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As semiconductor technology has advanced, many storage systems have begun to use non-volatile memories
as storage media. The organization and architecture of storage controllers have become more complex to
meet various design requirements in terms of performance, response time, quality of service (QoS), and so
on. In addition, due to the evolution of memory technology and the emergence of new applications, storage
controllers employ new firmware algorithms and hardware modules. When designing storage controllers,
engineers often evaluate the performance impact of using new software and hardware components using
software simulators. However, this technique often yields limited evaluation accuracy because of the difficulty
of modeling complex operations of components and the interactions among them. In this article, we present a
reconfigurable flash storage controller design that serves as a rapid prototype. This design can be synthesized
into a field-programmable gate array device and used in a realistic performance evaluation environment. We
show the usefulness of our design by demonstrating the performance impact of design parameters.
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1 INTRODUCTION

Not AND flash storage systems are widely used in mobile applications and various computer sys-
tems due to the attractive aspects of NAND flash memory, including high performance, low power
consumption, high shock resistance, and small form factor. They have been replacing traditional
mechanical storage devices in many applications. The high cost overhead of flash memory has
been offset by the increase of storage performance. Furthermore, the adoption of quad-level cell
(QLC) and three-dimensional (3D) technologies has decreased overhead even more.
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Each flash storage device has a storage controller, to orchestrate internal operations related to
media access, host interaction, status management, and the like. The storage controller is yet an-
other embedded system consisting of hardware components and firmware modules: the former
includes system components such as processors, buses, and memory controllers, while the latter
implements complicated algorithms and policies related to storage operations. The operations of
hardware and software components should be well tuned to meet different design requirements
such as performance, reliability, and lifetime. Moreover, the emergence of new NAND flash tech-
nologies requires the controller design to evolve to deal with new challenges.

Once designed, a storage controller is evaluated to see whether it satisfies design requirements.
One of the common tools used for this evaluation is a software simulator, which allows for easy
implementation and fast analysis [10, 15, 19, 20, 32, 36]. However, simulations sometimes produce
less accurate results because of the absence of accurate hardware models, the use of limited input
sets, and inaccurate assumptions regarding the interactions between hardware models. Amber
[10], which is a state-of-the-art simulator that can work in conjunction with gem5 [2] to improve
the accuracy of the interactions between the storage system and the host system, has a maximum
accuracy gap of 36% for real devices.

To overcome these limitations, some researchers have used a hardware storage model [4, 7,
11, 22, 29, 33, 35]. This model has its own hardware resources distinct from the host system to
provide input/output (I/O) functions to the host system by using nonvolatile memory devices or
hardware emulators. However, there are restrictions on each model. Lee et al. [22] and Wei et al.
[35] employ outdated host interface protocols that provide low data bandwidth, which prevents
sufficient workloads from being exposed to a storage system. Davis et al. [7] and Cai et al. [4]
propose a software hierarchy, which differs from the traditional version and produces less accurate
results. Seshadri et al. [29] emulate the phase change memory, which is not suitable for flash
storage research. Gu et al. [11] and Torabzadehkashi et al. [33] do not allow for the modification
of the controller hardware and software algorithms handling I/O requests. Furthermore, because
all these groups do not currently provide their source code to the public, other research groups
cannot utilize the models.

Recently, an open source platform called Jasmine Open solid state drive (SSD) [28] was intro-
duced. Although it uses a commercial system-on-chip (SoC) as a storage controller, it allows its
firmware to be freely modified. The SoC includes a serial ATA serial advanced technology at-
tachment (SATA) 2.0 host interface, NAND flash controllers, and an error-correction code (ECC)
engine. Because the controller is industry-proven, many people use the platform for firmware de-
velopment and verification tasks. However, it leaves no room for modification of hardware func-
tionality or parameters. Furthermore, it is impossible to support emerging flash devices, such as
3D triple-level cell (TLC) and quad level cell (QLC) memories.

In this article, we present a new reconfigurable storage controller design for rapid storage pro-
totyping, called Cosmos+ OpenSSD. Our design includes the hardware and software components
required to build a storage controller. Its design runs on a field-programmable gate array (FPGA),
and it is very easy to implement and evaluate design deviations. Our design inherits features from
its predecessor, Cosmos OpenSSD [31], and we have extended it to meet the following key design
requirements:

—The prototype design is reconfigurable so that it can be used for architecture exploration
and performance evaluation. The hardware components are easily expanded, modified,
and replaced. To ensure this, the hardware components are designed to be modular, and
their operations are managed by software-based scheduling. Details regarding the hard-
ware components and scheduling are discussed in Section 3. Simultaneously, an FPGA plat-
form is used to evaluate the performance and efficiency of firmware algorithms. However,
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Fig. 1. Hardware architecture of a flash storage system.

considering the limited capacity of FPGA devices, we seek an efficient implementation of
resource-hungry hardware components (e.g., a non-volatile memory express (NVMe) proto-
col controller and error-correction code modules). To demonstrate that the prototype design
can be reconfigured for various studies, case studies are described in Section 7.

—The design runs with real application workloads. Therefore, it supports the high-bandwidth
host interface, including the NVMe interface protocol [8]. Moreover, many operating sys-
tems include NVMe device drivers and support new attempts to host storage functions for
them [3, 13, 26].

—The design is scalable in hardware configurations so that it can support multi-channel,
multi-way organizations to provide data access parallelism. Moreover, the I/O performance
of each NAND flash device is far less than the interface bandwidth. To provide high aggre-
gated bandwidth, storage devices accommodate multiple flash devices and allow them to
be accessed in parallel. There are many approaches to utilizing data access parallelism to
boost performance [6, 9, 14, 24, 37]. The data path to the NAND array is also parallelizable.
To facilitate channel-way scalability, the address translator uses location vectors. This is
discussed in Section 3.3.

—The design provides an efficient way of monitoring internal events and operations and collect-
ing relevant statistics (e.g., channel utilization and flash operation latency). The measured
statistics can be temporarily stored until they are fetched by the host system. The data can be
delivered on a sideband channel (e.g., universal asynchronous receiver/transmitter (UART)
and universal serial bus (USB)) to avoid unnecessary interference of ordinary storage access
from a host system.

—The full source codes of hardware and software design are open to public so that people
use them as a baseline design and modify components and functions to build their own
controllers.

2 BACKGROUND AND RELATED WORK
2.1 Flash Storage Organization

Many flash storage systems have similarities of organization despite having differences of perfor-
mance and reliability. Figure 1 shows common hardware components of a flash storage system,
including microprocessors, a host interface controller, a data buffer, flash array controllers, and
NAND flash devices.

Microprocessors are core components for executing firmware responsible for storage operations
and host interactions. The internal operation of storage systems is subject to a flash translation
layer (FTL), which makes a set of NAND flash devices act as storage media. In fact, the FTL plays a
crucial role in storage systems because it is used to hide many weaknesses of NAND flash devices,
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Table 1. OpenSSD Feature Comparison

Jasmine Cosmos Cosmos+
Host device driver OS native Special OS native
Host interface AHCI over SATA  AHCI over PCle NVMe over PCle
Storage controller SoC FPGA FPGA
NAND flash interface Asynchronous Synchronous Toggle
Maximum configuration 4ch 8-way 4ch 4-way 8ch 8-way
Flash operation scheduling Hardware Hardware Software

ensure data integrity, and boost storage performance. Because it performs several important tasks
at the same time, such as address translation, garbage collection, wear-leveling, bad block manage-
ment, sudden power-off recovery, and low-level interface, its tasks are sometimes multi-threaded
on multiple microprocessors [17, 18].

The host interface controller logically and physically connects a flash storage system to a host
system. Recently, NVMe has attracted more attention from storage designers because of its high
bandwidth and performance scalability. The interface bandwidth easily increases beyond tens of
Gb/s, which requires storage systems to be well-designed to support sufficient parallelism. In ad-
dition, many scale-out storage systems employ a fabric-based network of NVMe-based storages,
called NVMe-oF, to implement high capacity and performance in storage service.

