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Abstract

NVMe is widely used by diverse types of storage and non-
volatile memories subsystems as a de-facto fast I/O commu-
nication interface. Industries secure their own intellectual
property (IP) for high-speed NVMe controllers and explore
challenges of software stack with future fast NVMe storage
cards. Unfortunately, such NVMe controller IPs are often in-
accessible to academia. The research community, however,
requires an open-source hardware framework to build new
storage stack and controllers for the fast NVMe devices.

In this work, we present OpenExpress, a fully hardware
automated framework that has no software intervention to
process concurrent NVMe requests while supporting scalable
data submission, rich outstanding I/O command queues, and
submission/completion queue management. OpenExpress is
available to download and offers a maximum bandwidth of
around 7GB/s without a silicon fabrication.

1 Introduction

NVM Express (NVMe) is successful in bringing diverse
solid state drive (SSD) and non-volatile memory (NVM)
technologies closer to CPUs. NVMe supports many current
I/O submissions and completions for higher throughput com-
pared to traditional block storage interfaces. The storage-level
firmware and host-side software can synchronize their com-
munication over a flexible queueing method [26]. NVMe also
provides a data transfer mechanism that allows the under-
lying NVMe devices to leverage abundant system memory
resources of the host via physical region page (PRP) lists.
As NVMe devices have been widely used in a broad spec-
trum of computing domains [10, 17,21], storage vendors se-
cure their own intellectual property (IP) cores to build high-
speed NVMe controllers. The NVMe specification stipulates
these NVMe controller IP cores to be implemented in either
firmware or hardware [26]. Considering the design flexibility
of the underlying SSD architecture, many storage vendors and
communities typically implement the controller IP cores as
firmware [20,31,39]. Even though firmware-based controllers
are sufficient to manage flash, their firmware execution can
be a critical performance bottleneck when used in conjunc-
tion with faster NVM media, such as phase change mem-
ory (PRAM) and magnetoresistive memory (MRAM) [8,23].
Since the latency of the emerging fast NVMs is shorter than
that of flash by an order of magnitude, CPU cycles to execute
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Figure 1: Decomposition comparison for execution cycles
with different non-volatile memories.

the firmware cannot be hidden behind or overlapped with I/O
burst times of the underlying NVM backend.

To illustrate this overhead, we perform an emulation study
to decompose the latency of an NVMe SSD into two parts:
1) NVMe firmware execution time (Frontend) and ii) NVM
backend access latency (Backend). In this study, we intermix
read and write requests (1:1) and issue them to our PCle hard-
ware platform; this platform executes the NVMe firmware
on a 1 GHz processor and emulates three different types of
NVM backends, each employing 16 flash chips [14], and 16
PRAM [23] chips, and 16 MRAM chips [8], respectively. As
shown in Figure 1, the access latency of flash-based back-
end contributes 91% of the total NVMe service time, which
makes it possible to hide the front-end firmware latency by
interleaving with flash I/O bursts. In contrast, the firmware
execution cannot be overlapped with the I/O burst times of
PRAMs and MRAMs as its execution time accounts for 86%
and 99% of the total I/O latency. To address this challenge,
industries have begun to employ hardware automated NVMe
controller IP cores [9,24]. For example, recent state-of-the-art
prototypes [9] automate NVMe control logic in an SSD to
achieve 1 million I/O per second (IOPS).

Unfortunately, such NVMe hardware IP cores are prohib-
ited to access and redesign from academia. There exist a few
third-party vendors that do hardware IP business [7, 15, 16].
However, their IP cores require expensive “per-month” uni-
tary prices, ranging from $30K ~ $45K; the price of single-
use source code is around $100K. There are even restric-
tions on modifying the hardware IP and architecture, which
is inadmissible in research communities. Because of such
unapproachability and high costs of NVMe IP cores, many
recent studies that redesign the existing storage stack, such
as bypass kernel designs or NVM file systems implemented
atop a fast NVMe device, are mostly performed by a simula-
tion [11,12,19,34] or an emulation [22, 37,40]. In addition,
most academic studies related to SSDs such as firmware al-
gorithm developments [4, 6,25,29] and cross-layer optimiza-
tions [5,18,38], are all performed by the simulation/emulation.
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a) OpenExpress overview.

b) Functional descriptions for OpenExpress.

