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Linux

* Optimized for flash and next-gen NV-memory storage stack

* Traditional SCSI interfaces designed for spinning disk [ User apps ]
* NVMe bypasses unneeded layers User
. Kernel

NVMe Flash Outperfc?rms SAS/SATA Flash [ VFS 7 file system ]

* 2x-2.5x more bandwidth, 40-50% lower latency

* Up to 3x more IOPS L _Block layer ]
Randqm Read/WritiPerfor_'man(?e*I
50 Series (PCle) vs. 730 Series (SATA) [H‘Eq qmue]

448507
50K

[ SCS1 xdat |

40K

234757
30K

IOPS

[m%m (SAS driver)

2.8 microseconds

20K

10K

Read

0
B 750 Series (PCle) 400GB M 730 Series (SATA) 480GB

H.0 microseconds
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Server or Array
FC
HBA
Eth
NIC
B HBA

i:‘cie-SAs

SAS
Expander

Multiple hardware components, software
stacks, and drivers

SATA Disk

SATA Disk

—-——
SAS Disk
M
g —
S
SsD
N sicmmiant”
JBOD/ JBOF
—
SAS Disk
e
-
SsD
SAS Seianat®
Expander
O

OpenFabrics Alliance Workshop 2017




Server or Array

FC

Eth

B

HBA

NIC
HBA

CPU

PCle

Single interconnect technology, one software stack and driver

IORE EFFICIENT AND COST-EFFECTIVE NVME ARCHITEGTURE

PCle
Switch

NVMe
ssD
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>50% of enterprise servers and
storage appliances will support
NVMe by 2020

~40% of all-flash arrays will be
NVMe-based by 2020

Shipments of NVMe SSDs will
grow to 25+ million by 2020

740,000 NVMe-oF adapter
shipped by 2020 so ¥

RDMA NICs will claim >75% of “
th e NVMe—O F m arket :?.‘\".'u-r_,-l Adapters B NVMe Enterprise Native SSDs W Enterprise NVMe PCle 55Ds G 2 IVI

NVMe M.2 SSDs B NVMe I/O Blocks M NVMe Accelerator Blocks

NVMe Servers B NVMe Storage Appliances M NVMe Storage Arrays

OpenFabrics Alliance Workshop 2017



“NVME OVER FABRICS” ENABLES STORAGE NETWOR

NVME DEVICES

= Sharing NVMe based storage across
multiple servers/CPUs
* Better utilization: capacity, rack space, power
* Scalability, management, fault isolation

! |
= NVMe over Fabrics industry standard Q @ ‘
developed =

Local Storage

* Version 1.0 completed in June 2016

= RDMA protocol is part of the
standard

* NVMe-oF version 1.0 includes a Transport
binding specification for RDMA

* InfiniBand or Ethernet(RoCE)

Shared Storage

OpenFabrics Alliance Workshop 2017



Flash Memory Summit Intel Developer Forum

E8 Storage = E8 Storage

Mangstor = HGST (WD)

* With initiators from VMs on VMware ESXi * NVMe-oF on InfiniBand

Micron = |[ntel: NVMe over Fabrics with SPDK
* Windows & Linux initiators to Linux target = Newisis (Sanmina)

Newisis (Sanmina) = Samsung

Pavilion Data = Seagate

* in Seagate booth

Western SEAGATE
Digital @

Esstorage ” N\ Man stor i :::- Pavilion

Rack-Scale Flash. No Compromise.

Mellanox

TECHNOLDOGIES
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SOME NVME-OF PRODUCTS IN THE MARKET TOD?

Tue, Aug 30, 2016

""Pcvmon
Mellanox and Huawei Advance RDMA Technology with Leading-Edge NVMe Over Fabrics

)

Solution
E XC[2 l ero HUAWEI SHANGHAI, CHINA - Aug. 31, 2016 — Mellanox® Technologies, Litd. (NASDAC: MLNX), a leading supplier of
dr e vkl EB storage high performance cloud and storage networking solutions, today announced that it will preview a new leading-
B e No Compromse. edge NVMe-oF ™ (NVM Express® over Fabrics) solution, jointly developed by Mellanox and Huawei, at this

week's HUAWEI CONNECT Conference (HCC 2016) in Shanghai, Aug. 31 — Sept. 2

E8 STORAGE AND MELLANOX COLLABORATE TO DRIVE HIGH PERFORMANCE CENTRALIZED NVME STORAGE ARRAYS

X Mangstor It

E8 Storage and Mellanox® Technologies Ltd. (NASDAQ: MLNX) today announced a technology partnership designed to deliver an end-to-end shared NVMe solution
for high-performance enterprise storage applications. The integration of E8 Storage's rack scale flash architecture with the Mellanox Remote Direct Memory Access
(RDMA) network adapters enables converged networking with very low latency and very high throughput and bandwidth. This announcement coincides with today’s
launch of E8 Storage’s D24 flash appliance — the industry’s first centralized, highly available NVMe solution.