The data buffer is provisioned to fill the performance gap between a host interface and flash
devices. It temporarily holds read and write data until they are delivered to their destination. In
particular, it absorbs write data from a host to hide long flash operation latency and to sometimes
escape from on-going housekeeping operations. It also serves as a space to collect small-sized
individual writes to go into the same page. Another use of the buffer is as a workplace for internal
housekeeping operations, such as garbage collection: whenever a storage system relocates data on
the flash media, any valid data stay in the buffer until they are relocated.

The flash array controllers orchestrate the operation of flash memory devices based on the re-
quests from the host and FTL. They generate control signals and data to flash memory devices,
initiate designated operations, and verify the successful completion of the operations. The use of
multi-channel, multi-way configurations in storage systems often requires the use of multiple flash
array controllers, each responsible for a subset of flash devices.

2.2 Jasmine and Cosmos OpenSSD

Currently, there are many commercial SSDs on the market. They mostly implement the control
functions in SoCs. The design details of controllers, including internal functions and algorithms,
are invisible to others. Moreover, there have been few SSD platforms on which researchers could
perform architecture exploration and performance evaluation.

The first open source SSD platform appeared in 2011 and is called Jasmine OpenSSD. It uses a
commercial SoC as a controller hardware, but allows its firmware to be freely changed. Since its
creation, it has been used by many research groups in academic and research institutes. However,
it is impossible to modify the controller hardware, which significantly restricts the use of the SSD
platform.

More recently, another open source SSD design, Cosmos OpenSSD, has emerged, whose hardware
and software design is allowed to be modified. Unfortunately, it lacks the support for the NVMe
host interface protocol. Some features of its design are summarized in Table 1 and compared with
other designs including the one presented in this article.
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Fig. 2. Hardware architecture of Cosmos+ OpenSSD.

3 COSMOS+ OPENSSD ARCHITECTURE

In this section, we describe the Cosmos+ OpenSSD hardware design and firmware operations. Two
important hardware function blocks in our design are a host interface controller and a storage
controller. Figure 2 shows the blocks and their internal components. The firmware is responsible
for controlling the function blocks.

3.1 Host Interface Controller

The host interface controller provides a communication channel between a host system and Cos-
mos+ OpenSSD. It runs the NVMe interface protocol over peripheral component interconnect
express (PCle) bus; the commands, data, and control information of the NVMe protocol are encap-
sulated into PCle packets. This controller consists of three building blocks: a PCle controller, an
NVMe protocol controller, and a host direct memory access (DMA) engine.

The PCle controller is responsible for exchanging control and data packets over serial commu-
nication lanes between a host system and the Cosmos+ OpenSSD. Essentially, it is responsible for
lane initialization, flow control, end-to-end data transmission, and the other mandatory tasks de-
fined in the PCle bus protocol. Owing to the increasing use of PCle bus in FPGA designs, many
FPGA devices have already integrated the PCle block as a built-in intellectual property (IP), which
saves design effort on the low-level PCle protocol layer. The actual implementation of the PCle
controller in the Cosmos+ OpenSSD is a simple protocol wrapper to the built-in PCIe block.

The NVMe protocol controller communicates with the host system through the PCle controller.
The NVMe interface standard allows a host system to use up to 64K I/O submission queues with a
depth of 64K. The NVMe protocol controller in the device retrieves commands from the submission
queues and puts them into a local host command queue, as shown in Figure 3. It maintains the
data structures for communication, such as a door-bell register, for each submission queue. When
it fetches the commands from submission queues, it may assign higher priorities to submission
queues so that it gets more commands from specific queues. The default configuration of baseline
design uses eight I/O submission queues and apply a round-robin policy to them. The number of
submission queues can be increased up to 64K. Once fetched, a host command is translated into
different commands and operations, as shown in Figure 4. The conversion process will be further
discussed in Section 3.3.
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The host DMA engine manages data transfer between the host memory and the data buffer in
the storage. It directly accesses data in the physical memory of the host system using a physical
region page (PRP) entry, using a fixed-size memory range as a unit of data transmission. The data
transfer using the PRP has the advantage of simplifying the structure of the host DMA engine
because the size of data to be transmitted is constant. The host DMA engine transfers data in units
of 4 KB. When a large host data needs to be transferred, it is divided into 4 KB units and moved
with as many DMA operations as the unit count.

The access requests to a flash storage are often reordered to boost overall storage performance.
One of the common reordering policies is to assign a higher priority to reads from the host
system. Such reordering can take place in the host interface controller and in the storage con-
troller. Our design implements scheduling functions in software to easily reconfigure reordering
schemes. For this, the firmware has command/operation queues that replace the host command
queue of the host interface controller and the control word queue of the storage controller. The
control word queue is described in Section 3.2. The reordering scheme can be applied by reorder-
ing the commands/operations in the command/operation queues. Thus, the host interface con-
troller and the storage controller of our baseline design do not include the reordering function.
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Software-based scheduling may take longer for execution than hardware-based scheduling, which
is also hidden by the long operation time of NAND flash devices.

3.2 Storage Controller

The storage controller provides the data access path between the host interface controller and flash
devices. It has multiple flash channel controllers inside, each of which is responsible for orches-
trating the operation of flash devices attached to the same channel. Each flash channel controller
has its own flash driver to exchange physical signals with individual flash devices.

Figure 5 shows the organization of a flash-channel controller. Each controller has two internal
information paths: control and data. When the firmware needs to perform a data access to a flash
device or obtain operation status or statistics, it sends an appropriate Flash Control Word (FCW) to
the control path. The FCW is the control information used for communication between the storage
controller and the firmware. Upon arriving at the control path, it passes through command filters
(if there are any) all the way up to the command dispatcher, which has a control word queue inside.
Each command filter performs its own function on control words. One example is to gather access
statistics and debugging information. The command dispatcher retrieves a FCW from the head of
the control word queue, translates it to flash memory commands, and forwards the commands to
the flash driver. In the case of administrative operations, it returns a response to the control word
along the upstream in the control path without sending it to the flash driver.

The data path is used to transfer data between the host buffer and a flash memory device. One of
the common tasks performed in the data path is to ensure data integrity. For a write operation, the
ECC encoder first generates a code word for the write data, and then the data scrambler randomizes
the data pattern. The ECC engine generates encoded data by adding parity bits to data to be stored
in the NAND flash array and corrects data errors by using parity bits when reading data from the
NAND flash array [12, 23]. The data scrambler is used to reduce bit error rate by ensuring that data
written has an even bit distribution [5]. For a read operation, the page data pass through the data
descrambler and the ECC decoder before being sent to the host buffer in the opposite direction.

In our design, the ECC engine implements the Bose-Chaudhuri-Hocquenghem (BCH) code,
which efficiently corrects random errors and uses fewer hardware resources than low-density
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parity-check (LDPC). To save hardware resources, an ECC engine is shared among multiple flash
channels in a time-division manner (see Section 5 for more details).

Figure 6 shows the conversion process of the data scrambler. As shown in the figure, our scheme
performs XOR operations on page data with the output of an 8-bit linear feedback shift register
(LFSR), which uses the row address as its initial input: a seed for generating a pseudo-random
value. The input data is transferred to an XOR gate in a byte unit with the pseudo-random value.

3.3 Cosmos+ Firmware Operations

Cosmos+ firmware interprets host commands to control the behavior of the host interface con-
troller and the storage controller. It consists of a NVMe manager, an FTL, a low-level scheduler, a
host interface controller driver, and a storage controller driver, as shown in Figure 7.

3.3.1 NVMe Manager. For the storage access, the host system prepares a set of queues—a sub-
mission queue and a completion queue. It uses host commands defined in the NVMe interface
protocol. The commands belong to one of the two command sets—Admin command set and NVM
command set. An Admin command performs an administrative operation such as setting up the
NVMe interface parameters and checking the operation status, while an NVM command trans-
mits user data between the host system and the storage device. The NVMe manager interprets the
host commands. If the command is administrative, the manager handles it by itself. Otherwise, it
forwards the command to the FTL.