Figure 2: Overview and hardware details of the proposed OpenExpress.

While there are benefits for the simulation/emulation-
based studies (e.g., fast prototyping and validation), many
researchers still require real NVMe devices that they can
modify to develop full-system prototypes and perform end-to-
end performance evaluation with no strings attached. In this
work, we propose OpenExpress, a framework that fully auto-
mates NVMe control logic in hardware to make it possible to
build customizable NVMe devices. To the best of our knowl-
edge, OpenExpress is only the open research framework that
realizes NVMe hardware accelerator IPs !, which does not re-
quire any software intervention to process concurrent read and
write NVMe requests. Considering diverse demands of the
academic research, OpenExpress leverages multiple DRAM
channels and modules as storage backend and supports scal-
able data submission, rich outstanding NVMe commands and
submission/completion queue management.

We prototype OpenExpress with a commercially available
Xilinx FPGA board [3] and optimize all its logic components
to operate at a high frequency. Even though it is a well-known
fact that FPGAs are slower than CPUs, we demonstrate that
OpenExpress can expose the true performance of backend
memory modules to users over PCle. At its peak, OpenEx-
press provides an access bandwidth of 7GB/s. Our evaluation
also shows that OpenExpress can, on average, exhibit 76.3%
better performance than an Optane SSD [13], which is one of
the fast NVMe devices in the market.

2 Module Design of OpenExpress

Overview. Figure 2a illustrates a high-level view of Open-
Express, which is composed of three groups of hardware
modules: 1) queue dispatching, ii) data transferring, and iii)
completion handling. At the beginning of OpenExpress’s dat-
apath, queue dispatching hardware modules fetch and decode
all incoming I/O requests by monitoring multiple NVMe sub-
mission queues (SQs). Data transferring hardware modules
then check the host system memory over physical region page
(PRP) lists, and perform DMA for both host and backend

I'The intellectual property (IP) cores and/or register transfer level (RTL)
code our OpenExpress is available to download for non-commercial and
academic uses from http://openexpress.camelab.org.

memories. Once the data is successfully served by the back-
end, OpenExpress’s completion handling modules manage
interrupts and NVMe completion queues (CQs) over a set of
registers (doorbells) mapped to a system-on-chip (SoC) inter-
nal memory bus. The details of the three different hardware
module groups are explained in Figure 2b.

Queue dispatching modules. [D) ~ )] of Figure 2b de-
scribe the queue dispatching functions that OpenExpress im-
plements over hardware, including a set of procedures for
automatic NVMe doorbell monitoring, command fetches,
and command decodes. Specifically, when the host issues
an NVMe command by pushing an SQ entry into the per-core
queue [(D], it should also write (i.e., ring) the corresponding
entry of the doorbell (DB). Thus, OpenExpress creates a DB
entry per queue by grouping two sets of DBs, each keeping
track of a tail pointer per SQ and a head pointer per CQ.
We map these sets of DBs, called DB region, to the internal
SoC memory bus address space, and in parallel, we expose
it to a PCle’s base address register (BAR) [(@)]. Since our
fetch and decode modules can detect any DB updates (made
by the host) through the memory-mapped DB region, Open-
Express is able to synchronize the host NVMe queue states
with its internal NVMe queue states. Note that ringing a DB
at the host side is the same as writing a PCle packet (i.e.,
PClIe inbound) in NVMe. Therefore, OpenExpress can sim-
ply catch each ringing event by monitoring the memory bus
address space mapped to the DB region for changes. When-
ever OpenExpress observes an update of a DB that exists in
the SQ-tail DB region and CQ-head DB region, it generates
an event signal [3)]. This event signal includes information
relevant to the target SQ, and is passed to the underlying
SQ entry fetch manager. Since multiple event signals can
arise simultaneously, our fetch manager arbitrates between
different NVMe queues in a round robin manner as speci-
fied by NVMe 1.4 [26]. The fetch manager then checks the
delivered information and copies the 16-double-word (DW)
NVMe command, associated with the target SQ entry, from
the host-side system memory. After fetching the command,
OpenExpress can see all relevant request information, such
as the operation code (opcode), logical block address (LBA),
block size, and PRPs [@]. Our fetch manager finally parses
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Figure 3: Implementation View of OpenExpress.

the request information and forwards it to the underlying PRP
engine. To enhance responsiveness of the storage frontend
(i.e., queue dispatching), the fetch manager pipelines its pro-
cessing of other remaining requests with other operations of
data transferring and completion handling modules [$)].