200Gbps Data Transfer using NVMe over Fabric at SC16: Liqid, Mellanox and

Mangstor and Mellanox Demonstrate All-Flash SSD Storage Array achieving 10GB/s EchoStreams Collaboration
using NVMe over Fabrics

Demonstration at Super Computing 2016 at Echo Streams Booth #2537

Ethernet Technology Summit, Santa Clara, CA — April 14, 2015 - Mangstor, a leading developer of Intelligent Storage Solutions for Web-Scale and

arge enterprise data centers, today announced the company is wor th Network vendor, Mellanox Technology. to create the next generati November 15, 2016 01:20

" cts build on Mangstor’s leading performance MX6300 5SDs,
combined fellanox’s industry leading line of Connec ith support for InifiniBand and RDMA over Converged Ethernet SALT LAKE CITY—-(BUSINESS WIRE)-Liqid Inc., the industry leader in NVMe flash performance and PCI Express® (PCle) based
(RoCE) providing over 10GB/s bandvsidth at latencies comparable to local server based NVMe devices disaggregated infrastructure (DI) solutions, and Echostreams today announce partnership with Mellanox to deliver high performance
data transfer nodes of 200Gbps throughput in a compact 1U form factor

of NVM Express™ shared storage solutions. The NMX-Series

OpenFabrics Alliance Workshop 2017



 HOW DOES NVME OVER FABRICS MAINTAIN.

PERFORMANCE?
[ Extends NVMe eff|C|en Cy Block Device / Native Application
over a fabric NVMe Transport Layer scsl NVMe local
* NVMe commands and data | re standard. iscs|
structures are transferred end to NVMe local NVMe Fabric SO T T
o e poma
=" Relies on RDMA for
performance Ethernet
* Bypassing TCP/IP
* Early Pre-Standard version also ~ RDMA
used RDMA bt
| For more |nf0rmat|0n on NVMe Fabric Pre—standard_ iSCs|
NVMe over Fabrics (NVMe-oF) rareet MiMeoverfabric -
* https://community.mellanox.com/do _ ST
cs/DOC-2186 R sw

OpenFabrics Alliance Workshop 2017


https://community.mellanox.com/docs/DOC-2186

RDMA & NVME: A PERFECT FIT

....................................

r- s

o5 i
.
]

Target-Side : NVMe
Submission Queue Controller

TT 111 B
|.._.I
Host-Side

Completion Queue
7o = = =2

’ﬁVMe Host Dmer 1

[ ———3 ] '
EnQueue
=] [

Application Application

Buffer » Buffer

Host NVMe Queues

NVMe Submission Queu

_ 11T H
(LI

VMe Completion Queue,

Host RDMA Queues,
RDMA Send Queue

__[IT D

RDMA Receive Queue

__ 1110

Target RDMA Queues
RDMA Send Queue

__TTTT]

RDMA Receive Queue

__IIT}N

Target NVMe Controller Queugs

YJOM1aN

NVMe Submission Queue

_ 117N
(LT

NVMe Completion Queue
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NVME OVER FABRICS (NVME-OF) STANDARD 1.0 OPEN SOURG

DRIVER

EXPRESS.

i Groups « ProjectView «

Workspace = Gl Groups = My Groups = 'Working Group - Fabrics Linue Driver

Working Group - Fabrics Linux Driver
Group Info
Group Chair: Bob Beauchamp, EMC

Group Email Addresses
Post message: fabrics linux driver@nvmexpress.org

Contact chair: fabrics linux driver-chair@nvmexpress. or

Released with Standard in June 2016

How to use open source driver instructions:
https://community.mellanox.com/docs/DOC-2504

Mellanox
Intel
HGST
EMC

Apeiron Data
Systems

Broadcom
Corporation

Chelsio
Communications, Inc

Excelero

Hewlett Packard
Enterprise

Kazan Networks

Kenneth OKkin
Consulting

Mangstor

NetApp
Oracle America Inc.