3.3.2  Flash Translation Layer. The FTL is responsible for performing storage access operations
specified by host commands. For each NVM command, it generates a set of subsequent operations—
a host DMA operation to move data between the host memory and the data buffer, a flash DMA
operation to move data between the data buffer and a flash device, and a flash operation such as
page read and write. For each logical page included in an NVM command, the FTL allocates a
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data buffer entry. The operations performed by the FTL are grouped into four components: NVM
Command Manager, Data Buffer Manager, Address Translator, and Dependency Checker. Figure 8
shows the sequence of these components activated inside the FTL. In order to exploit data access
parallelism, it should be able to run as many multiple flash operations as possible: it issues new
DMA/flash operations even while the previous DMA/flash operations are still in progress. For this,
it could process many NVM commands in a non-blocking manner.

Because the FTL manages data in a fixed size (the mapping unit size), the NVM Command Man-
ager divides an NVM command requesting an arbitrary size of data into slice commands requesting
fixed-sized data. It has a slice command queue inside and keeps slice commands until the Data
Buffer Manager retrieves. The default policy of the slice command retrieval is first-in first-out.

The Data Buffer Manager has a pool of data buffer entries, which are a fixed size. It assigns an
entry to each slice command. The data buffer provisioned in the storage dynamic random access
memory (DRAM) is a temporary store for data transfer between the host system and the flash
device. For the data transmission, the manager generates a host DMA operation based on the
buffer entry number and the host memory location. Then, it delivers the DMA operation to the
Dependency Checker and the slice command with the buffer entry number to the Address Translator.
If there is no free space in the data buffer, the manager makes free space by recycling the buffer
entries using the least recently used (LRU) policy.

The Address Translator is responsible for translating a logical address specified in a slice com-
mand to a location vector by looking up the mapping information. Another function of this module
is to interpret the slice command and generate necessary flash operations and flash DMA opera-
tions. Once generated, these operations are passed to the Dependency Checker. For the easy vari-
ation of flash-array configuration and capacity, the address translator uses the location vector in-
stead of physical location information. The vector comprises three address components—channel,
way, and row. All the pages in the same channel and way are given a serialized page number across
blocks and planes. The row address is the serialized page number. When used for accessing a spe-
cific page, it needs to be translated to page, block, and plane numbers later. By doing this, the FTL
can vary the channel-way organization without redesigning the storage controller. By specify-
ing the numbers of channel, way, page, block, and plane below the physically available maximum
numbers, the FTL effectively reduces the storage capacity used for experiments. Figure 9 shows an
example of the process of translating the logical address of an NVM command to the corresponding
location vector. The use of location vector makes it possible to use only least significant bit (LSB)
pages in the multi-level cell (MLC) flash memory by limiting the range of row addresses.

The Dependency Checker aims to keep the order of DMA operations and flash operations gener-
ated to execute a host command. For read and write commands, it should maintain the operation
order as shown in Figure 10. When there are operations from multiple host commands in the queue,
they may be sent to the low-level scheduler in an interleaved way to enhance the performance as
long as they are in order from the perspective of a given command. For example, let’s assume
that a host command A is translated to a set of operations, A1, A2, and A3, which are queued in
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sequence. The same assumption is made to a host command B. Now the Dependency Checker can
send operations to the low-level scheduler in the order of A1, B1, A2, B2, A3, and B3. However,
the transmission order for operations belonging to the same host command cannot be reversed
(e.g., A2, B1, A1, B2, A3, and B3). Section 3.4 will describe the details on how the NVM command
is processed by the FTL and how the operations generated by the FTL are performed.

3.3.3 Low Level Scheduler. The low-level scheduler determines the execution order of opera-
tions generated by the FTL. One of the objectives of using the scheduler is to improve the perfor-
mance of the flash storage system by reordering flash and DMA operations [25]. For each channel,
the scheduling algorithm performs two tasks. One sends operations to the host DMA engine and
the storage controller. Flash operations and flash DMA operations issued by the scheduler are
translated to FCWs by the storage controller driver. The other task reorders the operations based
on priority before sending them. Moreover, the scheduler may assign different priorities according
to operation type. The operations with higher priority can bypass ones with lower priority.

Figure 11 shows the structure of the low-level scheduler. The low-level scheduler consists of
Reservation Station, State Manager, Status Checker, Priority Manager, and Issuer. The operation
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generated by the FTL is sent to the Reservation Station. The Reservation Station has a host DMA
operation queue and flash operation queues one for each combination of channel and way. The
flash operations and flash DMA operations are sent to the flash operation queue. The State Man-
ager keeps track of the operation execution status of the storage controller and the host interface
controller. If each controller is ready to receive a new operation, the State Manager forwards a
queued operation to the Priority Manager, which then compares the priority of operations in the
queue and determines new execution order. The Issuer passes the operation to the host interface
controller or the flash channel controllers based on the execution order of operations. The Status
Checker confirms the execution status of the operation issued by the Issuer and updates the status
information of the State Manager and the dependency checker of the FTL.

The Status Checker collects the execution statuses of DMA/flash operations and informs the
scheduler. The host DMA engine has special registers that periodically update the processing in-
formation of host DMA operations received by the Issuer. Each channel controller maintains a
special register with a ready/busy bit for each way. By reading the registers, the Status Checker
can identify the operation status. However, to obtain the precise flash operation result, it sends a
status-check operation to each way and reads the result values. When the number of channels and
ways increases, the overhead of the Status Checker increases accordingly. The scheduler calls the
Status Checker to collect the status of outstanding operations and performs a scheduling operation
based on the collected states.

The State Manager maintains states of the flash devices located on each way of the NAND flash
array to check which device can perform a new operation. Figure 12 shows the state transition
diagram. The flash devices of the idle state can perform a new operation. If a flash device that
receives a new operation executes the operation successfully, the state of the device returns to idle
via busy and done. If the operation fails, the transition process depends on the type of operation. In
the case of the read operation, even if the operation of the flash device is successful, the operation
can fail if the error correction process of the ECC engine fails because of many bit errors. The bit
error rate is not a constant because of the inherent characteristics of the flash device. Therefore,
if the read operation is performed again, there is a possibility that error correction process can

ACM Transactions on Storage, Vol. 16, No. 3, Article 15. Publication date: July 2020.



15:12 J. Kwak et al.

Operation
success

Operation
success

Operation
done

Operation
Fail

Failed operation
Issue

Operation
fail

retry limit

Fig. 12. State transition diagram for each way of the NAND flash array.

Table 2. Main Operation Set of
Low-Level Scheduler

Operation Type Priority
Rx DMA Host DMA 0
Tx DMA Host DMA 0
Status-check Flash 1
Read-trigger Flash 2
Erase Flash 3
Write Flash + Flash DMA 4
Read-transfer Flash DMA 5

be performed successfully. If the read operation fails, the low-level scheduler retries the operation
within the retry limit. If the read operation consistently fails until the retry limit is reached, or if
another operation fails, the low-level scheduler sends the information of the accessed block to the
FTL so that information regarding the bad block can be updated, and the state changes from fail
to idle.

The Priority Manager determines the execution order of operations based on the priorities listed
in Table 2. Host DMA operations have the highest priority to reduce the storage access latency from
host systems. Whenever there is room for a new DMA operation in the host interface controller,
the scheduler fetches it from the host DMA operation queue and sends it to the host interface
controller. Next, the scheduler attempts to handle flash operations. The flash DMA operations
have lower priority than other flash operations because they occupy the flash channel for a longer
time and interfere with other flash operations. Among the flash operations, an operation with
lower latency is given a higher priority. The operations with the same priority are handled in a
round-robin manner.

3.4 NVM Command Processing

This section details how the NVM command is handled by each component of Cosmos+ OpenSSD.
An example shown in Figures 13 and 14 is the process of reading the data of logical page number
(LPN) 0 and writing the data of LPNs 1 and 2. The data of LPN 0 is stored in the flash device in
advance. The process is divided into two steps. In the first step, NVM commands are converted
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Fig. 13. First step of NVM command processing example.

LV: Location vector

to DMA/flash operations. In the second step, the data moves through the data path by DMA/flash
operations.