Data transferring modules. To handle page-aligned data,
our PRP engine accesses the location of the host-side system
memory via a PRP, which in turn generates an out-bound
PClIe packet. The PRP engine then initiates data transfer by
setting the source address (i.e., host-side system memory)
and the destination address (i.e., OpenExpress’s memory) of
our backend DMA engine [©)]. The PRP engine copies the
data from the host DRAM to our DMA engine for each 512B
chunk to make device memory compatible with sector-based
block I/O services. On the other hand, the DMA engine em-
ploys multiple DMA IP cores (as many as FPGA’s backend
memory channels) to fully parallelize data transfers. Specifi-
cally, the DMA engine splits the data of a single request into
multiple small-sized data chunks and spreads them across the
multiple DMA engine IP cores of the target backend. Doing
so will help shorten the I/O latency of underlying NVM emu-
lation memories. Note that the payload size of a PCle packet
is 4KB. Thus, if the request offset is not aligned to a 4KB
boundary, the target data can exist in two different system
memory pages of the host-side DRAM. To manage this case,
as shown in Figure 3a, the PRP engine fetches the target data
from two different host locations, referred by PRP1 and PRP2,
respectively. Specifically, if the request size is greater than a
page, the PRP engine brings a page and the PRP list, indicated
by PRP1 and PRP2, respectively, from the host DRAM and
parses each entry of the list. The PRP engine then traverses
all entries of the PRP list and transfers the data of each en-
try from the host system memory pages to the underlying
memories. Once the data transfers are completed by the DMA
engine, the PRP engine signals the completion handler, which
in turn creates a completion request (CQ entry), and manages
an message-signaled interrupt (MSI) packet corresponding
to the submission request.

Completion handling modules. The functions of comple-
tion handling that we implement include I/O completion (CQ
management) and interrupt processing. Based on the NVMe

specification states, an NVMe queue is logically composed by
a pair of an SQ and a CQ. Thus, to make the NVMe queues
easy to manage, one may locate the SQ-tail DB region with
the CQ-head DB region, side-by-side. However, as in-flow
velocities of NVMe submissions and NVMe completions are
asymmetric, a physical integration of the SQ-tail DB region
and CQ-head DB region close together is not ideal from both
performance and implementation angles. Thus, OpenExpress
completely separates the SQ-tail DB region and CQ-head
DB region. To pair OpenExpress’s CQ and SQ status in an
appropriate manner, we introduce a completion handler that
automatically detects which CQ is engaged with the I/O re-
quest finished to process by the data transferring modules.
Specifically, the detection is performed by checking the cor-
responding request information, which is forwarded from the
SQ entry fetch manager of the queue dispatching modules.
Once the completion handler finds out the appropriate CQ,
the handler posts the target CQ entry by directly writing it
to the corresponding host-side system memory (BAR) [(D)].
The completion handler then interrupts the host by pushing
(writing) a PCle packet to an MSI region that the host driver
manages to inform the host of the I/O service completion [(®)].
The host driver later invokes its own interrupt service routine,
which will notify the completion to the user who requested
such I/O service. The host finally terminates the I/O service
and synchronizes its CQ state with OpenExpress by updating
the CQ-head DB region [(9)]. Note that queue synchronization
means that the completion handler releases the target SQ and
CQ entry pair from the corresponding NVMe queue. In this
way, the internal CQ and SQ states of our OpenExpress can
be consistent with the host-side SQ and CQ states of NVMe
driver(s).

3 Hardware Prototyping

We implement OpenExpress on an Xilinx FPGA board [3]
that employs an UltraScale [36] chip and PCle Gen3 inter-
face, which are shown in Figure 3b. We use four 288-pin
DDR4 dual in-line memory modules (DIMMs) for storage-
backend emulation. In our implementation, the FPGA logic
modules are classified into two: frontend and backend automa-
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Figure 4: Bandwidth and latency performance for multi-block I/Os.

tions. The frontend automation contains most logic modules
for queue dispatching and completion handling. It also ex-
poses PCIe BAR registers and maps them into the internal
advanced extensible interface (AXI) memory crossbar [1,35].
The queue dispatching IP cores fetch and decode NVMe com-
mands issued by the host while completion handling logic
manages all aspects of I/O request completion, including inter-
rupt handling. The completion handling logic also maintains
all the contexts to automatically pair different SQs and CQs
by collaborating with queue dispatching cores. On the other
hand, the backend automation consists of data transferring IP
cores, DDR4 memory controllers, and a DMA engine. The
data transferring IP cores traverse all PRP entries and migrate
the corresponding data between the host’s system memory
and FPGA memory modules through the DDR4 memory con-
trollers and DMA engine.

