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Abstract
The fast access to data and high parallel processing
in high-performance computing instigates an urgent de-
mand on the I/O improvement of the NVMe storage
within datacenters. However, unsatisfactory perfor-
mance of the former NVMe virtualization demonstrates
that NVMe storage devices are often underutilized within
cloud computing platforms. NVMe virtualization with
high performance and device sharing has captured the
attention of researchers. This paper introduces MDev-
NVMe, a new virtualization implementation for NVMe
storage device with: (1) full NVMe storage virtualization
running native NVMe driver in guest, and (2) a mediated
pass-through mechanism with an active polling mode
which can achieve both high throughput, low latency per-
formance and a good device scalability. This paper sub-
sequently evaluates MDev-NVMe on Intel OPTANE and
P3600 NVMe SSD by comparison with the mainstream
virtualization mechanisms using application-level I/O
benchmarks. With polling, MDev-NVMe can demon-
strate a 142% improvement over native (interrupt-driven)
throughput and over 2.5 × the Virtio throughput with
only 70% native average latency and 31% Virtio average
latency with a reliable scalability. Finally, the advantages
of MDev-NVMe and the importance of polling are dis-
cussed, offering evidence that MDev-NVMe is a superior
virtualization choice with high performance and promis-
ing levels of maintenance.

1 Introduction
NVM Express (NVMe) [21] is an inherently parallel,
high-performing interface and command set designed for
non-volatile memory based storage. NVMe devices have
been designed from a logical device interface where stor-
age media is attached via a PCIe bus [26]. NVMe SSDs
can deliver I/O operations with a very high throughput
performance on the low latency, making them the supe-
rior storage choices for data-intensive datacenters to ob-
tain high performance computing in cloud services [2, 5].

Currently, NVMe SSDs are also used to accelerate I/O
missions between system storage and other PCIe devices,
such as GPUs on graphics cards [7]. However, because
of imbalanced requirements of applications in high per-
formance platforms, NVMe devices are often underuti-
lized in terms of I/O performance [19, 22, 17]. NVMe
devices in datacenters require solutions to achieve high
performance and sharing capabilities [31].

I/O virtualization [13, 24] is a key component of cloud
computing, which not only optimizes utilization of phys-
ical resources, but also simplifies storage management,
providing a simple and consistent interface to complex
functions. Typical cases of NVMe virtualization in-
clude VM boot disk and server side caching of VM data.
With respect to NVMe devices, limited PCIe slots make
NVMe virtualization essential in datacenters with high
density so that the benefits of NVMe devices can be
shared among the VMs.

Recently, NVMe virtualization [33, 28, 3] has become
widely studied by computer scientists and researchers.
Keeriyadath [16] summarizes three of the NVMe virtual-
ization approaches; implementing SCSI to NVMe trans-
lation layer on the hypervisor (blind mode), pure virtual
NVMe stack by distributing I/O queues amongst hosted
VMs (Virtual Mode), and SR-IOV [11] based NVMe
controllers per virtual functions (physical mode). Mod-
ern virtualization solutions for NVMe Storage such as
Virtio [23], Userspace NVMe driver in QEMU [34] and
Storage Performance Development Kit (SPDK) [15] are
implemented in the userspace of the Linux system. How-
ever, these mechanisms have their respective shortcom-
ings: the performance of VMs with Virtio and Userspace
NVMe driver in QEMU are considered poor compared
with native drivers. At the same time SPDK must col-
laborate with “Hugepage” memory which adds further
pressure to the memory resources of the host server.

Observing that mediated pass-through [30] has been
gradually recognized as an effective solution for I/O vir-
tualization [12, 27], concurrently the Linux kernel has
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introduced a mediated device framework which supports
such usage since 4.10 [25]. Therefore, it is proposed
that implementing an effective NVMe virtualization us-
ing mediated pass-through is an appropriate methodol-
ogy. The detail of MDev-NVMe design is that a full
virtualization is proposed which enables VMs running
with a native driver, and a MDev-NVMe module with
device emulation, admin queue emulation, and also with
I/O queue shadow. To improve the VM performance, an
active polling mode for queue handling is proposed. As a
result, this design is then built for the experiments on Fio
[4] benchmarks by undertaking comparison experiments
between mainstream NVMe virtualization solutions. The
proposed design can achieve up to 142% improvement of
througerhput with 70% average latency over native per-
formance, and also performs well regarding scalability
and flexibility. Also, the experiments are performed on
different I/O blocksizes and provide suggestions on se-
lecting appropriate blocksizes for NVMe virtualization.
At last, the discussion of optimization on active polling is
undertaken in the final section, which also provides sug-
gestions on the future design of virtualization and high-
performance storage.

In summary, this paper makes the following contribu-
tions:

(1) We introduce a full NVMe virtualization solution
MDev-NVMe with mediated pass-through that runs the
native NVMe driver in each guest.

(2) We demonstrate details of emulation of Admin
queues and shadow of I/O queues in the mediated pass-
through which can pass-through performance-critical re-
sources accesses in NVMe storage.

(3) We design an active polling for shadow SQ and
CQs and host CQs in NVMe to achieve better perfor-
mance over native devices.

(4) We do further comparison evaluations of over-
all performance on throughput, average latency, QoS
between MDev-NVMe and other virtualization mecha-
nisms. We analyse the influence of blocksizes on perfor-
mance and give suggestions for NVMe virtualization to
choose blocksizes in different I/O scenarios.

(5) We discuss both MDev-NVMe’s performance and
maintenance advantages over former virtualization And
we discuss the active polling optimization in virtualiza-
tion and give suggestions on polling support in the design
of virtualization and storage hardware.

The rest of this paper is organized as follows. A back-
ground of NVMe storage protocol and the motivation
on NVMe virtualization are provided §2. The design
is demonstrated and implementation details of MDev-
NVMe are detailed in §3. The results of the compari-
son evaluations between MDev-NVMe and other mech-
anisms are located within §4. There is a discussion on
polling in §5. §6 details related developments, and finally

the conclusion is located in §7.

