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About the FCIA

“The Fibre Channel Industry Association (FCIA) is a mutual 
benefit, non-profit, international organization of manufacturers, 

system integrators, developers, vendors, industry professionals, 
and end users.”



About the Fibre Channel Industry Association (FCIA) 

25+ Years 
Promoting Fibre 

Channel Technology

160M FC Ports 
Shipped Since 2001

 

Industry Leading 
Member Companies



2023 Fibre Channel Market Milestones

$50B FC 
Revenue

Total Revenue of Adapter 
and Switch products

160M FC Total 
Ports Shipped 

Adapter and switch ports
 

35M+ FC Ports In 
Service

Adapter and switch ports 
estimated in service

*Quillin Research 2023 SAN forecast – cumulative adapter and switch ports from 1998 through 2022



Agenda

• NVMe® Overview
• NVMe/FC Architecture
• Adoption and Virtualization Use Cases
• Performance
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NVMe Overview & NVMe/FC 
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Technical Director 
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50,000 feet view of NVMe
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1984 –

1986 –

1994 –

1998 --

2003 –

2008 –

2011 –

2021 --

IBM-PC AT

IBM-PC XT

PATA

SATA

SATA-3.5

6Gb/s

SCSI

SAS

SAS-4

SAS-5

Cisco/IBM

22.5Gb/s

45Gb/s

iSCSI

RoCEv2

FC32G

FC64G

IB/RDMA

SCSI 
mapping to FC NAND

Flash

AFA AFA 

Adv. Host
Cntl. Int.

AHCI IB/UDP
SATA-SSD 

SAS-SSD 

FCIP

FCoE

FCP

IBM/PC Server SAN IBPC/Bus Flash NVMexpress.org
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Industry Std. 
Bus Arch.

PCIMMIO
cfg. Reg.

PCI-XeXtended

PCIe  

PCIe-5

PCIe-6

Express

128Gb/s
x4

256Gb/s
x4

1.5Gb/s

3Gb/s

IDE/ATA

1.06Gb/s

NVMe-SSD 

NVMe 2.0 Journey

NVMe-1.0

NVMe-2.0

NVMe/PCIe

NVMe/FC (FC-NVMe-2*)NVMe-oF

NVMe/TCP

NVMe/IB, NVMe/RoCEv2

NVMe 
Specifications

11

NVMe
Commands

IB, FC,
TCP Transport

Mapping

Queue Pair

PCI

*INCITS/T11



Kamal Bakshi

NVMe 2.0 Specifications (4 Categories, 10 Docs., 1032 pages) 
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IV-Transport Mapping Specifications (PCIe, IB, Enet, FC)         

(5) NVMe/PCIe

NVMe/IB     

           II-Base Specification   
    (1) NVMe Base Specification + Admin Cmd, Fabric Cmd, Common I/O Cmd   

(2) NVM Command Sets (3) Zoned NS Command Sets (4) Key Value Command Sets

Shared Memory Based Model        

Message/Capsule Based Model                 
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https://nvmexpress.org/specifications/

III-NVMe Specific I/O command sets

I-Mgmt.

(8) NVMe/TCP       NVMe/RoCEv2

+ FC-FS-6 (T11)

(7) FC-NVMe-2 (T11)

(NVMe/TCP)
Ethernet
   -iSCSI
   -FCoE
   -FCIP
   -IPFC
   -iFCP
(NVMe/IB, RoCEv2)
RDMA
   -SRP 
   -iSER 
(NVMe/FC)
Fibre Channel
   -FCP/SCSI

Fibre Channel
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NVMe SSD (Local Storage)

NVMe
  -New Block Storage Protocol for Flash
  -Maps directly into PCIe  
  -Replaces SCSI commands
  -Transport mapping for RDMA/FC/TCP

Admin Command
-Create/Delete I/O SQ
-Create/Delete I/O CQ
-Get Log Page
-Identify
-Abort
-Set/Get Feature
-Async. Event Request