Frequency tuning. To satisfy diverse demands of NVMe-
related academic research, employing reconfigurable hard-
ware such as FPGA is essential. However, its slow clock
speed is one of challenges for our prototyping to overcome.
We therefore minimize the number of connections among
all logic modules to make OpenExpress operate with the
highest frequency of our FPGA platform. Specifically, in our
implementation, the logic modules are directly engaged one-
to-one, and their input and output ports are connected in a
undirectional manner. The target logic can directly retrieve
any necessary information that is not forwarded from a source
module by accessing the memory address space of the AXI
crossbar. Note that all these hardware IP cores process differ-
ent parts of I/O request(s) in a pipelined manner to improve
I/O bandwidth.

Our frequency tuning process involves gradual trial-and-
error attempts to reduce the amount of route delay in a crit-
ical path. Since the delay is not straightly related to logic
design, it cannot be reduced by revamping only the design
itself. Instead, we perform multiple iterations of the FPGA
implementation process (i.e., physical design layout decision),
including a translate, map, and place-and-route (PAR) for dif-
ferent high-clock frequencies, ranging from SOMHz to 250
MHz. Typically, applying a higher clock frequency introduces
different timing constraint violations. Unfortunately, fixing
the timing violation of one core has an impact on other cores’
timing characteristics. Thus, we separate the memory con-
troller IPs from OpenExpress logic modules to the extent
permitted by each each module’s timing constraint, and then,
we group the logic together by considering a boundary of su-

per logic region (SLR) that contains multiple fabric modules
and IP cores. The result of our design is a physical layout
that is able to successfully operate at the highest frequency of
the target FPGA platform as shown in Figure 3c. While all
the logic modules of OpenExpress are located around PCle
and AXI crossbar, the modules associated with data transfer-
ring and DMA engine, including the memory controller IP
cores, occupy only two SLRs. Lastly, the memory backend
is emulated as NVMe’s low-level storage complex over four
channel FPGA memory IP cores. Note that, while the current
prototype uses DRAM memory channels and components for
the storage backend, OpenExpress IP cores can be integrated
with other persistent memories.

4 Evaluation

The host system that we tested employs 8-core, 3.3GHz In-
tel Skylake-X processor (19-9820X) with 32GB DDR4. Our
OpenExpress prototype is attached to the host over PCle
Gen3 [30]. In this evaluation, we mainly focus on demon-
strating that OpenExpress can be adopted in a real system
as an open-source hardware research platform.We character-
ize the performance behaviors of OpenExpress (Section 4.1)
and then show the performance enhancement by tuning the
FPGA clock frequency (Section 4.2). We also compare the
performance of OpenExpress with that of an Optane SSD [13]
under diverse real workloads [32]. Note that we do not claim
that OpenExpress can be faster than other fast NVMe devices.
Instead, the evaluation results show that, despite the slow
clock-frequency, an FPGA-based design and implementation
for NVMe IP cores can offer good performance to make it a
viable candidate for use in storage systems research. We use
FIO [2] and execute diverse types of real workloads [32] for
the user-level. We observe that the computation of a single
I/O thread is insufficient to extract the maximum performance
of OpenExpress. Thus, we execute FIO with a ten I/O threads,
each having its own NVMe queue and I/O workload execu-
tion.