2 Background and Motivation
2.1 NVMe Storage Protocol

For a long time, SATA (Serial ATA) has been used
as the interface for traditional storage devices such as
Hard Disk Drives (HDD) and a number of Solid State
Drives(SSD). Despite the fact that SATA is enough for
a rotational storage, the SATA interface cannot meet the
requirement of modern storage devices. This is because
of the requirement to provide a much higher I/O through-
put due to the limitation of Advance Host Controller In-
terface (AHCI) architecture design in SATA interface.
To resolve the I/O performance bottleneck, the NVMe
protocol was designed and developed with a PCIe in-
terface instead of SATA [21]. Generally, to accelerate
the I/O speed of SSD, NVMe protocol optimized com-
mand issues between the host system and the storage de-
vices, compared with the traditional ATA AHCI protocol.
Concurrently, it includes support for parallel operations
by supporting up to 64K commands within a single I/O
queue to the device [21].

Here are some basic definitions in NVMe protocols.
NVMe defines two main types of commands: Admin
Commands and I/O Commands. In I/O operations,
commands are placed by the host software into the Sub-
mission Queue (SQ), and completion information re-
ceived from SSD hardware is then placed into an associ-
ated Completion Queue (CQ) by the controller. NVMe
separately designs SQ and CQ pairs for any Admin and
I/O commands respectively. The host system maintains
only one Admin SQ and its associated Admin CQ for the
purpose of storage management and command control,
while the host can maintain a maximum of 64K I/O SQs
or CQs. The depth of the Admin SQ or CQ is 4K, where
the Admin Queue can store at most 4096 entries, while
the depth of I/O Queues is 64K. SQ and CQ should work
in pairs, and normally one SQ utilizes on one CQ or mul-
tiple SQs utilize the same CQ to meet the requirements
of high performances in multithread I/O processing. A
SQ or CQ is a ring buffer and it is a memory area which
is shared with the device that can be accessed by Direct
Memory Access (DMA). Moreover, a doorbell is a reg-
ister of the NVMe device controller to record the head or
tail pointer of the ring buffer (SQ or CQ).

A specific command in a NVMe IO request contains
concrete read/write messages and an address pointing to
the DMA buffer if the IO request is a DMA operation.
Once the request is stored in a SQ, the host writes the
doorbell and kicks (transfers) the request into the NVMe
device so that the device can fetch I/O operations. Af-
ter an IO request has been completed, the device will
subsequently write the success or failure status of the

666    2018 USENIX Annual Technical Conference USENIX Association



request into a CQ and the device then generates an in-
terrupt request into the host. After the host receives the
interrupt and processes the completion entries, it writes
to the doorbell to release the completion entries.

2.2 Motivation
High-performance cloud computing applications have
raised great demands on the I/O performance of modern
datacenters. The I/O virtualization is widely deployed
in datacenter servers to support the heavy data trans-
mission and storage tasks within cloud computing work-
loads. The virtualization for the new high-performance
storage devices NVMe is a concentration point of I/O
virtualization in cloud computing. This is because the
NVMe devices can demonstrate great performance ad-
vantages over the traditional devices on the native host
servers. There have been a number of previous success-
ful NVMe virtualization solutions including VM boot
disk and server side caching of VM data, both of which
prove that NVMe is well suited for exploitation in vari-
ous virtualization. To ensure all the VMs in cloud com-
puting servers share the benefits of NVMe devices from
the basic I/O virtualization has become essential in vir-
tualization research for NVMe. The NVMe devices in
VMs provides some basic requirements for the virtual-
ization mechanisms:

High Throughput: The throughput performance of
NVMe storage is the most important performance feature
due to the requirements for both quick data access and
parallel processing of cloud computing services. The vir-
tualization mechanism needs to ensure the high perfor-
mance of the NVMe devices in VMs, so the throughput-
intensive services can work increasingly efficiently.

Low Latency: From previous research, the unloaded
read latency of NVMe SSD storage is 20-100µs [9].
Storage virtualization mechanisms usually cause latency
overhead in VMs because the high frequency of I/O op-
erations will bring large numbers of context switches.
To satisfy latency-sensitive applications in cloud com-
puting services, NVMe virtualization should suffer a low
latency overhead.

Device Sharing: Modern high-performance datecen-
ter servers often support large numbers of VMs for sepa-
rate cloud computing services. The limited NVMe stor-
age devices should be shared by different VMs which
can show great scalability. With device sharing, differ-
ent VMs can work with high-performing NVMe without
interference between each other, and the statuses of dif-
ferent VMs need to be managed by the hypervisor. Also,
supporting VM live migration [32] is also an impor-
tant requirement on the virtualization mechanism, which
greatly relies on device sharing features. Also, the tail
latency in VMs shows the QoS of device sharing among
different VMs.
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Figure 1: NVMe virtualization comparisons.

The comparisons between Virtio and VFIO and our de-
sign are displayed in Fig. 1. The previous NVMe stor-
age virtualization Virtio and Virtual Function I/O (VFIO)
[29] both have their shortcomings: Virtio uses the orig-
inal virtio-blk [20] driver and it has no specific opti-
mization for NVMe. Consequently, Virtio suffers readily
apparent overhead from software layers which originate
from guest OS to the NVMe devices, including the Vir-
tual File System (VFS), block layer and I/O scheduler.
Whereas in Virtio, the throughput and latency in VMs
can only meet 50% of the native performance.

On the other hand, VFIO method can use direct pass-
through [1, 10] to assign the entire NVMe device to a
single VM, therefore VFIO can not meet the require-
ments of device sharing despite its near-native perfor-
mance on both latency and throughput. Also, with di-
rect pass-through, the information of virtual NVMe can
not be managed by the hypervisor so it cannot support
migration.