Fabric Command
-Connect/Disconnect
-Set/Get Property

I/O Command
-Read/Write
-Flush

M.2 form factor
13
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CPU

PCIe

Storage Array

Memory

DDR

NVMe/PCIe 
SSD

PCIe Register

BAR Address

MSIx space
PC

Ie
-0

LBA

Host Software

FC-NVMe

Host Bus
Adapter

FC-NVMe

PCIe

FC Fabric

CNTL-ID

-NVMe Subsystem consists of multiple CNTLs
-Controllers provide access to NS via SQ/CQ
-Subsystem Port (Port-ID) is a protocol 
  interface between an NVM subsystem & host

NS

NVMe Subsystem.NQN

NSID

FC-NVMe (NVMe Subsystem)

I/OAdmin

NVMe SQ/CQ

PCIe
Lanes

Host

Port-ID

16



Kamal Bakshi

NVMe-Port ID

Initiator
Host

Memory 
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Memory 
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FC-NVMe

NVMe-Port ID

Target

FC-NVMe NVMe 
CNTL

Namespace

NVMe Subsystem

LBA

NSID

FC Fabric

FC-NVMe (FC Mapping Abstractions)

NVMe Host Submits a NVMe_Write command as SQE (Submission Queue Entry)1

1
SQE

17



Kamal Bakshi

NVMe-Port ID
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Host

Memory 
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Memory 
Region #2

FC-NVMe

NVMe-Port ID

Target

FC-NVMe NVMe 
CNTL

Namespace

NVMe Subsystem

LBA

NSID

FC Fabric

Data pointed by the Host SGL is placed in a Data Series and command 
is passed to NVMe-FC layer

2

SGL

2 Data Series
SQE

FC-NVMe (FC Mapping Abstractions)
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NVMe-Port ID
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Memory 
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SGL

NVMe-Port ID

Target

FC-NVMe NVMe 
CNTL
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NVMe Association ID 100
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The Host NVMe-FC layer specifies the NVMe-FC association with the NVMe controller3

Data Series

3

Association ID
SQE

FC-NVMe (FC Mapping Abstractions) -Association ID
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The Host NVMe-FC layer maintains a mapping of Host queues (NVMe-oF) to
the NVMe controller’s NVMe queues (SQ/CQ) via connection IDs.

4
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(Queue ID)

SQE

FC-NVMe (FC Mapping Abstractions) -Connection IDs
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Upon receiving the SQE command NVMe_Port allocates XID for the NVMe-FC I/O 
operation and associates the NVMe command in the SQE to the Exchange. All NVMe 
IUs for the NVMe-FC I/O operation are transmitted as part of this Exchange.

5
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The initiator NVMe_Port transmits the NVMe_CMND IU payload to start the 
NVMe-FC I/O operation.

6

Data Series

6

Association ID
Connection ID

(Queue ID)

I/O
Operation

SQE
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Log-Page 70
NVMe Subsystem
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I/OAdmin

NVMe SQ/CQ

Host

-Discover I/O Controllers subsystem name
-Discover Multiple Paths to Subsystems
-Discover Static I/O Controllers 
-Manage Async. Event Notifications
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I/OAdmin

NVMe SQ/CQ

Host

#1 FC Name Server
     identifies the FC-NVMe Ports
     including that offers Discovery Services 

#2 Discovery 
     Controller
     identifies the other      
     NVMe Subsystems
     I/O CNTL, Discovery CNTL

#3 I/O Controller
     Identify (CNS 02)
     Active Namespaces
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2-PLOGI

Port Logins
    Name Server Login -Registration
    Fabric Controller - SCN
Get ID_FF (FC4 Features Support)
    -Type 28/NVMeoFC
    -Feature 04/Discovery Services

3-GID_FF

Port IDs list
  -FC-NVMe
  -Discovery Svc. 