4.1 OpenExpress Characterization

Bandwidth. Figures 4a and 4b show the bandwidth trends of
sequential and random I/O requests whose size varies ranging
from 4 KB to 32KB, respectively. We observe that all device
tests exhibit the best performance at the queue depth 8, and
thus, we present only the results at such queue depth. There
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Figure 5: Performance improvement analysis and in-depth performance comparison analysis with real workloads

is no much bandwidth difference between reads and writes at
the page-size (4KB) I/O service; 3.0 GB/s and 2.8 GB/s for se-
quential reads and writes, respectively. As the I/O request size
increases, the read and write performance improve. Note that
OpenExpress reaches the maximum bandwidth with 16KB-
sized I/0 services; the write and read maximum bandwidth for
both random and sequential are 4.6~4.7GB/s and 7.0 GB/s,
respectively. Interestingly, as the request size increases, the
read bandwidth gets better than the write bandwidth. This
is because of PCle packet management issues, impacted by
what we tuned for a high FPGA clock frequency, which will
be analyzed in details in Section 4.2. Generally speaking,
the data and command movement of reads are not congested
as much as that of writes; all doorbell register updates, and
command/write data payloads come together through PCle
inbound links.

Latency. Figures 4c and 4d present the latency of sequen-
tial and random I/O requests, respectively. Like the bandwidth
behaviors of OpenExpress, the trend of latency curve with
varying request sizes for sequential and random is similar to
each other; for both reads and writes, their latency increases
as the request size grows; the average latency of page-sized
reads and writes is 72.7 us and 77.5 us, respectively. This is
because OpenExpress exhibits the same execution latency for
data transferring at a same queue depth condition. In addition,
the latency of backend memory accesses with a bulk of pages
does not depend on their access patterns. Even though write
latency characteristics are similar to those of reads for 4~8
KB sized requests, as increasing the I/O sizes, the latency
disparity becomes more distinguishable. Specifically, the read
and write latency of 32KB-sized requests is 358 us and 551.5
us, on average, respectively; for both sequential and random
patterns, the writes are 54% slower than reads, on average.

Note that the latency of page-sized requests is observed
with high queue depths to achieve the best bandwidth. While
bandwidth is the matter on block storage, OpenExpress can
reduce the latency by 62% with single queue depth operations
(by sacrificing the bandwidth). Specifically, the latency of
4KB-sized requests (72.7us ~ 77.5us) are evaluated with 8
queue depths to achieve the max bandwidth that OpenExpress
can offer. Optane SSD’s latency for 4KB-sized requests is

120 ~ 150us with those queue depths. The user-level latency
of 4KB-sized requests for OpenExpress is 27us ~ 30us with a
single queue-depth, which is similar to the latency that Optane
SSD provides.

4.2 Frequency Tuning and Real Workload

FPGA clock frequency optimization. Figure 5a and 5b
show the percentage of bandwidth improvement (as repre-
sentative) by tuning the FPGA clock frequency, ranging from
150 MHz to 250 MHz. We normalize all the results to the
bandwidth that we can achieve by executing OpenExpress at
150 MHz. As shown in Figure 5b, the write bandwidth im-
provement is 8.6%, on average. Our frequency tuning exhibits
higher bandwidth improvements in cases of larger size re-
quests. This is related to the amount of data (per request) that
OpenExpress should move between the host and underlying
memory backend. The small requests (4 KB~16 KB) have a
few system addresses that OpenExpress needs to be involved
in parsing the PPR entries and perform DMA, which implies
that there are more operations related to NVMe protocol man-
agement of SQ, CQ, doorbell, etc. To handle the large requests
(32 KB), data transferring modules successfully remove the
software intervention related to all PRP traversing, address
parsing and DMA control. They are also well operated with
other hardware automation modules in a pipeline manner,
which can improve the overall performance by 17.1%. We
observe that the performance improvement of reads are more
significant (Figure 5a). The read bandwidth improvement for
4 KB, 8 KB, 16 KB and 32 KB-sized requests is 5%, 6.1%,
16.4% and 59.4%, on average, respectively. All NVMe-related
traffic for the reads are not congested as much as that of the
writes thanks to the dual-simplex design of PCle. Specifically,
as the operations of queue dispatching modules are mostly
engaged with PCle inbound links, data transferring modules
can write up data to the host system memory in serving the
read requests via PCle outbound links, in parallel. Because
of this, our hardware automation becomes more promising to
serve the large block-sized read requests than the writes.
Real workload. We compare the bandwidth and latency of
OpenExpress with those of Optane SSD by executing diverse
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workloads, and the results are shown in Figures 5c and 5d,
respectively. For better understanding, we decompose the
bandwidth and latency for each workload, which are shown in
Figures 5e and 5f, respectively. The bandwidth and latency of
OpenExpress are better than that of Optane SSD by 76.3% and
68.6%, on average, respectively. Since our frequency turning
gives better performance on reads, the performance on read-
intensive workloads (DevDiv and Server) is better than write-
intensive workloads (24HR, FIU and TPCE). In particular,
OpenExpress achieves more than 4 GB/s on DevDiv workload
execution, which is 111.5% higher than the performance that
Optane SSD provides (2.1 GB/s).