As shown in Fig. 1(c), the mediated pass-through vir-
tualization is a full virtualization mechanism which com-
bines both the advantages of the two former mechanisms,
and it requires no modification to guest OS kernel and
these guests can use the raw NVMe drivers. A “VFIO-
MDev” interface is implemented for each individual VM
to cooperate with QEMU [6] to support device sharing
between multi VMs, which “VFIO-MDev” can emulate
all the PCIe device features for each guest NVMe de-
vices. In order to guarantee a near-native I/O perfor-
mance in mediated pass-through, the direct concept of
the proposed MDev-NVMe is to optimize VFIO by mod-
ifying the raw NVMe driver into the MDev-NVMe driver
in Linux kernel, so that it can pass-through basic units of
I/O operations as many as possible. As a result, all the
statuses of physical and virtual queues can be managed
by the MDev-NVMe module, and any file system on the
host kernel is unnecessary, which helps reduce the soft-
ware stack overhead. In general, a mediate pass-through
is a superior choice which can meet all the essential goals
of NVMe virtualization.

USENIX Association 2018 USENIX Annual Technical Conference    667



3 Design and Implementation
Cloud applications demand on high performance NVMe
storage devices in modern datacenters. To meet both
low latency and high throughput performance goals and
support a sharing policy on NVMe devices, we design a
mediated pass through virtualization mechanism: MDev-
NVMe.

3.1 Architecture
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Figure 2: Architecture of MDev-NVMe.
The mediated pass-through virtualization is a full vir-

tualization mechanism which combines both advantages
of the two former mechanisms Virtio and VFIO. At the
same time, it requires no modification to the guest OS
kernel so the guest kernel can use the raw NVMe drivers.
From the aspect of the architecture, Virtio provides a
full device emulation with the virtio-blk front end driver
which suffers an apparent performance overhead from
software layers. And VFIO passes through the entire
device to one VM with no sharing features. Therefore,
the mediated pass-through selectively emulates or pass-
throughs basic I/O units of the NVMe I/O operations.
To accelerate the I/O operations and reduce the unnec-
essary frequent “vm-exit”, we pass through I/O SQs and
CQs with a queue shadow instead of I/O queue emula-
tion. The access of DMA buffers in NVMe devices can
be dealt similar to other PCIe devices.

The brief introduction of the architecture is shown in
Fig. 2. From the architecture, we offer a full virtual-
ization method, so all guests require no modification to
raw NVMe drivers and can utilize all the basic NVMe
commands. The MDev-NVMe is a kernel module within
the Linux host system which offers three important func-
tions: the basic PCI device emulation, Admin queue em-
ulation and I/O queue shadow with DMA & LBA trans-
lation. Also, in MDev-NVMe, the DMA buffer in NVMe
devices can be accessed by VMs as normal PCIe devices,
which is similar to direct pass-through. All the guests co-
operate with these three important functions.

Device Emulation: MDev-NVMe allows that all the
guests need no modification to the native NVMe driver
in kernels, so each guest can access a virtual NVMe de-
vice with the PCIe bus. So the MDev-NVMe module
should emulate all the features of the NVMe devices

for each VMs. The details of PCIe device emulation
based on“VFIO-MDev” which is similar with the origi-
nal “VFIO-pci”: we emulated PCI registers such as BAR
and other PCI configurations, and emulated NVMe reg-
isters and logic of guest device. The emulated interrupts
contain INTx, MSI, and MSI-X.

Admin Queue Emulation: In NVMe protocol, there
is only one pair of Admin SQ and CQ, while there can
be up to 65535 pairs of I/O SQs and CQs. When differ-
ent VMs generates I/O SQ and CQ at the same time, the
only pair of Admin SQ and CQ in the host kernel should
be able to handle the sharing and scheduling between the
VMs. So we need device emulation for the Admin Queue
so that all the guests can manage their NVMe I/O opera-
tions in the emulated pair of Admin Queue, and MDev-
NVMe will finally parse the virtual Admin commands
into physical Admin commands.

I/O Queue Shadow: Since there can be up to 64K
I/O queues in a NVMe device instead of only one pair,
I/O queues do not require device emulations. In our ar-
chitecture, all the guest I/O commands in virtual queues
can be passed through into the shadowed physical queues
with the DMA & LBA translation. The guest I/O com-
mands are directly executed by the device as the same as
host commands after command translations, which can
apparently reduce the overhead through emulation.

DMA Buffer Access: Similar to other PCIe devices,
the host DMA engine can directly manage the memory
addresses of the DMA buffer in guest NVMe storage de-
vices, just like the VFIO pass-through. The DMA fea-
ture is necessary at any time that the CPU cannot main-
tain the rate of data transfer required, or when the CPU
needs to perform work while waiting for a relatively slow
I/O data transfer. The frequent I/O operations on NVMe
storage devices cause a high rate of data transfer, and
MDev-NVMe can overcome the CPU overhead of fre-
quent “vm-exit” when accessing device memory.

3.2 Queue Handling
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Figure 3: A brief introduction to queue handling.

We separately design queue handling mechanism for
Admin Queues and I/O Queues, as shown in Fig. 3.

When more than one virtual machine runs on the host,
they all maintain one pair of virtual Admin SQ and CQ
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in their guest OS as native. Therefore, the only physi-
cal pair of Admin SQ and CQ must be shared among the
virtual machines. Concretely, MDev-NVMe usually ex-
amines the virtual Admin Queue to check the commands.
If the guest Admin commands wants to create guest I/O
queues, the MDev-NVMe module can directly create
corresponding physical I/O queues in the host kernel. If
guest Admin commands only want to check and manage
the information of the I/O status and device information
without attaining the concrete features and parameters of
the NVMe devices. The MDev-NVMe module can di-
rectly write or update information from the NVMe door-
bell register with Memory-Mapped I/O (MMIO) opera-
tion. The majority of the Admin queue operations are
accomplished in the initialization process of virtual ma-
chines, so the Admin queue emulation will not become
the bottleneck location of the NVMe I/O performance.