Figure 13 shows the process in which the FTL ameliorates NVM commands. The NVM command
contains the LPN and the main memory address of the host system. The address points to the space
containing the data to be stored to the flash device or the space assigned for the data to be read
from the flash device. For readability, Figure 13 does not contain information about the address.
The information contained in the NVM command is insufficient for performing data I/O through
the data flow shown in Figure 10. The FTL determines the data buffer entry to be used by the
DMA operations and the physical location in the flash device to be accessed by the flash operation
by using the data buffer manager and the address translator. Prior to this, because flash DMA
operation and flash operation are performed page-by-page, it is necessary to convert the NVM
command to slice commands as Step 1-1. While the slice command is converted into the operation
shown in Table 2, Step 1-2 allocates the data buffer entry and the location vector. The operations
generated by the FTL are entered into the operation queue according to the sequence of Figure 10.

Figure 14 shows the process that the low-level scheduler controls the host DMA engine and
the storage controller. In Steps 2-1, 2-3, and 2-5, the dependency checker passes the operations
to the reservation station of the low-level scheduler. In Steps 2-2, 2-4, and 2-6, the operations are
scheduled and transferred to the host DMA engine and the storage controller.

Because the host DMA engine and the storage controller operate independently of each other,
the low-level scheduler arbitrates the host DMA engine and the storage controller so that the se-
quence of Figure 10 is maintained in units of the operation set. An operation set is a set of opera-
tions generated from the same slice command. As shown in Steps 2-1, 2-3, and 2-5, the dependency
checker delivers one or two operations per operation set to the reservation station. It delivers two
operations only for the operation set having the read-trigger and the read-transfer operations, as
shown in Step 2-1. Because these operations move to the same flash operation queue, the order
of the two operations is maintained. When the host DMA engine and the storage controller com-
plete the operations received from the low-level scheduler, the dependency checker transfers the
operation of the next sequence to the reservation station, as shown in Steps 2-3 and 2-5.

The low-level scheduler compares the priority of the operations in the header position of each
queue before issuing operations. As shown in Step 2-4, the write operation is issued prior to the
read-transfer operation according to the priority of Table 2. Consequently, although the read-
transfer operation is generated prior to the write operation, it can be executed after the write
operation is done in this case. If the flash operation or the flash DMA operation fails, the scheduler
retries the failed operation or informs the FTL of the bad-block information. Therefore, until the
header operation of a flash operation queue is completed, other operations remain in the queue,
as shown in Step 2-2.

The action of Step 2 is based on the status information updated by the status checker of the low-
level scheduler. The status checker checks the registers of the host DMA engine and the storage
controller to update the status information of the state manager and the dependency checker if
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Fig. 14. Second step of NVM command processing example.
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Fig. 15. Storage system operation monitoring process.

there are completed operations. The dependency checker passes the next sequence operation of the
operation set related to the completed operation. The state manager changes the header position of
the flash operation queue related to the completed operation to issue the operations waiting on the
queue. Exceptionally, the status checker issues a status-checker operation to determine whether
the flash operation has been completed. The status-checker operation does not affect the execution
sequence of the operation sets because the flash device does not receive any other operation until
the header position of the flash operation queue is changed.

4 STORAGE SYSTEM OPERATION MONITORING

Cosmos+ OpenSSD uses an FPGA to implement hardware components, which provides a way of
monitoring the internal hardware operations. It actually collects various statistics on the internal
operation of the host interface controller, the storage controller, and the Cosmos+ firmware as
well. Then, it also provides a way to access such statistics via a sideband channel to avoid the
unfruitful consumption of data bandwidth. Figure 15 shows the process of obtaining information
about the internal operation by using an operation monitor.

The monitor module is a front-end agent that collects statistical data. It may sense hardware
control signals or analyze the operation of software components. With this feature, the operation of
the controller can be investigated in depth. The statistics that the monitor module can provide may
vary depending on the component types. They include channel bandwidth, write amplification
factor (WAF), and channel utilization. Figure 16 shows the structures of several monitor modules.
Each monitor module updates the associated statistics table in the operation monitor with the
sensed data.

The operation monitor gathers the analysis data from each monitor module and delivers it to a
monitoring system through a side-band channel (e.g., UART). It has a statistics table and manager.
The statistics table is a data structure used to store the data generated by each monitor module,
and the statistics manager assigns the entry of the statistics table to each monitor module.

5 COSMOS+ OPENSSD SYSTEM IMPLEMENTATION

The prototype of Cosmos+ OpenSSD reuses the Cosmos OpenSSD platform hardware [31].
Figure 17(a) shows the main components of the platform. The prototype uses an application pro-
cessor unit and programmable logics built into the FPGA. The application processor unit includes
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Fig. 17. Hardware modules of Cosmos+ OpenSSD prototype: (a) Cosmos OpenSSD platform hardware;
(b) flash memory module.

two advanced RISC machine (ARM) Cortex-A9 cores. The external PCle connector expands a PCle
slot in the host system to bridge the platform and the host system. The flash memory module is
mounted to a small outline dual in-line memory module (SODIMM) slot. Our implementation uses
MLC flash devices supporting a double data rate (DDR) toggle mode flash interface with 4-channel,
8-way organization. Figure 17(b) shows the flash memory module.

Figure 18 shows the hardware organization of the prototype. The host interface controller is
connected to the host system via PCle Gen2 8-lane. For the NVMe interface, the prototype uses
the PCle core built into the FPGA. The NVMe protocol controller and the host DMA engine use
the transaction layer packets of the PCle interface to communicate with the PCIe host. The storage
controller has eight flash channel controllers to support up to an 8-channel, 8-way configuration.
The host interface controller and storage controller are connected to the processor through the
advanced extensible interface (AXI)4 interface. Table 3 shows the hardware resource usage of each
component of Cosmos+ OpenSSD.

To reduce hardware resource usage, four flash-channel controllers share some components of
the BCH ECC engine. Among the components of the BCH engine, the key equation solver (KES)
uses the biggest share of hardware resources and runs only for a very short time. Several studies
have been conducted on complexity reduction using KES in a time-multiplex method. [1, 21, 30, 34].
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Fig. 18. Hardware architecture of the Cosmos+ OpenSSD prototype.
Table 3. Hardware Resource Usage
Component LUTs FFs BRAMs  Implementation
Processing system 0 0 0 X (of-the-shelf)
AXI bus interface 17,568 25,732 21 X (customized IP)
PCle core 3,275 3,969 8 X (customized IP)
Host interface controller Others 5,470 7,560 19.5 (@)
Total 8,745 11,529 27.5 A
Flash channel controller 10,988 7,548 21 O (x8)
Storage controller Shared KES 6,548 8,203 0 0O (x2)
Total 101,000 76,790 168 (@)

Figure 19 shows the ECC decoding process with the shared KES to reduce the hardware resource
usage. The pipelining scheme is applied to the ECC decoding process. It can hide the waiting
time while other flash channel controllers use the shared KES. Therefore, the shared KES has
little impact on the performance of the storage controller. Thus, the hardware resource usage can
be reduced without a significant increase in congestion. The BCH ECC engine implemented in
Cosmos+ OpenSSD can correct 13 error bits per 256 bytes. The NAND flash device in the flash
memory module requires 100 bits of error-correction capability per 4 KB.

Cosmos+ OpenSSD runs its firmware as a single thread, including the NVMe manager, FTL, and
low-level scheduler. Thus, the current implementation of firmware is to fetch a host command,
call a command processor, and run the low-level scheduler in the same big loop. After the initial-
ization, FirmwareMain() starts to execute the loop. When there is a command waiting in the host
command queue, the firmware grabs one and calls either FTL() or AdminCommandHandler() based
on the NVMe command group. When an NVM command arrives, the FTL prepares subsequent
operations and deposits them to the reservation station. Otherwise, it must be Admin command
and processed by the firmware without consulting the flash devices. Next, the firmware starts
the scheduling operation by calling LowLevelScheduler() if there is any operation waiting in the
reservation station. In this function, the firmware checks the operation status of flash channels
and reorders operations based on its scheduling policy. This firmware implementation helps to
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Fig. 19. ECC decoding process with the shared KES.

