correction engine represent the key point for present SSDs’ design since they
must be carefully calibrated with respect to the gures of merit of the se-
lected non-volatile memories: a too simple ECC scheme may not be able
to guarantee a suitable reliability, whereas a too complex ECC scheme may
reduce severely the read bandwidth because of the time required for error
correction, with a consequent impact also on the system power consumption.
On the basis of the selected ECC code and of the designed ECC engine, the
optimal error reduction algorithms may be identi ed.

The joint selection of the appropriate NAND Flash memories and the
design of the adequate ECC scheme represent the key point to guarantee a
high QoS for the SSD to be designed.

Once the ECC scheme has been designed, the Bottom-Up design ow
rises to the memory controller, representing the interface towards the ECC
engine and the memory storage system. The read bandwidth provided by the
ECC block must be guaranteed by the controller, to avoid that the design
e orts devoted to optimize the ECC scheme vanish. With this respect, the
SSD controller must be designed in order to manage a su cient amount of
commands to fully exploit the bandwidth of the underlying storage system.
Similarly, also the interface towards the host must be able to guarantee the
expected read bandwidth. For this reason, SATA protocol is no longer able
to deal with the performance made available the other blocks in the SSD
architecture (MLC NAND Flash memories, ECC engine and SSD controller).

On the basis of this Bottom-Up SSD’s design ow, from an accurate
knowledge of the performance and limits of the selected NAND memories to
the design of a suitable ECC engine and, successively to that of the controller
and of the host interface, also CAD tools for SSD design must follow this
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Bottom-Up vision while relaxing the e orts previously devoted to the FTL
design.

In this thesis, thanks to a dedicated tool for SSDs design space exploration
which follows the previously mentioned Bottom-Up approach, several aspects
related to the design and the optimization of an SSD architecture will be
presented. With this respect, it will be shown how an SSD works, that is on
the basis of the present technical and economic revolution driven by cloud
storage and big data centers. Readers will get all the elements to understand:

how to accurately simulate an SSD in terms of bandwidth and latency

how to e ciently design a NAND ash-based SSD and why its perfor-
mance rapidly decrease with use and time

why the SSD design has to be changed when emerging non-volatile
memories are considered as the storage medium

Finally, the thesis will speculate on future research opportunities made avail-
able by this work focusing on the simulation of the SSD power consumption
and on the study of exible an high-performing storage architectures con-
structed from SSDs and Multi Purpose Processing Arrays (MPPA) systems.
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Chapter 1

SSDExplorer: a virtual
platform for SSD simulation

Solid State Drives (SSDs) are becoming popular, driven by the restless growth
of high performance and cloud computing [1]. The development of a SSD
architecture implies the analysis of important trade-o s that, if properly
understood, may contribute to tighten the SSD design space, thus reducing
the prototyping e ort. Although SSD hardware prototyping platforms may
capture realistic storage system behaviors, they su er from an intrinsic lack
of exibility with respect to the available SSD design choices [2].

To tackle this challenge and to identify optimal design points meeting
target performance goals under given cost constraints, the SSD research com-
munity increasingly relies on sophisticated software tools that enable model-
ing and simulation of SSD platforms. Among them, two categories of tools
have been proposed: disk emulation tools [3] in virtual environments [4],
and pure software simulation tools [5]. The former category uses functional
simulation to obtain fast performance evaluation of the SSD in a host en-
vironment. This comes at the cost of constrained design space exploration
capabilities due to the use of abstract simulation models. The latter cate-
gory exploits trace driven simulators obtaining a steady-state performance
analysis of the disk. However, these tools often overlook the macroscopic
performance/reliability implications of some key component parameters or
subtle microarchitecture-level e ects. In fact, microarchitectural details are
typically abstracted, thus preventing the analysis of the SSD performance
with respect to its sub-components and their interaction e ciency.

In both categories of tools the common underlying assumption is that
the SSD microarchitectural details that determine the disk behavior have
been already de ned. In these tools, the modeling framework pursues other
goals rather than a ne-grained design space exploration (FGDSE) of the
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microarchitecture, namely performance quanti cation of a known architec-
ture, full system simulation, and ash translation layer (FTL) validation.
These approaches are in general unsuitable to meet the requirements of a
SSD designer, whose primary need is not the capability to perform func-
tional simulation, but rather to quantify the e ciency of microarchitectural
design choices to cope with long term concerns such as the disk reliability
and wearout-induced performance drop.