Compared with Admin queues, we use a more con-
venient pass-through mechanism for guest I/O SQs and
CQs, where we make a queue shadow from the guest
queues to the host queues. NVMe devices have more
than one pair I/O SQs and CQs, so I/O queue shadow is
feasible in MDev-NVMe virtualization. In host kernel,
I/O queues are separately bound with physical cores of
the server and interrupts of the submission and comple-
tion of each I/O commands from queues are trapped by
the corresponding cores to accelerate I/O operation. To
improve performance in MDev-NVMe VMs, we can also
bind the guest I/O queues with the host CPU resources by
shadowing guest I/O queues and host I/O queues by pro-
viding a simple DMA & LBA translation, which is intro-
duced in the §3.3. Once the guest writes or updates an I/O
command, the MDev-NVMe module will directly writes
translated commands into shadowed physical queues and
updates the device doorbell register with MMIO. When a
guest I/O operation completes in the corresponding phys-
ical queue, the device will generate an interrupt into the
host kernel, and also our MDev-NVMe module gener-
ates an interrupt into the guest kernel after checking the
DMA & LBA translator. With queue shadowing, the
handling of interrupts of the guest virtual queues is ac-
tually the handling of interrupts of shadowed physical
queues, where we make full use of the bound CPUs (by
physical queues) to accelerate the interrupt handling.

3.3 DMA & LBA translation
As we demonstrated in the architecture figure in §3.1,
a guest I/O queue are shadowed with a correspond-
ing physical I/O queue in a DMA & LBA translator to
achieve resource partitioning and better I/O performance.
After translation, a virtual I/O queue id are bound with a
physical I/O queue id, and the translation result will be
stored in a translation table which is maintained in the
host kernel. The translation process is based on the Intel

Extension Page Table (EPT) support for memory trans-
lation, so that we can maintain a translation table cache
when multiple VMs create large numbers of virtual I/O
queues and the limited physical queues must be shared.

The DMA & LBA translation are based on the static
partition strategy, where all VMs are assigned with part
of the continuous space of the NVMe device at the ini-
tialization process. Specifically, the translation unit in
an I/O command is the data pointer which points to a
DMA buffer. The address is a Guest Physical Address
(GPA). The MDev-NVMe module use vfio pin pages to
translate the GPA to HPA (Host Physical Address) and
pin the DMA buffer in host memory. Specifically, the
vfio pin pages can ensure the isolation of the guest mem-
ory between different virtual machines. Since all the
translations are under control of the translator in MDev-
NVMe module, a malicious VM cannot access the phys-
ical I/O queues which is not assigned to itself and can not
access the I/O queues in other VMs either. The command
buffer is also protected by the EPT, which helps to ensure
the security of DMA buffers of different VMs. Another
important unit of the I/O operation is the Start Logical
Block Address (SLBA). Since our MDev-NVMe virtu-
alization takes a static partition mechanism, the SLBA
in guest I/O command can be modified and subsequently
copied into the host I/O queue by applying a space area
offset, which are also managed by MDev-NVMe module
in host kernel.

3.4 2-Way Polling Mode
With the mediated pass-through mechanism, the NVMe
devices can achieve a performance better than Virtio.
However, the performance in VMs still show an obvious
gap compared with the native platform in experiment ob-
servation. The I/O bottleneck results from frequent sub-
missions and completions of guest I/O commands, so we
discuss the detailed origin of overhead in Fig. 4.
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Figure 4: A guest I/O operation process in two modes.

Fig. 4 shows entire processes of a guest NVMe I/O
command operation in “non-polling” or “polling” mode.
Generally, the submission latency from the host kernel
to the physical NVMe device is inappreciable, which is
less than 10 µs in our observations from experiments.
However, the guest I/O commands suffers seriously from
two part overhead: (1) when the guest I/O commands
are translated and submitted to the corresponding phys-
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ical queues through an MMIO operation it will result in
a “vm-exit”, (2) when handling interrupts generated by
physical device when updating a doorbell register with a
completion of physical I/O queue.

To overcome the two-part overhead, a direct idea is to
change the trap of interrupts into an active polling mech-
anism in the 2-way overhead. First, the shadowed door-
bell of guest SQ or CQ can be stored in host memory
area so that MDev-NVMe can directly manage all the
guest I/O operations and update the NVMe queue status.
With polling, we polls guests to write into the shadow
doorbells instead of generating an MMIO into the host.
Also, we disables interrupt integration of host CQs into
guests and adopts polling new completion entries from
the host CQs. As a result, the shadow SQ tail door-
bell, the shadow CQ head doorbell, and the host CQ are
all stored in the host memory, and they can be directly
fetched and immediately updated by the polling threads.

Now in our MDev-NVMe, we use 3 threads for in-
dividually polling the shadow SQ tail doorbells, the
shadow CQ head doorbells, and the host CQs so that we
can get even better performance of I/O queue handling
than native platform in the host kernel, which is shown in
§4, while using 1 thread with round-robin polling of mul-
tiple queues cannot provide corresponding performance.
The threads will bring 100% usage of 3 cores on the host
server. And the polling threads can be shared between
VMs.
4 Experiments
To demonstrate the I/O performance of virtual machines
of our mediated pass-through virtualization mechanism,
we run fio [4] I/O benchmark experiments in Linux vir-
tual machines based on the comparison between dif-
ferent virtualization mechanisms, including Virtio, famz
userspace driver, SPDK vhost-scsi, and SPDK vhost-blk.
The performance of MDev-NVMe and the other 4 mech-
anisms are compared and normalized with the native per-
formance on the physical devices. For Throughput per-
formance, MDev-NVMe shows the best bandwidth per-
formance among all the virtualization mechanisms and
can provide up to 1.5× native performance. For Latency
performance, MDev-NVMe presents the lowest average
latency, and can give a bounded maximum latency with a
reliable QoS performance. Also, the tail latency perfor-
mance of MDev-NVMe is also outstanding among all the
comparison experiments. In the meanwhile, our MDev-
NVMe scales well without a visible performance drop.
4.1 Configuration
The evaluation concentrates on achieving the I/O perfor-
mance of NVMe Storage devices and demonstrating the
advantages and disadvantages of different virtualization
methods, including Virtio, Famz userspace driver, SPDK
vhost-scsi, and SPDK vhost-blk. Experiments on differ-
ent concrete NVMe SSD products show different results