PMC

Qlogic Corporation
Samsung

SK hynix Inc.

OpenFabrics Alliance Workshop 2017


https://community.mellanox.com/docs/DOC-2504

NVME-OF PERFORMANCE WITH OPEN SOURCE LINUX DR

ConnectX-4 Lx 25GbE NIC ConnectX-4 Lx 25GbE NIC

EbA = o IR

LT R B -
-I . : S "

Added fabric latency
~12us, BS =512b

SN2700 Switch

ConnectX-4 Lx 50GbE NIC

- . 4 P3700 NVMe
SSDS

OpenFabrics Alliance Workshop 2017

Bandwidt | IOPS | Num. Each core
h (Target (Targe | Online utilization
side) t side) | cores

SEVIGIEGES 5.2GB/sec 1.3M 50%
jobs, 10

depth =64



= Originally for PCle interface, extended for fabrics specification

" Host side
* Extended for various fabrics — RDMA, FC, Loop
* Architecture that allows
« fabric extensions
» sharing common functionality through common code
« Extends nvmecli for fabric configuration, discovery
* Multi queue implementation to benefit from cpu affinity

= Target side
* Kernel implementation that leverages block storage interface
* Ground up implementation of target side
* nvmetcli for configuration via configfs
* sharing common functionality through common code

4
4
4
4
—4
>
L2
{
4

e e e e T
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Connection establishment is through standard RDMA CM

Data path and resource setup through kernel IB verbs

Supports target/subsystem defined inline data for write commands
Utilizes common IB core stack for CQ processing, read-write operations
Common code for IB, RoCEv2

NVMe queues map to RDMA queues
* NVMe admin queue, 10 queue -> RDMA QP, completion queue
* NVMe completion queue -> RDMA QP, completion queue

Block layer SGEs map to RDMA SGE(s), memory region.

NVMe commands and completions are transported through RDMA SQ entries

OpenFabrics Alliance Workshop 2017



LINUX KERNEL NVME SOFTWARE STACK

NVMe RDMA target driver

NVMe FC target driver

E E

$
~Y

{

$

¢

$

$

<’ {

nvmet-rdma.ko nvmet-fc.ko
I 7 I
User space NVMe Target
nvmetcli ] numet.ki
(target configuration) ,i
Block Storage Stack —Lightnvm blkdev
v GenNVM
Null Driver gennvm.ko
User space ‘L
nvmecli Blkdev inte rface
{host configuration) RRPC
rrpc.ko
Y ¥
NVMe Core LEtL e |
(kernel)
nvme-core.ko
NVMe Fabric Host driver
nvme_fabrics.ko
] Target side
l software modules
v Host side
NVMe PCle Host driver | | NVIMe RDMA Host driver NVMe FC Host driver software modules
nvme.ko nvme-rdma.ko nvme-fc.ko )enFabrics Alliance Workshop 2017




NVME FABRICS CODE ORGANIZATION

NVMe Fabric Host code distribution

pci
16%

core common

40%
fc
20%
fabric common
rdma 8%
16%
W core common fabriccommon ®mrdma fc pci

NVMe Fabric Target code distribution
loop
10%

fabric
common
39%
fc
31%

rdma
20%

m fabriccommon mrdma = fc mloop

OpenFabrics Alliance Workshop 2017



MICRO BENCHMARK SETUP

—4
{
{
$
¢
$
$
g {

= Setup:
* Hardware:
* 64 core x86_64 host and target systems
* 64Gb RAM
* 100Gb Ethernet ConnectX-4 NICs
¢ Software stack:
* Linux NVMe host and target software stack with kernel 4.10+.
» 250GB null target, 4K queue depth, 64 MQs, single LUN or namespace
* NULL block driver with multiple queues for fabric performance characteristics
* Tool:
* fio
» 16 jobs, 256 queue depth
» 70% write, 30% read

OpenFabrics Alliance Workshop 2017



RANDOM READ WRITE 30-70 LATENCY CHAR

Random 70-30 Latency (usec)
= 20 times lower latency (lower is better)

latency

compare to iISCSI-TCP 400
upto 4K 10 Size 350

= 10 times lower latency 300
compare to ISER for 8K 250

379
266
d h h 212
an igner 200 s 6 169 184
= 2 times lower latency 150 12 13
compare to ISER for all IO |, 31 81 84 84 86
size - s 34
18
= Block layer MQ support . >2 >3 >0
comes natively to NVMe 512 1K 2K aK 8K 16K 32K