Currently there is a gap in the landscape of simulation frameworks for
SSD devices speci cally targeting FGDSE. Bridging this gap is mandatory to
avoid the over-design of a SSD architecture when trying to meet a target 1/0
performance requirement, to perform a pure reliability assessment or aiming
at a trade-o between the two.

To achieve this goal in this thesis it is proposed SSDExplorer, a software
framework, which complements modeling and simulation capabilities of state-
of-the-art tools targeting the following main innovations:

Modeling of all components of the SSD architecture, thus broadening
and easing the design space exploration capabilities provided by com-
peting tools. Moreover, a careful choice of the most suitable modeling
abstraction for each SSD component is provided.

Accounting for the performance implications of the FTL without re-
quiring its full implementation. This is achieved, for high-end SSD
controllers, by supporting the Write Ampli cation Factor (WAF) ab-
straction [6]. As a consequence, one of the goals of SSDExplorer is to
deliver a fast path for accurate 1/0 performance quanti cation.

Delivering unprecedented insights into the performance equalization within
the SSD architecture. This includes accurate performance breakdowns
and identi cation of microarchitectural bottlenecks, or unexploited par-
allelisms. Analysis of the interaction e ciency among subcomponents
of a SSD is an essential requirement for microarchitecture design. SS-
DExplorer enables to search for resource-aware design points able to
meet target 1/0 performance requirements, hence reducing the risk of
costly overdesign.

Accuracy of the simulated SSD architectures providing results validated
with a mature commercial platform (i.e., OCZ vertex 120GB [7]) and
a state-of-the-art enterprise platform [8].

These features enable a strategic analysis of the SSDs that will be demon-
strated in this paper. Di erent disk architectures can be compared among
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each other in an attempt to identify the design point that minimizes resource
consumption while meeting target performance/reliability constraints.

1.1 Related Works

Understanding the behavior of SSDs to reproduce their functionality with
dedicated frameworks is a growing challenge in the research community. Cur-
rently, publications mainly focus on disk emulation [3] and disk trace-driven
simulation software [5, 9, 10, 11, 12, 13, 14].

Yoo et al. [3], propose a disk emulation strategy based on a recon gurable
framework able to deal with a real SSD. One of the key contributions of this
work is the ability to track the real performance of a host system through a
dynamic manager built around a QEMU virtual platform [4]. However, to
achieve fast performance estimations, several components (i.e., the processor,
the NAND Flash arrays, etc.) are described at a high abstraction level.
Performance uctuations experienced by these blocks are therefore lost, thus
strongly reducing the performance estimation accuracy.

Moving to SSD trace-driven simulation tools, the open-source frameworks
proposed in [5, 9] allow SSD performance and power consumption evaluation.
Attempts to improve them in order to achieve real performance matching
have also been proposed in [13, 14]. However, these tools are still highly
abstracted, thus providing an insu cient level of simulation accuracy and re-
alistic components description to perform real FGDSE. Moreover, since the
aforementioned classes of frameworks do not model all the internal blocks of
a SSD, they are able to accurately track the behavior of a disk only start-
ing from a set of prede ned and statically assigned timings (i.e., the channel
switch delay, the 1/0 bus latencies, the command scheduler delay, etc.). An
additional attempt to modify one of those tools in order to incorporate de-
tailed NAND and ECC timings has been provided in [15]. Although the accu-
racy of the obtained results in that particular case study is high, those tools
still lack the possibility to evaluate micro-architectural e ects on the SSD
performance like commands pipelining or suspension or uncommon queuing
mechanisms, which are visible only if a cycle-accuracy paradigm is pursued.