and give us more insights. Nowadays, the most advanced
NVMe Storage Device is based on Intel OPTANE Tech-
nology with 3D XPoint Memory media. The OPTANE
SSD has an amazing performance which can support up
to 550K IOPS in 4K random read and 500k IOPS in 4K
random write with a 10µs latency. So we first build
our experiment environment on the OPTANE SSD DC
P4800X 375G NVMe SSD, and the server hardware plat-
form includes 2 Intel Xeon CPU E5-2699 v3 with 18
CPU cores (2.3GHz), 64GB system memory. Besides,
we also do the same experiments on a more commonly
used NVMe SSD: INTEL SSD DC P3600 400G, running
on the server which includes 2 Intel Xeon CPU E5-2680
v4 with 14 CPU cores (28 threads) (2.4GHz), 64GB sys-
tem memory.

We run 64bit Ubuntu 16.04 with a 4.10.0 kernel with
our MDev-NVMe kernel module in the host server, and
64bit Debian 9.0 with a 4.10.0 kernel in the guests. Each
virtual machine is allocated with 4 VCPUs and 8GB sys-
tem memory. To get the best I/O performance in compar-
ison experiments, we set up 1-VM case which the single
virtual machine can get the entire volume. To discuss
the scalability of MDev-NVMe sharing, we partition the
NVMe SSD with 4 60G area into 4 individual VMs.

We use the flexible I/O tester (FIO) [4] as our applica-
tion evaluation benchmark. FIO is a typical I/O bench-
mark with different parameters to demonstrate the IO
performance, and it is widely used in research and in-
dustries. Specifically, we take libaio as the fio engine
and we run 5 groups of test scripts in Table 1, including
the random read or write with “iodepth=1”, the random
read or write with “iodepth=32”, and the 70% random
read and 30% random write. The FIO test doesn’t use
any file system and chooses “O DIRECT” parameter for
Direct I/O experiments.

Table 1: Fio test cases
Test case Description
rand-read-qd1 4K random read, iodepth=1, numjobs=1
rand-write-qd1 4K random write, iodepth=1, numjobs=1
rand-read-qd32 4K random write, iodepth=32, numjobs=4
rand-write-qd32 4K random write, iodepth=32, numjobs=4
rand-rw-qd32
read 70%

4K random read, iodepth=32, numjobs=4

rand-rw-qd32
write 30%

4K random write, iodepth=32, numjobs=4

4.2 Throughput Performance
We first concentrate on the throughput performance of
I/O operations on OPTANE and P3600. The basic
throughput benchmark concentrates on the 4K page ran-
dom read and write. Fig. 5(a) and Fig. 5(b) are the
corresponding IOPS results on the OPTANE and P3600
NVMe SSDs. The results in these figures contain two
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parts: the upper part is the normalized performance re-
sults based on the native performance baseline, and the
bottom part is the original benchmark IOPS results. On
OPTANE, the MDev-NVMe mechanism shows the best
throughput performance with or without I/O multi-queue
optimization(“iodepth=1” or “iodepth=32”) over all the
other virtualization mechanisms. With the active polling
for I/O queues, MDev-NVMe can make full use of multi-
queue features in 4K random read and write I/O bench-
marks with “iodepth=32”, where MDev-NVMe shows
up to 142% performance over native results. Since the
SPDK vhost-scsi and SPDK vhost-blk mechanisms uti-
lize similar idea of polling, they can also achieve better
performance than native results. On P3600 NVMe SSDs,
MDev-NVMe show the best performance although the
advantages are not as obvious as the OPTANE exper-
iments. Moreover, the throughput performance of 4K
random write with multi-queue optimization presents an
apparent gap compared with the 4K random read with
multi-queue optimization, as we shown in the bottom
part of Fig. 5(b).

In this group of experiments, different virtualiza-
tion mechanisms show well-matched performance ex-
pect SPDK vhost-blk, which shows that SPDK vhost-blk
optimization does not works efficiently on P3600.
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Figure 5: Throughput performance of IOPS.

4.3 Latency Performance
We also focus on the latency of I/O operations in virtual
machines based on different NVMe virtualization mech-
anisms. We particularly discussed the average latency,
max latency and the tail latency on different virtualiza-

tion mechanisms in our latency experiments. Specifi-
cally, the latency measured in our fio experiments con-
tains both submission latency and completion latency.

4.3.1 Average Latency
Firstly, the average of latency performance in bench-
marks are demonstrated in Fig. 6(a) and Fig. 6(b).
Also the upper part is the normalized performance results
based on the native performance baseline, and the bottom
part is the original latency results. The average latency
performance can show the average operation overhead of
each I/O commands in NVMe devices through the soft-
ware stack of virtualization.
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Figure 6: Average latency performance.

As we talked in the former section, the mediated pass-
through takes advantage of the VFIO pass-through mech-
anisms and it overcomes the block layer and Backend
software stack. When there is no multi-queue optimiza-
tion [8, 18], all the virtualization mechanism shows no
apparent advantage over the native latency performance.
The MDev-NVMe, SPDK vhost-scsi and SPDK vhost-
blk can show 2× latency performance over the Virtio
and Famz userspace driver, and the original latency in-
tervals between native performance and MDev-NVMe
is nearly 10 µs, which is at the level of the latency
from the host to physical NVMe devices. In multi-
queue experiments where “iodepth=32”, the native la-
tency increase to 322 µs which is about 30× the re-
sult with “iodepth=1”. However, in multi-queue bench-
marks, Mdev-NVMe show the best performance and can
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achieve only 81% of the native performance. MDev-
NVMe shows over 2.5× advantages over Virtio and
Famz drivers, and the advantages over SPDK vhost-scsi
and SPDK vhost-blk are not far but obvious. On P3600,
MDev-NVMe can show great results on all the test cases,
except the random write with “iodepth=32” benchmark
where all the virtualization performance results are simi-
lar. Similar to the throughput benchmarks, SPDK vhost-
blk does not show the optimization results as those on
OPTANE.