FC-NVMe Protocol Flows (PLOGI)
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FC Fabric
Discovery CNTL

NVMe Subsystem
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4-PRLI

Service Parameter
  •Initiator FC-NVMe
  •Target FC-NVMe
           -Discovery Svc.
           -SLER

PRLI NVMeoFC 
Service Parameter Page

FC-NVMe Protocol Flows (PRLI)
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FC-NVMe Protocol Flows (NVMe Association)

Host

Communication relationship between a 
particular controller and a particular host 
that encompasses the Admin Queue and 
all I/O Queues of that controller.

Admin 
SQ/CQ

NVMe Association
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FC Fabric
Discovery CNTL

NVMe Subsystem
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LS_CASS

FC-NVMe Protocol Flows (LS _CASS)

Host sends “Create Association” 
NVMe_LS to the Discovery Service 
subsystem WKA NQN
nqn.2014-08.org.nvmexpress.discovery

Create association
Descriptor (Payload)
   -CNTLID FFFF 
    (dynamic controller)
   -SQ Size (ADMIN)
   -Host.NQN
   -NVMe Subsystem-WKA Host

Create NVMe Association

31



Kamal Bakshi

Command
(NVMe Create Association) 

Controller ID
(Dynamic) Admin Queue 

depth

Host NQN

FC-NVMe  (Create Association)
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Discovery CNTL

NVMe Subsystem
.Discovery Services

CASS-ACC

FC-NVMe Protocol Flows (LS CASS_ACC)

Controller Accepts the create association 
& assigns the “Association ID” and 
“Connection ID” that would represents the 
Admin queue 0

Accept Create association
Descriptor (Payload)
   -Association ID#
   -Connection ID#

Host

NVMe Association ID#
Connection ID#
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FC-NVMe (Accept Create Association)

Accept

NVMe Association ID

NVMe Connection ID
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FC Fabric
Discovery CNTL

NVMe Subsystem
.Discovery Services

FC-NVMe Protocol Flows (Connect Command SQE)

-Queue ID =0
  (Admin queue)
-Queue Size
-Keep Alive Timeout
  (KATO)

NVMe Association EstablishedAdmin 
SQ/CQ

queue id = 0

Note: Discovery CNTL
doesn’t have I/O queues Host

NVMe_Connect 
[SQE]

Host sends a NVMe Fabric 
command “Connect” to create 
the Admin SQ/CQ at the controller
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FC-NVMe (Connect)

Fabric Command = Connect

Queue ID = 0 (Admin)
default queue 
size = 32
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FC Fabric
Discovery CNTL

NVMe Subsystem
.Discovery Services

If a connection is established, then 
the Controller ID allocated to the 
host is returned.

Status code
-Success (CNTL ID)

NVMe Association EstablishedAdmin 
SQ/CQ

queue id = 0

Host

Connect_Resp 
[CQE]

NVMe-OF
0-Admin
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NVMe Subsystem
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FC-NVMe Protocol Flows (Get Property CC)

Admin 0 
SQ/CQ

Host

Get Property 

“Get” command’s offset pointed to 
CC -Controller Configuration buffer  

CNTL
-Configuration
  Buffer

Properties

NVMe Association 
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FC-NVMe Protocol Flows (Set Property CC.EN)

Admin 0 
SQ/CQ

Host

Set Property 

Enable the controller
Set “EN” bit to “1”

Properties

NVMe Association 

CC.EN =1
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FC-NVMe Protocol Flows (Set Property CSTS.RDY)

Admin 0 
SQ/CQ

Host

Set Property 

Set the Controller Status to Ready 
Now Controller can start accepting
the commands

Properties

NVMe Association 

CSTS.RDY
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NVMe Subsystem
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FC-NVMe Protocol Flows (Get Log Page)

Host sends Get Log Page-70 command to 
retrieve the known NVMe Subsystems
within the storage target.

Admin 0 
SQ/CQ

Host

Get Log Page
 

LID =70

NVMe Association

Log Page 70
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FC-NVMe Protocol Flows (Get Log Page)

The Discovery Log Page provides an 
inventory of NVM subsystems with 
which a host may attempt to form 
an association.