ALGORITHM 1: Cosmos+ OpenSSD Firmware Operation

1: Initialize host interface controller and storage controller
2: Initialize firmware metadata
3. Call FirmwareMain()

4:

5. function FirmwareMain()

6 while (1) do

7: cmd = GetHostCommand()

8 if (cmd == NVM command) then
9 Call FTL()
10: else
11 Call AdminCommandHandler()
12: end if
13: if (reservation station is not empty) then
14: Call LowLevelScheduler()
15: end if
16: end while

17: end function

minimize the number of cores to run to one, which reserves the other processor cores for extra
tasks.

6 EXPERIMENTS

To identify the performance and operations behavior of Cosmos+ OpenSSD, we have performed
experiments by attaching the prototype to a host PC and running a benchmark. When the pro-
totype is modified in terms of hardware organization and the firmware algorithm, it is often nec-
essary to measure the enhancement by comparing the performance of a baseline system and an
enhanced one.
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Fig. 20. Experimental environment architecture.

Table 4. Specification of Host PC

Component Specification
CPU 15-4670
Mainboard chipset B85
Main memory 8 GB
Operation system Window 8.1

NVMe driver Native driver of OS

6.1 Experimental Setup

Figure 20 shows our experimental environment. The development PC is used to design the hard-
ware and firmware of the prototype and to collect the operation statistics via an additional UART
channel. The host PC uses the prototype as an NVMe storage device and runs applications to allow
access to it. Table 4 is a brief summary of the host PC. The workload used to measure performance
was generated by the Iometer benchmark tool [27], which ran as an application on the host PC.
The Tometer accessed the prototype as a physical drive to avoid any impact of the file system
operation on performance measurement. The default configuration of the number of submission
queues to deliver I/O commands was set to four.

Table 5 describes the flash memory module used in the experiment. A flash device has 256 pages
in a block and 8,192 blocks in a way. Each page consists of a 16 KB data area and a 1,664 byte spare
area. The MLC flash device included in the flash memory module has LSB and most significant bit
(MSB) pages (MLC mode). However, only LSB pages are accessed when the range of row address is
halved (SLC mode). In the 8-channel, 8-way configuration, the storage capacity used in the single
level cell (SLC) and MLC modes was 1 TB. If the MLC mode uses all blocks, the storage capacity
increases to 2 TB. However, because the capacity of the DRAM was limited, the MLC mode used
half of the total blocks to reduce the size of the mapping table used by the FTL. The capacity of
the DRAM embedded in the platform board was 1 GB, and the mapping table occupied 512 MB. If
the number of channels or ways used decreases, the size of the mapping table decreases.

Excluding the space used for the mapping table, the remaining space in the DRAM was used for
the metadata managed by the firmware, data buffers, and the reserved space for expansion. For the
experiments, the size of the data buffer was 16 MB. The workloads used in Sections 7 and 8 did not
make the data buffer hit because they access sequential logical addresses or completely random
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Table 5. Specification of NAND Flash Memory
Byte/Page 16,384 + 1,664
Organization Page/Block 256
Block/Way 8,192
SLC mode 99 ps
LSB page 58 s
Read MLC mode | MSB page 90 us
Average 74 pus
Latency SLC mode 486 s
. LSB page 481 ps
Write MLC mode | MSB page 2,295 ps
Average 1,388 ps
Erase 5 ms
Table 6. Specification of Buses of the Prototype
Bus ID Location Frequency Bit width  Bandwidth
0 DRAM < Memory controller 533 MHz DDR 32 4 GB/s
1 Memory controller <> Memory interconnect 356 MHz 128 5.7 GB/s
2 Memory interconnect < Host interface controller 250 MHz 64 2 GB/s
3 Memory interconnect <> AXI interconnect! 250 MHz 64 2 GB/s
4 AXTI interconnect! <> Flash channel controller 100 MHz 32 400 MB/s
5 Flash channel controller <> Flash memory module 100 MHz DDR 8 200 MB/s
6 Processor Unit & Memory controller 1 GHz 64 8 GB/s
7 Processor Unit « Central interconnect 333 MHz 64 2.7 GB/s
8 Central interconnect <> Memory controller 333 MHz 64 2.7 GB/s
9 Central interconnect <> AXI interconnect? 100 MHz 32 400 MB/s
10 AXI interconnect? < Host interface controller 100 MHz 32 400 MB/s
11 AXI interconnect? « Flash channel controller 100 MHz 32 400 MB/s

L AXI interconnect for the data path.
2 AXI interconnect for the control path.

logical addresses. In addition, because the throughput of the prototype was large enough to fill the
data buffer in a very short time, the size of the data buffer did not affect the experimental results.

As shown in Figure 18, the prototype uses several buses. Table 6 shows the information regard-
ing each bus. Buses 0 to 5 are used for the data path, and Buses 0 and 6 to 11 are used for the
control path. The bottleneck point of the data path is Bus 5. Because eight channels were used, the
bandwidth of the data path was 1.6 GB/s. Because the data buffer exists in the DRAM, 3.2 GB/s of
the DRAM bandwidth could be occupied by the data path. Even though buses of the control path
have a large bandwidth, only a small portion of the bandwidth is actually used because the amount
of information transmitted through the control path is very small compared to that transferred via
the data path.

The control path is used by the processor to control each controller, to check the status informa-
tion of each controller, or to access metadata required for the firmware execution. To input/output
data through the data path, the control path bandwidth required for controlling each controller
and checking the status information is approximately 1% of the data path bandwidth. Because of
the cache memory, the amount of access to metadata mainly is affected by the large size of the
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Fig. 21. Maximum throughput of the prototype.

metadata. The largest metadata of the firmware is the mapping table. If the prototype utilizes the
full bandwidth of the data path, which is 1.6 GB/s, the processor uses less than 1 MB/s of the
DRAM bandwidth for accessing the mapping table because 8 bytes are required per page. Even
when other metadata for firmware execution were considered, the DRAM bandwidth used by the
control path was small enough such that it did not affect the DRAM bandwidth of the data path.

6.2 Maximum Throughput

The two workloads used in the experiment read/wrote 128 KB of data with consecutive logical
addresses. There were 16 host commands outstanding simultaneously, such that all flash devices
were fully active. That is, sixteen 128 KB read/write commands were simultaneously issued to the
prototype.

Figure 21 shows the maximum throughput when the prototype configuration varies in the num-
ber of channels and ways. As the number of ways increased, the throughput improved because the
way accesses were interleaved. Because the storage controller operated channel buses in parallel,
the maximum throughput increased in proportion to the number of channels. As explained in
Section 6.1, the bottleneck point of the data path was Bus 5 of Table 6, and the bandwidth of the
control path was sufficient to not degrade performance. In addition, because the bandwidth of
PCle Gen2 was larger than that of the data path, the throughput of the prototype was determined
by the throughput of the flash channel controllers. Although the maximum throughput per chan-
nel was 200 MB/s, because the data and spare area of a page were accessed together, the effective
maximum data throughput per channel (EMDTPc) was approximately 180 MB/s. Considering the
EMDTPc, the maximum throughput of the 8-channel, 8-way configuration was 1,440 MB/s. The
experimental results showed that the read throughput was 1,275 MB/s, which was approximately
88.5% of the maximum, while the write throughput in MLC mode was almost halved to 625 MB/s.

Because of the high latency of write operations, the maximum write throughput of the MLC
mode was less than that of the SLC mode. Referring to Table 5, the average write latency in MLC
mode was 1,388 us. Considering the operation speed of the data bus, the time to transfer a page
through the channel was approximately 90 us. Because the write latency was much longer than
the transfer time, the data bus was not fully utilized even though eight ways were used.

6.3 Maximum IOPs for Small Random Access

Figure 22 shows the maximum input/output operations per second (IOPs) of the prototype. The
two workloads used in the experiment read/wrote 4 KB of data with random logical addresses.
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Fig. 22. Maximum IOPs of the prototype when host PC requests 4 KB data with random address.