To overcome this weakness, several cycle-accurate SSD simulators have
been developed. Lee et al. [10] exploit a clock precision simulation for hard-
ware components description. However, it does not allow a full modeling
of all the components building a SSD, thus hiding some of the bottlenecks
a ecting the architecture. Other methods for fast simulation have been pro-
posed in [11, 12], but they also su er from accuracy loss due to the lack of a
complete architectural modeling.
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Table 1.1: Comparison between SSDEXxplorer and other SSD characterization

approaches.
Recon gurable || SSDExplorer| Emulation ;jr:ia\feelg Hardware
parameters Platiorm Platfgrms Platfprms Platfgrms
Real FTL Z " " "
WAF FTL " No No No
Host Interface P P No P
performance . . A
Real workload " " No "
Di erent Host P No P No
Interfaces
Accurate P
DDR timings No No No
Multi DRAM P No No No
bu er
Con gurable P P P No
Channel N2
Con gurable P P P NG
Target N¢
NAND archi- P P p No
tecture
Accurate
NAND tim- P No No P
ings
N_AND Relia- P No No P
bility A A
ECC Model " No No "
Interconnect P No No P
model A A
Core model " No No "
Real _rmware P No No P
execution -
Multi Core " No No No
Model re ne- P No No No
ment
Simulation . . . .
Speed Variable High High Fixed
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Hardware platform prototypes have been proposed as well in [2] and [16].
They enable a precise SSD behavior investigation, although their xed ar-
chitecture severely limits exploration of di erent design solutions. To this
extent, the sole internal rmware modi cation is allowed.

What is really missing in all previous works is a clear exploration of the
performance correlation between the host interface capabilities and the non-
volatile memory subsystem involving all intermediate architectural blocks.
Currently, the performance equalization of those chained components is over-
shadowed. Furthermore, since these modeling approaches are not oriented in
the direction of a reliability projection of di erent SSD architectures, their
usage is merely limited to a coarse functional simulation that may be strongly
unaligned with the industrial needs.

To summarize, Table. 1.1 shows the main characteristics of SSDExplorer
in the context of previous works in this eld, by comparing relevant features
of the available simulation frameworks. As it can be seen, SSDExplorer
introduces detailed timings and behavioral models of the critical architectural
blocks (i.e., DRAMs, NAND Flash memories, ECC sub-system, etc.) that
are mandatory for an accurate performance/reliability evaluation. On the
contrary, available state-of-the-art emulation and trace-driven platforms do
not account for those models.

1.2 SSDExplorer at a glance

1.2.1 Modeling Strategy

One of the key concepts that drove the development of SSDExplorer has been
the possibility to experience a uni ed, recon gurable and multi-abstraction
simulation environment. To achieve this goal, each block of SSDExplorer has
been written and integrated using the SystemC modeling and simulation en-
vironment [17]. SystemC allows designers to cover, using a single description
language, several model re nement layers ranging from the Timed Functional
level up to the Register Transfer Level (RTL). Thanks to this feature, if a
speci ¢ block must be thoroughly investigated, a more accurate model can
be easily developed and plugged into the simulation environment without
changing any other component. However, it is worth highlighting that, since
the simulation speed o ered by the SystemC scales inversely to the descrip-
tion level, the abstraction of each model must be wisely selected depending
on the simulator goals in order to the maximize the simulation e ciency.
Although a similar strategy was successfully described for other applications
[18], this approach is devised for the rst time in a FGDSE-dedicated SSD
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simulation tool.

Therefore, SSDExplorer has been designed in order to: i) select the most
suitable modeling style for each SSD component to accurately quantify the
performance; ii) tolerate lack of precise implementations of speci ¢ HW/SW
components without a ecting the overall accuracy by providing suitable mod-
eling abstractions. From this perspective, in fact, a detailed implementation
of all SSD components might not be available when its architecture design
space is explored. As a consequence of these considerations, it has been cho-
sen to model with a high accuracy all HW/SW components that logically
belong to the SSD control path (i.e., all the blocks involved in the command
manipulation process), whereas components belonging to the datapath (i.e.,
components exploited during the data transfer phase) have been modeled in
terms of the introduced processing/storage delays. This approach is success-
ful both in improving the simulation speed while still capturing subtle micro
architectural e ects a ecting SSD performance metrics, and in providing a
backbone for FTL functional simulation. Finally, communication among each
model domain is provided through tailored wrappers able to translate logical
signals to state variables without impacting on the simulation framework.

1.2.2 Models exploited in SSDExplorer

Fig. 1.1 shows the SSD architecture template simulated by SSDExplorer.
Three domains can be identi ed based on the selected modeling abstraction:
Pin-Accurate Cycle-Accurate (PA-CA), Transaction-Level Cycle-Accurate (TL-
CA), and Parametric Time Delay (PTD) models. It has been followed the
terminology in [19] to specify abstraction layers.