To see each of device bandwidth behaviors, Figure 5g
shows the time series analysis of read-only and write-only
bandwidth for DevDiv and 24HR workloads in a certain
amount of I/O processing periods. As reads are dominant on
DevDiv, the read-only bandwidth of OpenExpress is 27.1%
better than Optane SSD. In contrast, the write-only bandwidth
of OpenExpress for 24HR shows a similar or a little bit worse
characteristic, compared to Optane SSD. We conjecture that
Optane SSD buffers write requests into its internal DRAM,
and thus, FPGA-based automation makes the performance
difference between OpenExpress and Optane SSD (all logic
is built on an ASIC). For both read and write bandwidth, the
trends of dynamic performance curve for OpenExpress and
Optane SSD are similar to each other.

5 Discussion, Related Work and Future Work

Related work. There are only a handful of frameworks that
enable NVM-related storage systems research. OpenSSD
[27, 28] provides flash software, which can be modified
by users based on their research demands. We believe that
OpenSSD offers yet an excellent opportunity to examine the
diversity in flash management, but it only supports low speed
SATA and non-standard interfaces. Unfortunately, their low
performance (<350MB/s [33]) is not suitable for conducting
research related with high-speed NVM technologies. In ad-
dition, OpenSSD does not allow users to modify hardware
design and architecture. Note that OpenSSD is also not a
cost-free open-source platform; Jasmine and Cosmos require
around $2K and $3.5K per-device license fees, respectively.

Dragon fire card (DFC) implements a customized FPGA
design, but it is only used for back-end flash controllers. All
other functionalities are managed by software and a heavy
operating system, which executes on multiple CPU cores.
DFC is not in a public domain yet and unfortunately available
for only a small, closed research community. Note that, in
addition to the lack of open licensing and limitations with
respect to support for fast, NVM devices, all the above frame-
works require software to manage the host communication
and NVMe protocol in contrast to OpenExpress.

Limits. Our hardware automated logic can remove soft-
ware involvement for NVMe management, thus, providing

performance inline with the expected user case — a fast PCle
storage card for NVM research. However, the automated hard-
ware modules may require more technical efforts than what
software-based NVMe utilities need to pay for a change, in
cases where one needs to either apply the hardware logic to
different types of FPGA technologies, or employ additional
hardware/software logic. While OpenExpress implements
most critical modules on both read and write paths, it requires
users to modify the hardware logic to add new NVMe fea-
tures and other commands for good measure. Even with these
limits, we believe that OpenExpress is worthwhile to explore,
as third-part NVMe IP cores are hard nut to crack to access
for research purposes because of their expensive per-month
unitary prices and restrictions to modify.

Future work and use cases. As an on-going research, we
are updating the existing Linux storage stack and memory
subsystem modules to exploit the true performance, exposed
by different types of emerging NVMs. We are also fully updat-
ing OpenExpress to have a real NVM storage backend rather
than DRAM emulation for a device-level study. This project
requires a set of extra RTL designs and modifications to re-
move all firmware executions from the internal I/O path of
an existing SSD. It also needs new types of NVM controllers
the corresponding and physical layers to correctly handle the
NVM backend complex with a low power. Lastly, we leverage
a part of OpenExpress to i) build disaggregated pooled mem-
ory over a cache coherent interconnect for accelerators and
ii) process data near storage class memory, which requires
different computational IP cores for such new interface and
in-storage processing acceleration.
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7 Conclusion

We propose an open-source hardware research platform,
called OpenExpress. OpenExpress is an NVMe host accelera-
tor IP for the integration with an easy-to-access FPGA design.
We prototype OpenExpress on a commercially available Xil-
inx FPGA board and optimize all the logic modules to operate
a high frequency. Using a thorough evaluation, we demon-
strate that OpenExpress, with a maximum bandwidth of 7
GB/s, is an open research platform that can further storage
system research related to fast NVM devices.
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