There were 128 host commands outstanding simultaneously, such that all flash devices were fully
active. The growth rate of the IOPs was similar to that of the throughput shown in Figure 21.
However, the measured IOPs were approximately a quarter of the expectation, which was the
throughput divided by the data size. This is due to the discrepancy between the page size (16
KB) and the request size (4 KB). Because the FTL used a page-level mapping, a host command for
4 KB data was converted to the operations for 16 KB data. Because the storage controller processed
more data than the host system requested, the measured IOPs was lower than expected.

6.4 System Latency

In order to analyze data access parallelism of the prototype, we measured the system latency by
changing the number of host commands outstanding simultaneously. The system latency is the
sum of latencies in the host interface controller, firmware, and storage controller. The latency of
each component was measured based on the state information collected by the low-level sched-
uler. For example, the latency in the storage controller was measured as an elapsed time between
the operation issue done by the scheduler and the completion sensed by the scheduler. The flash
operation latency is included in the storage controller latency. For this experiment, the Iometer
generated host commands, each of which read/wrote 16 KB of data to the prototype.

Table 7 shows the system latency and the latency of each component in the 8-channel, 8-way
configuration. The storage controller latency constituted most of the system latency due to the long
operation time of flash devices. However, as the number of outstanding I/Os increased, the share
of the storage controller in the total system latency decreased due to the effect of interleaving.

When the number of outstanding I/Os was eight or less, the storage controller latency remained
the same because the channels were well interleaved. The FTL made the accesses to consecutive
logical addresses interleave on the same way in different channels, as shown in Figure 23. However,
when the number increased beyond eight, the operations were again interleaved on ways in the
same channel. Then, it was inevitable for the operations to compete on the shared resource of
the channel bus. Even though the operations in the same channel used the resource in a time-
multiplexed way, such resource contention contributed to the increase of latency in the storage
controller.

Channel/way interleaving impacted throughput variation according to the number of outstand-
ing I/Os, as shown in Figure 24. When the number of the outstanding I/Os was eight or less, the
throughput increased proportionally to the number of outstanding I/Os because of channel inter-
leaving. When the number of the outstanding I/Os was greater than eight, the throughput growth
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Table 7. Latency Breakdown of Prototype Operation

10s! =1 10s=2 10s=4 10s=8 10s=16 10s=32 10s=64

Hs % Hs % Hs % Hs % Hs % Hs % Hs %
R-Sys? (SLC) | 239.9 100.0 | 246.9 100.0 | 254.4 100.0 | 269.8 100.0 | 352.0 100.0 | 512.3 100.0 | 972.2 100.0
HIC? 22.7 95 252 10.2 27.0 10.6 30.7 114 393 11.2 61.9 121 68.0 7.0
CF* 7.3 3.0 7.9 3.2 9.8 3.9 118 44 249 71 60.8 119 | 312.0 32.1
Ned 2099 875 | 213.8 86.6 | 217.6 855 | 2273 84.2 | 287.8 818 | 389.6 76.0 | 592.2 60.9
R-Sys (MLC) | 214.8 100.0 | 220.6 100.0 [ 227.8 100.0 | 251.5 100.0 | 341.1 100.0 | 497.4 100.0 | 978.0 100.0
HIC 22.8 10.6 260 11.8 26.8 11.8 33.7 134 389 114 68.6 138 69.1 7.1
CF 7.3 3.4 7.8 3.5 9.4 4.1 139 55 247 72 69.7 14.0 | 310.0 31.7
SC 184.7 86.0 | 186.8 84.7 | 191.6 84.1 | 2039 81.1 | 277.5 81.4 | 359.1 722 | 5989 61.2
W-Sys® (SLC) | 611.8 100.0 | 620.4 100.0 | 624.7 100.0 | 633.1 100.0 | 641.5 100.0 | 678.9 100.0 | 871.1 100.0
HIC 242 40 27.7 4.5 272 44 279 44 29.6 4.6 346 5.1 449 52

CF 6.4 1.0 7.3 1.2 8.0 1.3 8.6 1.4 102 1.6 156 2.3 71.6 82
SC 581.2 950 | 5854 94.4 | 589.5 944 | 596.6 942 | 601.7 938 | 628.7 92.6 | 754.6 86.6
W-Sys (MLC) | 1,531.2 100.0 | 1,538.0 100.0 | 1,544.4 100.0 | 1,556.7 100.0 | 1,566.8 100.0 | 1,607.1 100.0 | 1,823.2 100.0
HIC 250 1.6 279 18 273 1.8 288 19 304 1.9 349 22 425 23

CF 6.4 0.4 7.2 0.5 7.8 0.5 8.5 0.5 103 0.7 16.4 1.0 131.2 7.2
SC 1,499.8 97.9 | 1,502.9 97.7 | 1,509.3 97.7 | 1,519.4 97.6 | 1,526.1 97.4 | 1,555.8 96.8 | 1,649.5 90.5

!Number of I/Os outstanding at the same time.
2System latency for a read operation.

3Host interface controller latency.

4Cosmos+ firmware latency.

5Storage controller latency.

6System latency for a write operation.
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Fig. 23. Logical-to-physical address translation algorithm for the multi-channel, multi-way organization.

rate was less than the rate of the increasing number of outstanding I/Os caused by resource con-
tention. In the read case, the resource contention was more intense than the write case because
of the short flash operation latency. Therefore, when the number of outstanding I/Os was greater
than eight, the throughput growth rate of the read case was less than that of the write case.

It is also notable that the firmware latency is not negligible in the system latency as the number
of outstanding I/Os increased. As more I/Os are at work, the scheduler spends more time to check
the operation status of flash devices and the existence of further operations in the reservation
station. Because the firmware is single-threaded, the overhead increase due to the long execution
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Fig. 24. Throughput of the prototype with various numbers of outstanding I/Os.

of firmware, especially the low-level scheduler, contributes to the increase in operation latency of
previous host commands.

When the number of outstanding I/Os was 64, the firmware latency increased sharply because
of the inconsistent flash operation latency. The flash operation latency is not constant even when
accessing pages in the same block. Additionally, the average flash operation latency of each flash
device could have been different, even if all devices were produced by the same process. We mea-
sured the flash operation latency using the monitor module and found a deviation up to tens of
us. The deviation prevented each flash device from executing the flash operation evenly. The FTL
assigned the flash operation to each flash device evenly by using the regular order, as shown in
Figure 23. However, because of the deviation, the order of completion of the flash operations dif-
fered from the order of the FTL. Such a non-ideal case created a situation in which some operations
stayed in the reservation station until the flash devices completed the preceding operation, even
when some flash devices were in an idle state.

6.5 Performance Variation Depending on Data Distribution

This section analyzes the effect of data distribution on data access parallelism. Depending on how
the data requested by the host system is distributed to flash devices, the number of flash devices
that can be activated in parallel and the competition situation of the channel bus could be different.
To modify data distribution, the address translator uses three location vector assignment schemes:
ChPrev, WayPrev, and Random. Each scheme updates the components of the location vector dif-
ferently to allocate a free location vector to the new data. ChPrev updates a channel value prior to
a way value, as shown Figure 23. In contrast to ChPrev, WayPrev updates a way value prior to a
channel value. Random updates a way value and a channel by using a random value.

Figure 25 shows the system latency for processing various sizes of data. ChPrev had the low-
est latency in all cases. As the size of data increased, the latency difference between ChPrev and
WayPrev decreased, whereas the latency difference between Random and ChPrev increased. This
is related to the data distribution.

Figure 26 shows the degree of the data distribution. Two indicators are defined to express the
degree. devC is the standard deviation of the size of the data distributed to each channel. devW is
the standard deviation of the size of the data distributed to each way. ChPrev kept devC at zero in
all cases. This meant that the storage controller efficiently performed channel interleaving because
the data was distributed evenly across all channels. While WayPrev kept devW at zero, it did not
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Fig. 25. System latency of the 8-channel, 8-way configuration in SLC mode.
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Fig. 26. Degree of the data distribution.

distribute the data evenly to each channel if the data were not large enough. Therefore, when the
data size was smaller than 1,024 KB, the latency of WayPrev was larger than that of ChPrev.