In general, MDev-NVMe can achieve the best aver-
age latency performance, so our mediated pass-through
mechanism has overcome utmost software layer I/O
overhead.

4.3.2 QoS

To talk about the QoS performance of the NVMe de-
vices in virtual machines, we concentrate on the max-
imum latency and tail latency performance in different
benchmark test cases.

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

0.61 

1.92 0.23 

0.19 

0.15 

0.14 

0.29 

3.60 1.82 0.44 

0.59 

0.62 

0.15 

2.21 1.03 

0.29 

0.36 

0.36 

0.48 

2.30 

0.12 

0.22 

0.11 

0.11 

1.08 

6.34 

1.20 

1.76 0.58 

0.58 

0.00

2.50

5.00

7.50

N
o

rm
al

iz
ed

M
ax

 L
at

en
cy

Native mdev SPDK vhost-scsi SPDK vhost-blk virtio Famz

11022

1810

40169

32148

46411

46430

6776

3481

9420

6193

6737

6435

3201

6525

73004

14035

27556

28588

1673

3998

41436

9167

16799

16801

5262

4161

4702

7194

4979

4958

11879

11469

48143

56581

26778

26719

0

20,000

40,000

60,000

80,000

rand-read

iodepth=1

jobs=1

rand-write

iodepth=1

jobs=1

rand-read

iodepth=32

jobs=4

rand-write

iodepth=32

jobs=4

rand-rw

iodepth=32

jobs=4

read 70%

rand-rw

iodepth=32

jobs=4

write 30%

M
ax

 L
at

en
cy

 (
u
s)

(a) OPTANE

3050

6886

4502

10273

15662

14470

2341

6845

8913

10168

9882

7516

3027

6795

5554

10518

11295

8046

3208

6799

6009

31557

13149

9851

2714

6984

9528

9748

9876

7300

8360

10459

14770

15127

12473

0

10000

20000

30000

40000

rand-read

iodepth=1

jobs=1

rand-write

iodepth=1

jobs=1

rand-read

iodepth=32

jobs=4

rand-write

iodepth=32

jobs=4

rand-rw

iodepth=32

jobs=4

read 70%

rand-rw

iodepth=32

jobs=4

write 30%

M
ax

 L
at

en
cy

 (
u
s)

2499k

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

0.77 

0.99 

1.98 

0.99 

0.63 

0.52 

0.99 

0.99 

1.23 

1.02 

0.72 

0.56 

1.05 

0.99 

1.33 

3.07 

0.84 

0.68 

0.89 

1.01 

2.12 

0.95 

0.63 

0.50 

2.74 

1.52 

1.44 

0.97 

0.86 

0.00

1.00

2.00

3.00

4.00

N
o

rm
al

iz
ed

M
ax

 L
at

en
cy

Native mdev SPDK vhost-scsi SPDK vhost-blk virtio Famz

555.29

(b) P3600

Figure 7: Maximum Latency performance.

Firstly, the max of latency performance in benchmarks
is demonstrated in Fig. 7(a) and Fig. 7(b). For Qos per-
formance, our MDev-NVMe shows well-matched per-
formance of the maximum latency with Virtio on both
OPTANE and P3600. Also, the normalized maximum
latency performance of MDev-NVMe can be less than 1,
showing the latency performance can be bound in a very
low level. In this part of experiments, SPDK vhost-scsi

and SPDK vhost-blk can not offer a well-matched perfor-
mance with Virtio and MDev-NVMe on both Optane and
P3600. Specially, Famz userspace NVMe driver cannot
bound its maximum latency in an acceptable level be-
cause in Fig. 7(b), the maximum latency of random read
with “iodepth=32” is 2499k µs. Also, SPDK vhost-blk
present a straggler QoS performance on P3600 when do-
ing the random write with “iodepth=32” benchmarks.
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Figure 8: Tail Latency performance.
And we also present the tail latency performance in

Fig. 8(a) and Fig. 8(b) with a logarithmic scale coor-
dinate of the latency results. From the figures, MDev-
NVMe can bind the 50th and 99th latency performance
in similar level. We also compare 99th, 99.99th and
99.999th tail latency in different virtualization mecha-
nisms. MDev-NVMe has the smallest intervals between
99th, 99.99th and 99.999th latency compared with other
virtualization mechanisms. In general, MDev-NVMe
can provide a promising QoS performance of NVMe vir-
tualization.

4.4 Scalability

Our mediated pass-through mechanism can provide de-
vice sharing over a NVMe SSD on the initialization pro-
cess of virtual machines with a static partition of the de-
vice. We design an experiment by separately running 1
VM, 2VMs, and 4VMs and evaluating the virtual NVMe
I/O performance to discuss the scalability. In our experi-
ment, each VM manages a 60G continuous storage area
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by the unmodified guest driver. Fig. 9 presents the rela-
tive scalability performance results of MDev-NVMe on
the P3600 NVMe device with the scripts in Table 1, and
each result is the sum of all throughput in all VMs. As
we talked about in the former section, the random write
performance is not well-matched with the random read
performance. When increasing VMs in the benchmark
with “iodepth=1”, the performance of 4K random read
can increase by the numbers of VMs because the NVMe
read performances are not fully exerted when there is no
multi-queue optimization [8, 18]. In the other test cases,
since the I/O queue resource has been fully used, the
I/O performance stays in a stable status when VMs in-
crease from 1 to 4. Since the basic units of NVMe I/O
operation are the SQs and CQs, and the performance in
VMs is strictly connected with the number of queues as-
signed for them. As a result, when the number of VMs
increases, the assignment of limited I/O queues becomes
the bottleneck of scalability. When the queue depth is
small, setting up more VMs can utilize make better use of
queue resource. When the queue depth is large, MDev-
NVME can guarantee that multi VMs can work together
without performance obvious drop. So we can conclude
that MDev-NVME can ensure a promising scalability.
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Figure 9: IOPS performance of multi VMs on P3600.