Admin 0 
SQ/CQ

Host

Log Page 70

Subsystem Name
(NQN#1)
 -Transport Type
 -Transport Address
 -Controller ID#8
 -Subsystem Port ID

Log Page ID 70

NVMe Association
NVMe Subsystem.NQN#1

CNTL#8
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Admin 0 
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Log Page 70

NVMe Association ID
NVMe Subsystem.NQN#1

NVM SQ/CQ

Connection ID0
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FC-NVMe Protocol Flows (Create Association with I/O CNTL)
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FC-NVMe Protocol Flows (I/O CNTL Ready to accept commands)

Get Property CC (Controller Config)
Set Property CC.EN (Enable Controller)
Set Property CSTS.RDY (Controller Ready)
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Kamal Bakshi
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FC-NVMe (Read command)

SOF FC headers NVMe-FC NVMe-CMD Payload CRC EOF

NVMe-CMD “Read”

NSID

SLB
NLB

Connection-ID
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Host NVMe Cntl.

Fabric Login
(FLOGI)

FC Network

Port Login -Ingress
(PLOGI)

Port Login -Target
(PLOGI)

Process Login -Target
(PRLIN /FC-NVMe)

Get ID FC4 Feature
(GET_ID FF)

Link Services Create NVMe Association
(LS_CASS)
Create NVMe Admin Queue
(NVMe_Connect)

Enable the NVMe Controller 
(Get/Set Property)

Get the I/O Controllers list
(Get Log Page ID 70)

Discovery I/O Cntl.

Link Services Create NVMe Association
(LS_CASS)

Summary FC-NVMe

Connect to NVMe Cntl.I

Create NVMe QueuesII

Discover NamespacesIII

Start NVMe I/O operationIV
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Host NVMe Cntl.FC Network

Discovery I/O Cntl.

Create NVMe Admin Queue
(NVMe_Connect)
Enable the NVMe Controller 
(Get/Set Property)
Create NVMe I/O Connection
(LS_CIOC)

Create NVMe I/O Queues
(NVMe_Connect)

Connect to NVMe Cntl.I

Create NVMe QueuesII

Discover NamespacesIII

Start NVMe I/O operationIV
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Summary FC-NVMe
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Host NVMe Cntl.FC Network

Discovery I/O Cntl.

Get Controller’s details
(NVMe Identify-01, 1C)

Get Active NS List
(NVMe Identify-02)

Host issues Write Command
(NVMe Write)

Connect to NVMe Cntl.I

Create NVMe QueuesII

Discover NamespacesIII

Start NVMe I/O operationIV
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Summary FC-NVMe
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31 00

R_CTL(06) D_ID
CS_CTL/Pri S_ID

TYPE (8) F_CTL
SEQ_ID DF_CTL SEQ_CNT

OX_ID RX_ID
Parameter

To Target Port
01 NVMe_DATA
03 NVMe_CONF
06 NVMe_CMND
09 NVMe_SR
         (Seq. Retry)

To Initiator Port
01 NVMe_DATA
05 NVMe_XFER_RDY
07 NVMe_RSP
08 NVMe_ERSP
0A NVMe_SR_RSP

R_CTL (Routing)

NVMe SQE (64 bytes)

Format ID (FD) FC ID (28) CMND IU Length
Reserved FlagsCategory

Connection ID

Command Sequence Number
Data Length

DPS LBADS MS
Reserved

FC-NVMe mapping -Command IU

NVMe_CMND IU

Category
0001b Admin SQE
0xxxb I/O SQE

Flag
0 Write, 1 Read

Connection ID
Host queues mapping
to the Controller’s 
NVMe queues

DPS
Data Protection Type Setting

LBADS
LBA Data Size

MS
Meta Data Size

0001b for Admin queue
1xxxb for I/O queue
           xxx = CSS 

write
read(bit)

53

FC ID = (28) NVMe/FC
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31 00

R_CTL(06) D_ID
CS_CTL/Pri S_ID

TYPE (8) F_CTL
SEQ_ID DF_CTL SEQ_CNT

OX_ID RX_ID
Parameter

NVMe SQE (64 bytes)