B nvmeof Misert Miscsi

OpenFabrics Alliance Workshop 2017



RANDOM READ WRITE 30-70 IOPS CHART

S

{
—(
<
L
2
=
S

Random 70-30 IOPs (K)
(higher is better)

= 20 times higher IOPs 2500 a4 5354
. 2294
compare to ISCSI-TCP 2131
upto 4K size 2000
= 4 times higher IOPs
compare to iISER for size .,
8K and higher
1000 797
628
500 440
19404‘4 195 037 184 g1 | 122 108,
0
512 1K 2K 4K 8K 16K 32K

H nvmeof Misert iscsi

OpenFabrics Alliance Workshop 2017



Host side
* Using more SGEs on host side to handle non contiguous pages
* Per 10Q setting, might be done based on advertised inline data size

Target side
* Having higher inline size for incoming write commands
* Currently static configuration; Will be per host setting in future via configfs

CPU utilization is unchanged with these new feature
Patches are under review and update for dynamic configuration

i e e e

P g S

T e i e e e

.,&
¢
S
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140.00%

120.00%

100.00%

80.00%

60.00%

40.00%

20.00%

0.00%

-20.00%

IMPROVEMENTS WITH 16K INLINE SIZE CHANGE*—

0.00% 0.00%

512

0.17% 0.18%

1K

70/30 Write/Read Micro enhancements

0.00%

-0.13%K

(Higher the better)

8.28%

2.30%

4K

119.07%16.71%

8K

%
{
{

B IOPs improvement
B Latency reduction

50.64%49.43%

4.34%
0.00%

16K 32K
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??-'WlRESHARK SUPPORT FOR FABRIC COMMANDS

S g Sy

{
{
{
4
{
{
—

File Edit Miew Go Capture Analyze Statistics TE|EDhDI’1! Tools  Internals  Help
=) o I Hlo »)
e ©® dBElXe aesxwFIEEEHQQ@E Wb
Filter: b | Expression... Clear Apply Save
Ho. I Time I Source I Destination | Frotocol | Length | Info
39 0.233709 17231447 172.31.15.243 RRoCE 62 RC Acknowledge QP=0x000011
40 0.238407 172.31.4.47 172.31.15.243 MvWMe Fabrics RDMA 322 CM: ConnectRequest
41 0.431881 172.31.15.243 172.31.4.47 MviMe Fabrics RDMA 322 CM: ConnectReply
42 0.432860 172.31.4.47 172.31.15.243 MNVMe Fabrics RDMA 322 CM: ReadyTolUse
43 0.436325 172.31.4.47 172.31.15.243 MN\VMe Fabrics RDMA 1146 RC Send Only QP=0x000012
44 0442551 172.31.15.243 172.31.4.47 RRoCE 62 RC Acknowledge QP=0x000012

45 0.442825 172.31.15.243 172.31.4.47 NWMe Fabrics RDMA 74 RC Send Only QP=0x000012

[« |

Frame 43: 1146 bytes on wire (9168 bits), 1146 bytes captured (91€

Ethernet I, Src: Oa:df:06:24.44:Th (Oa:4f:06:24:44:7h), Dst: 0a:c7:57:9f:88.e9 (0a:c7:57:9f:858.e93)
Internet Protocol VWersion 4, Src: 172.31.4.47, Dst: 172.31.15 243

User Datagram Protocol, Src Port: 49152, Dst Port: 4731

InfiniBand

{ v v v v

MW Express Fabrics RDMA
[Cmd Qid: 1 (10Q)]

~ Cmd
Opcode: 0x7f Fabric Cmd
Fabric Coe in: 45
Feserved: 0x40
Command ID: 0x0000
Fabric Cmd Type: 0x01 Connect
Reserved: 00000000000000000000000000000000000000

B SGLL

Fecord Format: 0x0000
Queue |ID: 0x0001
SQ Size: 0x007f
Connect Attributes: 0x00
Reserved: 00
Keep Alive Timeout (msec): 0
Reserved: 000000000000000000000000

= Data
Host Identifer: 4d7736dad4f348d1ad lac735a2798ced
Controller ID: 0x0000
Reserved: 000000000000000000000000000000000000000000000000...
Subsystem NMOQMN: ngn.2016 com.personal
Host NQM: ngn.2014-08 .org.nvmexpress NVMfuuid 4d7736da-d4f3-48d1-adla-c735a2798ced

R d: 000000000000000000000000000000000000000000000000... . :
seerE OpenFabrics Alliance Workshop 2017