4.5 Influence of I/O Blocksize
The former experiments are based on the 4K random read
or write benchmarks, which are concentrated points of
test cases on different storage devices. Moreover, the I/O
blocksize can explicitly influence the performance of de-
vices wherever on the native devices or in virtual ma-
chines. As a result, we want to take the blocksize param-
eter of I/O performance into consideration to give a law
of performance varying with different blocksizes, and we
can also give more suggestions for different NVMe vir-
tualization mechanisms to make a right choice of block-
sizes in different I/O scenarios.

We run the fio test cases with multi-thread optimiza-
tion (“iodepth=32”) which are the last four test cases
presented in Table 1. We chose 10 groups of blocksize
parameters in each group of random read of write exper-
iments on OPTANE (512B, 1K, 2K, 4K, 8K, 16K, 64K,
512K, 1M, 4M). The results of the influence of block-
sizes on bandwidths are presented in Fig. 10(a), 10(b)

,and 10(c). We only chose the native, MDev-NVMe,
and SPDK vhost-blk experiments as a comparison since
MDev-NVMe and SPDK vhost-blk show the best 4K
I/O performance based on our prior experiments on OP-
TANE. In Fig. 10, the variation trends of the influence
of blocksizes on bandwidths in the three sub figures ba-
sically agree with each other. When the blocksizes are
smaller than 4K, the throughput performance improve
with the blocksize parameter and the high throughput
performance are not fully exerted. These is because the
NVMe I/O queues can be 64K large at most and when
the blocksize is too small and the device is not fully oc-
cupied, resulting in a I/O queue resource waste. Also the
throughput performance can be continuously improved
with the growing blocksize on native devices, but the per-
formance results of MDev-NVMe and SPDK shows ap-
parent declines when the blocksize is larger than 512K.
The reason for this performance drop is that when the
I/O blocksize is too large, then transmission of an I/O
block may be automatically separated by the hypervisor
and these separations bring an appreciable overhead. A
single I/O command of such a large block needs cooper-
ation of several I/O queues and the scheduling of queues
will become a performance bottleneck.

Also, we demonstrate the average latency performance
of native, MDev-NVMe, and SPDK vhost-blk experi-
ments in Fig. 11(a), 11(b), and 11(c). We use the a log-
arithmic scale coordinate to present the average latency
experiment results in the three sub figures from Fig. 11.
The variation trends of the influence of blocksizes on av-
erage latency performance in the three sub figures agree
with each other as well as the throughput performance re-
sults. The average latency slightly decreases from 512B
to 4K and then progressively increases from 4K to 4M.
The MDev-NVME and SPDK can all bind their aver-
age latency performance in the same order of magnitude
as the native performance. When the blocksize ≤ 16K,
the average latency performance is in the level of several
hundred µs. When the blocksize is chosen as 64K, 512K,
1M and 4M, the average latency performance increases
exponentially by the magnitude. The main reason for
this unacceptable latency are mainly resulted by the I/O
block separations and the overhead waiting for all queue
competitions.

In general, the throughput performance is good when
blocksizes is bigger than 4K while the average latency
performance will become unacceptable when the block-
size is bigger than 64K. Our MDev-NVMe can provide a
stable and excellent performance of both throughput and
latency when choosing blocksizes as 4K, 8K, and 16K,
and the performance is better than SPDK and native per-
formance. To support more optional blocksize with the
high performance, we would give a more efficient I/O
queue scheduling in our future works.
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Figure 10: The throughput of I/O bandwidth on different blocksizes on OPTANE NVMe device.

1

10

100

1000

10000

100000

1000000

512B 1K 2K 4K 8K 16K 64K 512K 1M 4M

A
ve

ra
g

e 
La

te
n
cy

 (
u
s)

rand-read-qd32 rand-write-qd32 rand-readw-qd32

read 70%

rand-readw-qd32

write 30%
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(b) MDev-NVMe performance
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Figure 11: The average latency of I/O operation on different blocksizes on OPTANE NVMe device.

5 Discussions
In this section we discuss the advantages of MDev-
NVMe over other virualization mechanisms, the over-
head issues, and the importance of active polling in vir-
tualization.

Advantages of MDev-NVMe: As we demonstrated
in §4, MDev-NVMe presents outstanding performance
on throughput, average latency, and QoS. Furthermore,
the data from the experiments suggests the performance
in VMs can be even better than a native device. In
our comparison experiment, MDev-NVMe can achieve
over 2.5× throughput performance of Virtio and Famz,
and achieve less than 31% average latency of Virtio
and Famz. SPDK vhost-scsi and vhost-blk can pro-
vide a promising performance, slightly inferior to MDev-
NVMe. However, SPDK needs Hugepage memory and
additionally the setting up of a SPDK vhost device on the
NVMe device, so it may restrict the flexibility of phys-
ical NVMe devices. Our MDev-NVMe is implemented
as a kernel module, offering more convenience for cloud
administrators and users with its better maintenance than
SPDK, and MDev-NVMe brings no memory overhead.