Pin-Accurate Cycle-Accurate models

The key components that take part to the management of the data ow
are the CPU, the system interconnect, and the channel/target controller.
All these components are involved in the real execution of the SSD FTL
(if available) or of its abstracted behavior. To this extent, a cycle-accurate
design abstraction is used for modeling these components to accurately cap-
ture commands handled by the SSD and their timings. In such a way, the

rmware overhead in terms of overall performance drop can also be easily
and accurately evaluated.

Cycle-accurate models e ectively capture the complete functionality, struc-
ture, communication, and timing of a micro-architectural block. The com-
munication between components is modeled in a PA-CA manner: the hard-
ware signals connecting a component to a bus are explicitly modeled, and
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Figure 1.1: Default architecture template modeled by the simulator.

all the timing- and protocol-induced delays are captured accurately for the
bus architecture. The components are modeled in a cycle-accurate manner
as well: data processing inside a component is scheduled on a cycle by cycle
basis. Cycle-accurate models are close in structure to RTL models, but still
bene t from the simulation speed-up provided by a high-level modeling and
simulation language.

In SSD Explorer, the pin- and cycle-accuracy are enforced for modeling
the control path, since subtle e ects in command handling and/or component
interactions may cause performance deviations that should be highlighted by
a FGDSE tool. Any end user may plug its SystemC models here, re ecting
in-house IP cores. In the early design phases, however, more relaxed bus func-
tional models can be used, limiting cycle accuracy to the bus interfaces and
to the bus architecture itself. This option reduces the simulator capability
in capturing FTL execution overhead, yet not limiting the disk performance
estimation using either coarse or abstracted FTL models.

1. CPU: SSDExplorer can implement any CPU, including both custom IP
cores and advanced multicore architectures given the availability of its PA-
CA model, its proper Instruction Set Simulator, or the actual processor
command back-trace. With this respect, in fact, thanks to the provided
CPU-wrapper users can rst test and design with dedicated simulators
a proper CPU on which the FTL can be executed, and than replay on
SSDEXxplorer the corresponding set of operations. Thanks to this fea-
ture, the programming model o ered by the tool is exible supporting the
inter-operability with state-of-the-art processors simulators such as Gem5
[20] and Open Virtual Platforms [21] and enabling future modeling and
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analysis activities on the processor role in the SSDs.

2. System Interconnect: SSDExplorer can include the most relevant commu-
nication interfaces used in SSD platforms such as: AMBA AHB, Multi-
Layer AMBA AHB, AMBA AXI (single address lane, multiple data lanes)
and OCP. Custom system interconnects can also be plugged into the sim-
ulator provided the availability of their PA-CA models.

3. Channel/Target Controller: to perform read/write operations on the NAND
Flash memory arrays, it is mandatory to introduce a controller deputed
to formatting commands issued by the CPU with a proper protocol. The
Open NAND Flash Interface (ONFI) [22] standard has been exploited for
the NAND memory arrays. From an architectural point of view, the chan-
nel/target controller is composed of ve macro blocks: a slave program
port on the system interconnect, a Push-Pull DMA controller, a SRAM
cache bu er, an ONFI port and a command translator. The microarchi-
tecture described in [23] has been chosen to mimic realistic functionalities
of a channel/target controller in industry-relevant designs. SSDEXxplorer
can be con gured with a exible number of channels and targets.