Because Random does not guarantee even data distribution for all flash devices, data can be
intensively distributed on specific flash devices. Unlike other schemes, devC and devW remained
above zero, even when processing 1,024 KB data, which could be distributed evenly across all flash
devices. When the data size was small, the latency of Random was smaller than that of WayPrev
because the data was not likely to be intensively stored in some flash devices and Random’s devC
was smaller than WayPrev's devC. However, as the size of the data increased, the latency of Random
increased drastically. Although the data distribution was the same in the case of processing the
read workload and write workload, the read latency of Random was smaller than that of WayPrev,
whereas the write latency of Random was larger than that of WayPrev in the case of processing
256 KB data. Because the read latency of a flash device is not much different from the transfer time
of the data of one page through the channel bus, there is no significant difference between the
time when read operations are performed by several ways in parallel and the time when few read
operations are performed by a single way. Therefore, even with a non-uniform data distribution,
the read latency of Random was small on average because the gain from spreading the data over the
channels was large. However, because the write latency was very large compared to the transfer
time of the data, the write latency of Random was large in the same situation.
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Table 8. Reconfigured Components for Case Studies

Component Section 7.1  Section 7.2  Section 7.3  Section 7.4  Section 7.5
Processor O X X X X
Host Interface Controller X X X X o
Cosmos+ Firmware X X X O O
Storage Controller X (@) @) (@) X
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Fig. 27. Throughput of the prototype with various processor-clock frequencies.

7 CASE STUDY

Cosmos+ OpenSSD implements a flash-storage device using reconfigurable hardware and soft-
ware components. Therefore, it can be used to explore new structures with flash storage devices.
This section presents five case studies that show the possibility of using Cosmos+ OpenSSD for
architecture exploration. The reconfigured components for each case are listed in Table 8. Each
case shows the effect of the particular component on the overall system or illustrates the scope of
research that the platform can support.

7.1 Impact on Performance of Processor-Clock Frequency

The processor-clock frequency is a key ingredient of storage-system performance. To decrease
the cost and power consumption of a storage system, a processor often runs at a low frequency.
However, it should be able to provide enough computation capability to run the function of the
firmware, including NVMe manager, FTL, and low-level scheduler in a given amount of time. The
embedded processor of the platform board has special registers to scale the processor-clock fre-
quency, which can be easily changed by adjusting the register value. Because the FPGA of the
platform board has multiple clocks, the processor-clock does not affect all of the components. In
Figure 18, only the application processor unit and the central interconnect are affected by the
processor-clock. Even if the processor-clock frequency changes, the bandwidths of Buses 0 to 5,
and 10 and 11 in Table 6 remain the same. Because only a small portion of the bandwidth of the
control path was actually used, the changed bandwidths of Buses 6 to 9 had a negligible impact on
the storage performance.

Figure 27 shows the impact on the storage throughput of the processor-clock frequency. In
all cases, the operating frequency of the storage controller and the host interface controller was
not changed. As shown in the figure, the storage performance was more affected by the clock
frequency as the number of flash devices increased. When the frequency decreased from 1,000 Mhz
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Fig. 28. Hardware resource usage of BCH ECC decoders having various chunk size.

to 200 Mhz, a storage with 2-channel, 2-way configuration experienced up to 6% performance
degradation, and one with 8-channel, 8-way configuration had up to 72% degradation. In addition,
the throughput became saturated at a lower clock frequency when there were fewer flash devices,
and the read throughput was more sensitive to the frequency decrease because the read operations
took less time in flash devices than the write ones. For an 8-channel, 8-way configuration, the read
throughput decreased by up to 72%, while the write throughput decreased by up to 58%.

Because software-based scheduling was applied, the number of flash devices had a large impact
on firmware overhead. As mentioned, we used software-based scheduling for easy reconfiguration.
The number of flash devices had a direct impact on the low-level scheduler behavior. The low-level
scheduler accessed the register of the storage controller for issuing the new operation or checking
the status of the operation being performed by the flash device. The register access time was
hundreds of ns, which was very large compared to the processor’s operating time. As the number
of flash devices increased, the low-level scheduler was forced to access the registers more often,
because the number of operations that could be performed in parallel increased. In 8-channel,
8-way configurations, a significant portion of the firmware operation time was used by the issuer
and status checker of the low-level scheduler. The issuer took 17.31%, and the status checker took
19.01%. The Cosmos + OpenSSD system uses 1 GHz as the default clock frequency so that the
processor can handle the firmware overhead, even if all flash devices are operated.

7.2 Hardware Resource Usage of Error Correction Code Engine

To implement the storage controller with an FPGA that has hardware resource limits, it is im-
portant to design the ECC engine, which uses a large number of hardware resources, efficiently.
There are many factors determining the hardware resource usage of an ECC engine. For example,
the hardware resource usage can vary significantly depending on the type of ECC, the encod-
ing/decoding units, and the error correction capabilities. The encoding/decoding unit is referred
to as the chunk in this section. Because the storage controller is modular, it is possible to apply
various ECC engines to it. In this section, we compare the hardware resource usage of ECC engines
and explain the background for the design of the ECC engines included in the proposed design.

Because an ECC decoder uses most of the hardware resources of an ECC engine, we compared
the resource usage of the ECC decoders. The hardware resource usage of the ECC decoders for
each flash channel controller was summed. BCH-based ECC engines were used, and each ECC
engine was designed to have a similar code rate despite having a different chunk size.

Figure 28 shows the hardware resource usage of the ECC decoders with various chunk sizes.
Because an FPGA mounted on the platform board provides 218,600 LUTs, and the hardware com-
ponents use approximately 70,000 LUTs excluding the ECC decoder, the ECC decoder should use
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Fig. 29. Data patterns.

less than 148,600 LUTs. The ECC decoder with a chunk size larger than 1 KB is too large, even
with a shared KES. That is, the ECC engine should use a chunk size smaller than 1 KB, which
implies that LDPC is not suitable for use with the platform board. The LDPC-based ECC decoder
uses more hardware resources than the BCH-based ECC decoder for a chunk size smaller than
1 KB [16]. To conserve hardware resources for future expansion, the ECC engine with a chunk
size of 256 bytes was applied in the proposed design.

7.3 Impact on Data Integrity of Data Scrambler

To measure the reliability impact of a data scrambler, we prepared two storage controllers: one
with a data scrambler, Scr, and another without a scrambler, NoScr. Because the storage controller
is modular, the data scrambler can be easily removed. The flash cell of the MLC NAND device
has four voltage levels to distinguish the two bits of data. The data pattern with which the cells
having the highest voltage level and the cells with the third-highest voltage level surround one
another were most susceptible to interference [5]. Because there was a limitation in confirming
the relation between the data and voltage levels, various data patterns shown in Figure 29 were
used for measuring the bit errors. Scr writes a randomized version of the given data pattern. The
bit error was measured by the internal monitor module implemented inside the controller. The
monitor module counted the bit-error information extracted from the ECC engine during the ECC
decoding process and sent the bit-error count to the operation monitor.

Figure 30 shows an average error bit count as the program/erase (P/E) cycle increases, where
the average error bit count is the average number of bit errors observed in a page. For low P/E
cycles, there was no significant difference in the error bit counts of two controllers. However, for
high P/E cycles, the average count of Scr was lower than that of NoScr except for the 11-00 data
pattern. When the P/E cycle was 5,000, the average count of Scr became up to 13.7% lower than
that of NoScr. The data scrambler was almost ineffective for the 11-00 pattern.