 File Edit Wiew Go Capture Analyze  Statistics Telephany Tools Internals  Help

S g S g g gl

¢
¢
¢
{l
¢
¢
&

A g g

Edit Miew Go Capture Analyze Statistics Telephony Tools Help

T EPEEE Y ECEE F 1Y

®® w T ENEE Qe F W
Filter: ;IExpressiun... Clear Apply Save
la. I Time | Source | Destination | Protacal I Length | Infa

70 0536646 172.31.15.243 172.31.4.47 Mve T4 RC Send Only QP:6x500011

71 0537071 17231447 172.31.15.243 RRoCE 62 RC Acknowledge QP=0x000011

72 0537133 17231447 172.31.15.243 RRoCE 62 RC Acknowledge QP=0x000011

73 0637173 17231447 172.31.15.243 NVMe 122 RC Send Only QP=0x000012

T4 0543850 172.31.15.243 172.31.4.47 RRoCE 62 RC Acknowledge QP=0x000012

75 0543866 172.31.15.243 172.31.4.47 NVMe Fabrics RDMA 4170 RC RDMA Write Only QP=0x000012
76 0543574 172.31.15.243 172.31.4.47 NVIMe 74 RC Send Only QP=0x000012

Clear Apply Sawve

Filter: I b | Expression...

Frame 73: 122 bytes on wire (376 bits), 122 bytes captured (976 bits)
Ethernet I, Src: 0a:4f:06:24:44:7h (0a:4f:06:24:44:7h), Dst: 0a:c7:57:9f:88:e9 (0a:c7,57:9f.88:29)
Internet Protocol Version 4, Sre: 172.31.4.47, Dst: 172.31.15.243
User Datagram Protocol, Src Port: 49152, Dst Port: 4791
InfiniBand
NWM Express Fabrics RDMA

[Cmd Qid: 1 (10Q)]
MNWM Express (Cmd)

Opcode: 0x02 Read

Cgein: 76

...... 00 = Fuse Operation: 0x0

.00 00.. = Reserved: 0x0

01. .. =PRP Or SGL: 0x1

Command ID: 0x0001

MNamespace Id: 0x00000001

Resenved: 0000000000000000

Metadata Pointer: 0x0000000000000000
P SGL1

Start LBA: 0x0000000000000000

Absolute Mumber of Logical Blocks: 0x0008

...... 00 0000 0000 = Reserved: 0x000

B0 ... ... =Protection info fields: 0x0
0..... ... .. =Force Unit Access: Ox0
O = Limited Retry; 0x0

Expected Initial Logical Block Feference Tag: 0x00000000
Expected Logical Block Application Tag Mask: 0x0000
Expected Logical Block Application Tag: 0x0000

b DSM Flags
Reserved: 000000

Ma. I Time I Source I Destination I Protacal | Length I Infa
T3 0637173 17231447 172 31.15.243 Ny Me 122 RC Send Only
T4 0543850 172.31.15243 172.31.4.47 RREoCE 62 RC Acknowled
75 0543966 172.31.15.243 172.31.4.47 NWie Fabrics RDMA 4170 RC EDMA Wi
76 0543974 1723115243 172.31.4.47 NWhle T4 RC Send On

77 0544331 172.31.4.47 172.31.15.243 RREoCE 52 RC Acknowled
78 0644412 172.31.4.47 172.31.15.243 RREoCE 52 RC Acknowled
79 0668627 172.31.4.47 172.31.15.243 My Me 122 RC Send Only

+ Frame 76: 74 bytes on wire (532 bits), 74 bytes captured (592 bits)
b Ethernetll, Src: 0a:c7:57:9f:88:e9 (0a:c7:57:9f:88:e9), Dst: 0a:4f.06:24:44:7b (Da:4f:06:24:44.:7h)
P Internet Protocol Version 4, Src: 172.31.15.243, Dst: 172.31.4.47
b User Datagram Protocol, Src Port: 49152, Dst Port: 4731
B InfiniBand
+ NWVM Express Fabrics RDMA

[Cmd Qid: 1 (10Q)]
= NWVM Express (Cge)

Cmdin: 73

[Emd Latency: 6.801 ms]

Cmd specific Status: 0x0000000000000000

SQ Head Pointer: 0x0000

Reserved: 0x0001

Command 1D: 0x0001

0000 000D 0000 000, = Status: 0x0000

............... 0 = Reserved: 0x0

OpenFabrics Alliance Workshop 2017
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