Transaction-Level Cycle-Accurate models

The host interface, the DRAM bu ers and the NAND Flash memory ar-
rays have been described by selectively abstracting the modeling style. The
main idea is to avoid modeling all pins of the communication interface be-
tween the data path components, as well as the signals that constitute the
bus and the external system interface. Communications instead go through
channels, on top of which read and write transactions are carried out. At
the same time, computation primitives are still scheduled at each clock cycle.
This is to allow both sudden command requests concurrently with the exe-
cution of another transaction (e.g. erase suspend in NAND Flash memories
during garbage collection) and to preserve timing accuracy in the wrappers
bridging these models with pin- and cycle-accurate ones. Nevertheless, the
burden to preserve this cycle accuracy is not heavy. In fact, there are memory
dominated-components on the data path, whose performance mainly depends
on properly capturing timing parameters of the memories rather than on the
modeling of complex computation tasks. Moreover, since NAND Flash mem-
ory components could be inactive for long times, (i.e., for random workloads
which do not spread among all the SSD channels), to increase the simula-
tion e ciency the processes used for memory simulation are spawned only
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on demand. Basically, when the command scheduler detects that an oper-
ation must be issued to one or more NAND Flash targets belonging to a
single channel, it spawns the corresponding process responsible for the man-
agement of the targets of that channel. If the channel is idle, no process is
created. Upon process spawning, only the nite state machines of the ad-
dressed targets are updated, while the other ones remain idle. By combining
the dynamic process management with the selective process spawning, it is
possible mitigating the impact of the memory subsystem on the simulation
speed.

1. Host Interface:this component manages the communication protocol with
the host, providing commands and data to the SSD. Two types of in-
terfaces are implemented in SSDExplorer: Serial Advanced Technology
Attachment (SATA) and PCI Express (PCIE). Both interfaces include a
command/data trace player, which parses a le containing the operations
to be performed and triggers operations for the other SSD components
accordingly. The features of the available interfaces are:

SATA: all SATA protocol layers [24] and operation timings have been
accurately modeled following the SATA protocol timing directives
provided in [25]. Native Command Queuing support has been imple-
mented featuring arbitrary queue length up to 32 commands.

PCIE: this interface allows boosting sequential and random opera-
tions throughput, and it is currently exploited in enterprise SSDs [1].
Fast operations are achieved through the NVMe (Non Volatile Mem-
ory Express [26]) protocol that signi cantly reduces packetization
latencies with respect to standard SATA interfaces [27]. All PCIE
con gurations (i.e., from generation 1 up to generation 3 with vari-
able lane numbers) can be modeled, thus ensuring accurate latency
matching.

To ease the interchange between di erent host interfaces, a common con-
trol architecture based on a fabric interconnect slave port and an external
DMA controller [28] able to transfer data from the host interface to the
data bu ers and vice versa is available in SSDExplorer.

2. DRAM Bu er: this component is used either as a temporary storage
bu er for read/write data or as a bu er [29] for the address mapping
operations given a dedicated rmware that runs on SSDExplorer. A cy-
cle accurate DRAM model is required to capture realistic behaviors (i.e.,
column pre-charging, refresh operations, detailed command timings, etc.).
The data bu ers of SSDExplorer are modeled with a SystemC customized
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version of the simulator proposed in [30]. The number of available bu ers
in a SSD architecture is upper bounded by the number of channels served
by the disk controller. In SSDExplorer the user can freely change this
number, as well as the bandwidth of the memory interface, the DRAM
functionality, etc., acting upon a simple text con guration le, which ab-
stracts internal modeling details. The DDR, DDR2 and DDR3 protocols
are supported as DRAM interface.

3. NAND ash memory array: the fundamental component of a SSD is the
non-volatile storage memory array. NAND Flash devices are hierarchically
organized in dies, planes, blocks, and pages. Program and read operations
work on a page basis, whereas the erase operation is performed blockwise,
thus inhibiting the in-place data update. Due to the internal architecture
of NAND Flash devices, large uctuations in memory timings arise de-
pending on the chosen operation, thus introducing a signi cant amount of
performance variability. To accurately take into account all these e ects,
a cycle accurate NAND Flash simulator has been exploited [31]. Further-
more, to take into account the realistic behavior of the memory, an error
injection engine (i.e., a BER simulator) has been included to re ect the
e ects of di erent error patterns on the other components of the NAND
Flash/ECC subsystems. It is possible to embody di erent NAND Flash
technologies (i.e., single-, multi- and triple-level cell) in SSDExplorer.