7.4 One-Shot Program for 3D TLC NAND

By replacing the flash memory module, various flash devices can be applied to the Cosmos+
OpenSSD system. In some cases, reconfiguration of the storage controller and the Cosmos+
firmware is required to support the characteristics of the flash memory module being attached.
We reconfigured the prototype to use a flash memory module comprising 3D TLC NAND flash
devices. The special feature of this device allows programming of three pages sharing the same
word line at once. This program method is called the one-shot program. The operation packer was
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Fig. 30. Average bit-error count per page: (a) 11-00 pattern; (b) 11-01 pattern; (c) 11-10 pattern; (d) 01-10
pattern; (e) 01-00 pattern; (f) 10-00 pattern.

added to the FTL to support the one-shot program. It packs the three write operations that ac-
cess the same word line among the flash operations generated by the address translator and sends
them to the dependency checker. The dependency checker handles the packed operations as the
single flash operation. The command dispatcher and flash driver of the storage controller were
reconfigured to support the command set and timing condition of the 3D TLC NAND flash device.
In addition, the storage controller driver of the firmware was changed to support the modified
command set.

To analyze the effect of the one-shot program on the performance of the storage system, channel
utilization was measured when the prototype stored a large amount of data. Channel utilization
is the percentage of the activation time of the channel data bus per unit time. Because the flash
device does not perform the flash DMA operation while performing the flash operation to protect
data in the data register, the amount of data stored is the same as the amount of data transmitted
through the channel data bus. Therefore, the higher the channel utilization, the greater the write
throughput.

Figure 32 compares the channel utilization of the legacy prototypes with that of the reconfigured
prototype using 3D TLC NAND devices when the host system writes large amounts of data to the
prototypes. The latency of the one-shot program operation was 1,600 ps, which was larger than the
write flash operation latency of the MLC mode legacy prototype (1,388 us). However, the channel
utilization of the reconfigured prototype was higher than that of the MLC mode legacy prototype
because of the difference in the unit of flash operations. To store three pages, the reconfigured pro-
totype performs one flash operation, but the MLC mode performs three flash operations. Figure 31
shows an example of the same. Because the execution time of a one-shot program is shorter than
that of three normal write flash operations, more data can be stored to the reconfigured prototype
for a given time.
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Fig. 32. Channel utilization comparison of the legacy prototypes and the reconfigured prototype.

7.5 Open-Channel SSD Implementation

The Cosmos+ OpenSSD system can be used as the Open-Channel SSD [3] system by reconfigura-
tion. The Open-Channel SSD uses the NVMe standard interface with an extended command set,
including custom commands. Several command handlers have been added to the NVMe manager
to handle the extended command set. Custom commands can contain multiple physical addresses,
in which case the physical address information cannot be included in the payload. To handle these
commands, the added command handler can independently generate the host DMA command so
that the physical address information can be retrieved from the main memory of the host system.
The address translator converts the physical address information into a location vector using a
simple conversion formula. Because the FTL no longer needs to maintain a mapping table, the
amount of memory used by the Cosmos + firmware decreases. Furthermore, for the device driver
of the host system to recognize the reconfigured design as the Open-Channel SSD, the config-
uration space of the PCle controller was modified to match the vendor ID and device ID of the
Open-Channel SSD registered in the peripheral component interconnect special interest group
(PCI-SIG).

Figure 33 shows the throughput of the reconfigured prototype in the same experiment in Sec-
tion 6.4. SLC mode 8-channel, 8-way configuration was used, and the operating system of the host
PC was changed to Linux. Unlike that of the legacy prototype, the write throughput of the recon-
figured prototype was steady regardless of the number of outstanding I/Os because pblk, which
performs the main function of the FTL in the host system, acted as a write buffer. To analyze the
effect of pblk’s buffering on the write bandwidth, the write latency was measured at the application
and the prototype.
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Figures 34 and 35 show the write latency distribution measured by the Iometer and the monitor
module of the prototype. Figure 34 shows that there are many commands having a latency less
than the flash operation latency in Table 5 because of pblk’s buffering. As the number of outstand-
ing I/Os increased, the latency distribution measured by the Iometer moved to the right, because
the write buffer of pbik filled up faster. However, the latency distribution measured by the moni-
tor module was constant, despite the number of outstanding I/Os, as shown in Figure 35. This is
because pblk always evicts a certain amount of data to the prototype when the write buffer is full.

As shown in Figure 33, except for the write throughput when the number of outstanding I/Os
was small, the measured throughputs of the reconfigured prototype were lower than those of the
legacy prototype. To analyze the reason for the degradation, using the monitor module, we mea-
sured the number of outstanding host commands being executed by the reconfigured prototype
and the number of active channels and ways when the number of outstanding I/Os was 64. The
number of outstanding host commands could be varied based on the number of outstanding I/Os
because of the existence of pblk between the application and the prototype. The number of out-
standing I/Os was measured in the application, and the number of outstanding host commands
was measured in the prototype. Herein, the number of active ways denotes the average number
of active ways of each channel.
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Fig. 35. Write latency distribution measured by the monitor module.
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Fig. 37. Number of active channels and ways: (a) when processing the write workload; (b) when processing
the read workload.

Figures 36 and 37 show the measured results. To take full advantage of data access parallelism
for evicting data from the write buffer, pblk maintains the number of write commands required
to activate all flash devices of the NAND flash array. In the ideal case, the number of outstanding
write host commands is maintained at 64. When a specific command is completed, a new com-
mand is entered within a short time in the ideal case. However, as shown in Figure 36(a), the
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Fig. 38. Host command processing example for the Open-Channel SSD prototype.

number of outstanding host commands remained below 64 for a significant amount of time. This
degraded the throughput because the prototype cannot activate all flash devices when the number
of outstanding host commands is insufficient, as shown in Figure 37(a).

Although processing the read workload was not as severe as processing the write workload,
the number of outstanding host commands was not maintained at 64 for the read workload, as
shown in Figure 36(b). There were two reasons that the read throughput was lower than the write
throughput. One was a mismatch between pblk and the storage controller. The flash device at-
tached in the flash memory module has two planes; however, the storage controller does not sup-
port multi-plane operations. Because the address translation algorithm of pblk assumes that the
storage device supports multi-plane operations, pblk sequentially allocates two pages per way. As
shown in Figure 37(b), the number of active ways was four or less because each way was accessed
by two host commands. The number of active ways of the read workload was different from that
of the write workload because each write host command wrote two pages. The second reason was
an implementation issue with regard to checking the physical address information. The process
for checking the information was not suitable to the legacy firmware structure. The host DMA
operation for checking the information regarding a single host command took 1.4 us on average.
Because the FTL cannot generate new operations without this information, the NVMe manager
should wait until the completion of the host DMA operation. The longer execution time of the
NVMe manger delayed the executions of the FTL and the low-level scheduler. Because of the dif-
ference in the flash operation latency, the read throughput was affected more by the second reason
than was the write throughput.

To analyze the reason for the number of outstanding host commands being less than that in
the ideal situation, the monitor module extracted information regarding the processing of the
host commands of the write workload. The order of the accessing of the flash devices of the host
commands had a certain sequence similar to that in Figure 23, and there was no host command to
simultaneously access the same flash device. Figure 38 shows an example of the same. In Step 0,
four host commands are entered to the prototype. The next sequence of accessing the flash devices
is for the device attached to way 0 of channel 0. Because there is outstanding host command (ID 0)
that is accessing the flash device of the next sequence, the next host commands (ID 4-6) do not enter
to the prototype in Steps 1 and 2. Because of the absence of new host commands, the NAND flash
array is not fully activated in Steps 1 and 2. This seems to be related to the characteristics of pblk.
However, the analysis of pblk is beyond the scope of this article. We will conduct a detailed analysis
of pblk as we proceed to optimize the prototype for the Open-Channel SSD in a future work.
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8 CONCLUSION

This article introduced a fast flash storage prototype called Cosmos+ OpenSSD. The prototype
has the following four features. First, the major components of the flash storage system can be
reconfigured. Second, it supports a high-speed host interface to work in a realistic environment.
Third, a multi-channel, multi-way organization can be reconfigured easily. Finally, the internal
operation status of the flash storage system can be analyzed in real time. Based on these features,
Cosmos+ OpenSSD can be used to explore hardware architecture and evaluate firmware efficiency
of a flash storage system. The hardware and firmware components whose design is open to the
public at source code level can be freely reconfigured on an FPGA platform. The prototype can also
be used for the research of other storage architectures and applications, such as Open-Channel SSD
and in-storage processing.
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