Overhead issues: The shadow of guest I/O queues
to physical queues is determined by the MDev-NVMe
module. The scheduling of I/O queues is based on a
simple FIFO policy. When aggressive I/O tasks in VMs
are competing for the limited physical queues it can in-
crease the scheduling overhead in the host and will lead
to some problems in the balancing of requests. Here,
a increasingly complicated scheduling algorithm is im-
plemented or a queue resource ballooning methodology
could be used in future work to overcome the potential

overhead in heavy I/O workloads. To overcome the I/O
performance bottleneck results from the high frequency
vm-exit of guest I/O commands, an additional CPU re-
source is used for polling in order to accelerate the inter-
rupt operations. A polling thread aggressively utilizes the
CPU resource of a single core, which transfers overhead
to the host server when running large numbers of VMs.
However, the proposed system ensures no CPU resource
overhead to VMs since all the guests use native NVMe
drivers which are not aware of the polling threads. More-
over, polling can significantly reduce CPU usage in the
VM because it avoids “vm-exit”.

Importance of polling: The main agreement of
MDev-NVMe and SPDK is that the virtualization mech-
anisms take active polling instead of interrupts han-
dling. The traditional virtualization mechanisms are
often based on the trap and emulations. The trap of
the “vm-exit” needs additional context switches between
VMs and the host kernel. The NVMe protocol is an in-
herently parallel and high-performing interface and com-
mand set. Therefore, when we would like to make full
use of the I/O queue resource, the large numbers of in-
terrupts bring an appreciable overhead for guests. Now,
assigning exclusive CPU computing resources to han-
dle the high frequency of interrupts can directly help
to achieve high performance of I/O operations in VMs.
Taking polling is the most direct and obvious idea to as-
sign the exclusive CPU resource for queue handling.

Despite the high utilization of polling CPU may gen-
erate limited CPU computing resource waste to the host
servers, polling is still necessary when the I/O workloads
are aggressive in achieving extremely high performance.
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For example, when shopping seasons such as “Black
Friday” arrive, the servers of e-commerce companies
will face great pressure of database accesses and parallel
processing. Subsequently, the storage device through-
put and latency performance is directly connected with
the respective companies profits, losses and their cus-
tomers satisfaction. Supporting polling in the virtual-
ization mechanism is essential to take full advantage of
the benefits of NVMe devices to meet the requirements
on I/O performance in datacenters. Moreover, NVMe
virtualization should support adaptive polling, which al-
lows such datacenter administrators to decide when to
choose a mild policy for I/O acceleration in VMs, to
reduce expenses and support an increasing number of
VMs. Therefore the provision of an adaptive polling
mode and increasingly optimized polling algorithms is
part of our focus for future work. It is also expected that
the high performance I/O device hardware will be de-
signed with a number of components to actively support
or cooperate with the polling algorithm in the near future.

6 Related Work
Some research concentrates on NVMe virtualization,
including the para-virtualization abstraction Virtio, a
userspace NVMe driver in Qemu, and the Storage Per-
formance Development Kit (SPDK).

VMware virtual NVMe device: After vSphere 6.5,
VMware adds an NVMe controller for NVMe devices in
its virtualization solution. The biggest benefit of using
an NVMe interface over the traditional SCSI is that it
can significantly reduce the amount of overhead, as well
as reducing the IO latency for VM workloads.

Virtio for NVMe: Virtio is an abstraction for a set of
common emulated devices in a para-virtualized hypervi-
sor, which allows the hypervisor to export a common set
of emulated devices and make them available through the
costumed API. Briefly, Virtio is easy in the implemen-
tation of storage device virtualization. Virtio inevitably
increases the I/O path which indicates that guest I/O re-
quest goes through both guest and host I/O path. Data
replication between guest and host can also have an im-
pact on performance.

Userspace NVMe Driver in QEMU: Fam Zheng
[34] implements a NVMe driver with VFIO as the
driver of NVMe device to cooperate with the modified
userspace NVMe driver in Qemu. Compared with the
VFIO method, this userspace driver emulates several
software layer, that is the BlockBackend, Block layer,
and Qcow2 layers in Qemu. This userspace NVMe driver
takes advantages of VFIO, enabling NVMe device to
gain more I/O software layer features at the cost of de-
vice sharing capability and this virtualization mechanism
brings apparent latency to the VMs.

SPDK: The Storage Performance Development Kit

(SPDK) is a user-mode application which aims at pro-
viding a high performance and scalable I/O application
interfaces for different storage devices. It integrates all of
the necessary drivers into userspace and operates with an
enforced polling mode to achieve high I/O performances
by taking advantage of DPDK [14]. Specifically, SPDK
application extends “SPDK vhost” to present Virtio stor-
age controllers to QEMU-based VMs with vhost-scsi and
vhost-blk [20] interfaces.

7 Conclusion
Within this paper, there is introduction of a new virtual-
ization implementation for NVMe storage device MDev-
NVMe. The MDev-NVMe is a full NVMe storage vir-
tualization mechanism where all the VMs can run native
NVMe driver. The proposed solution takes a mediated
pass-through as the main implementation containing the
Admin queue emulations and I/O queues shadowing on
the basis of Device emulation for all PCI configurations.
To achieve the most outstanding performance of the
NVMe device among mainstream NVMe virtualization
mechanisms, it is proposed that an active polling mode is
implemented, which can achieve both high throughput,
low latency performance and a reliable device scalability
on both Intel OPTANE and P3600 NVMe SSD. With the
MDev-NVMe module, the physical device can be parti-
tioned to support device sharing, and each VM can own
a full-fledged NVMe device which can directly access
the physical performance-critical resources without in-
terference with other VMs. The large numbers of Fio
benchmark experiments provides evidence for the great
performance of MDev-NVMe, which is better than na-
tive performance and other existing virtualization mech-
anisms. There is also focus and consideration into the
influence of blocksize on the I/O performance to provide
more suggestions to different I/O applications. Finally,
we focus on the high performance of MDev-NVMe by
analysis of the performance comparisons between dif-
ferent mechanisms, raising a discussion about polling.
Therefore recommendations are provided for the opti-
mization on polling support from both aspects for the de-
sign of storage hardware and also, virtualization. In the
future, further research on the support for polling will
be conducted as well as the optimization of the polling
algorithm for MDev-NVMe.
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