Parametric Time Delay model

The microarchitectural blocks related to the Error Correction Codes (ECC)
have been modeled using a parametric time delay abstraction level. These
devices, on the one hand, strictly depend on the design choices of SSD ven-
dors, on the other hand, their behavior and impact on SSD 1/0 performance
can be easily abstracted by means of well-de ned quality metrics. [32]. In
other words, the behavior inside PTD models does not need to be scheduled
at every cycle boundary (i.e., to be cycle accurate). Instead, computation
primitives inside a component can be grouped together and the schedule can
be relaxed so that time is incremented in chunks. As an example, the cor-
rection time of 5 errors in a NAND Flash page corresponds to an e ective
wait time of 10 ns that cannot be interrupted by any other command. This
allows a reduction in the detail captured inside components, with bene ts on
both modeling time and simulation speed. At the same time, communication
events can still be scheduled in a cycle accurate manner. However, even if
this choice enables accurate 1/0 performance characterization, it prevents
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functional simulation when such components are instantiated. Neverthe-
less, at an early design stage, when the internal SSD architecture is de ned,
functional simulation is actually not required, since priority is given to the
delivery of a target 1/0 performance with a matched and resource-aware ar-
chitecture con guration. At later design stages, PTD models can be replaced
by more re ned models, even restoring the functional simulation capability
of SSDEXxplorer.

SSDExplorer embodies two con gurable PTD ECC models: a Bose, Chaud-
huri, Hocquenghem (BCH) engine and a Low Density Parity Check (LDPC)
ECC. These blocks are composed by a xed high-speed encoder and a multi-
machine decoder. The delays of both the encoder and the decoder stages
can be con gured to mimic the behavior of a single- or a multi-threaded ver-
sion as shown in [32]. To explore di erent ECC architectures, the internal
parallelism of each machine can be con gured by the user.

Finally, it is worth pointing out that in state-of-the-art SSD simulators
the presence of ECC is usually neglected. However, an accurate calculation
of the SSD performance must take into account the latency introduced by
the encoding and decoding phases of an ECC especially when performance-
reliability trade-o s related to NAND Flash memories must be analyzed [33].

1.3 FTL simulation

1.3.1 Realistic FTL

Realistic FTL development, testing and simulation are one of the main fea-
tures that users require during the early steps of the rmware developing
phase. These features, in fact, allow understanding how management algo-
rithms such as Garbage Collection (GC) and Wear Leveling (WL) have to
be designed to maximize both the performance and the reliability of NAND

ash memories. However, since many di erent implementations could be
available, it is mandatory to o er a exible framework for both the processor
simulation/design and the FTL execution. In SSDExplorer these problems
have been addressed exploiting two well established open-source simulators:
Gemb [20] and Open-Virtual-Platform (OVP)[21]. These tools allow users to
de ne a custom system on chip architecture which can embody simple single
core systems or more complex multi/many core platforms. Moreover, thanks
to the standard programming model provided by these simulators, speci ¢
FTL implementations can be easily developed, tested, and simulated thus
capturing the actual behavior of the SSD’s rmwares on top of a speci ¢
processor architecture.
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Figure 1.2: \Online-O ine" simulation mode when a realistic FTL is consid-
ered.

All the aforementioned features, however, do not come for freén fact,
concerning the simulation speed of Gem5 and OVP it is necessary to Hig
light that simulating complex architecture such as nowadays SSD pressors,
could take a lot of time. As a consequence, embodying these plath®rinside
SSDEXxplorer does not represents the best solution when a fastrfpemance
assessment is required. To overcome this problem, it has been digved a
speci c wrapper (sketched in Fig.1.2) inside the CPU model of SSDExplorer
which can be dynamically attached/detached to the processor's sifator.
This approach is called \Online-O ine" simulation mode and relives SSD-
Explorer to embody complex processor models which could burden s
actual simulation speed. Basically, the processor's simulator prock sepa-
rately from the SSDExplorer framework a speci c command traceuding the
FTL execution (O ine" simulation). This command trace is composed by
two parts: i) the list of read, write, and erase operations that have to be ex-
ecuted by NAND ash memories representing the actual FTL stats: ii) the
processing time taken by the processor to produce each I/O. Athé collected
data are then read and playback by the SSDExplorer CPU wrappaQnline”
simulation) which introduces the right amount of delay and send the/Os
to the I/O processor which is connected to the Channel/Target awroller
and the underlying memory array. This approach allows simulating a imite
number of possible FTL algorithms since, SSDExplorer behaves as eay
generator which is completely agnostic with respect the actual FTktate
or con guration. Moreover, thanks the \Online-O ine" simulation p aradigm
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