Format ID (FD) FC ID (28) CMND IU Length
Reserved FlagsCategory

Connection ID

Command Sequence Number
Data Length

DPS LBADS MS
Reserved

FC-NVMe mapping -Read Command IU

NVMe_CMND IU

Opcode (02) Read

CID Command ID

NSID Namespace ID

SGL Descriptor

SLBA Starting LBA

NLB Number of LBs

NVMe-Read SQE

Length of Data Blocks(0)Sub Type(A) Type (05) 
SGL

Transport SGL NVMe Transport
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31 00

R_CTL(01) D_ID
CS_CTL/Pri S_ID

TYPE (8) F_CTL
SEQ_ID DF_CTL SEQ_CNT

OX_ID RX_ID
Parameter (offset)

FC-NVMe mapping -Data Transfer

NVMe_Data IUFCP 

NVMe-Data
Bit set to 1
indicating Offset
present

The start of the range is indicated by 
the Parameter field in the first frame of
the Sequence. Relative offset value 
multiple of x4

Data 

Data Series
-Each frame in the Sequence is a continually increasing    
portion of the Data Series range.
-The length of the range is the Sequence payload length.
-If more than one NVMe_DATA IU is used to transfer the 
data, the relative offset value in the Parameter field is used 
to ensure that the NVM data is reassembled in the proper 
order.

NVMe Data is
transferred as 
FCP Data
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NVMe Advantage#1: Higher Throughput/IOPS

SAS-4 SSD PCIe/NVMe-SSD
56

Legacy SATA SATAexpress 3.2

100Gb/s22.4Gb/s12Gb/s6Gb/s
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NVMe Advantage#2: Lower Tail Latency (ZNS SSD)

Kamal Bakshi

Zoned Namespaces

By dividing an NVMe namespace into 
zones, which are required to be 
sequentially written, ZNS offers essential 
benefits to hyper-scale organizations, all-
flash array vendors and large storage-
system vendors wishing to take advantage 
of storage devices optimized for sequential 
write workloads. ZNS reduces device-side 
write amplification, over-provisioning and 
DRAM while improving tail latency, 
throughput and drive capacity.

(FDP* Flexible Data Placement –TP4146)
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Long Running Command
FLUSH_CMND

1-halt transmit operations on the Exchange; 
2-transmit a FLUSH_RSP indicating the state 
   of the Exchange; and 
3-wait for an FC-4 specific event before further 
   processing of the Exchange. 

HT: Halt Transmission bit
HT=‘1’

HT=‘0’
1-complete transmission of any active Sequence 
   on the Exchange; and 
2-transmit a FLUSH_RSP indicating the state of 
   the Exchange. 

FLUSH_RSP

Flags
bit 30: OE (Open Exchange)
           ’0’ Exchange is closed, ‘1’ Exchange is open

Kamal Bakshi

NVMe Advantage#3: Error Detection & Recovery  (SLER)

Host Initiator Target

Format NVMe_CMND

FLUSH_CMND

FLUSH_RSP2

*1 FLUSH timeout occurs after 
transmitting the NVMe_CMND 
and a FLUSH BLS is sent to 
determine the status of the 
Exchange. 

FLUSH_TOV1

*2 The FLUSH_RSP indicates the 
Exchange is open and the target 
NVMe_Port holds Sequence 
Initiative. 

No error recovery is required. 

FC-NVMe-2 (Sequence Level Error Recovery)
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Lost Command
FLUSH_CMND

1-halt transmit operations on the Exchange; 
2-transmit a FLUSH_RSP indicating the state 
   of the Exchange; and 
3-wait for an FC-4 specific event before further 
   processing of the Exchange. 

HT: Halt Transmission bit
HT=‘1’

HT=‘0’
1-complete transmission of any active Sequence 
   on the Exchange; and 
2-transmit a FLUSH_RSP indicating the state of 
   the Exchange. 

FLUSH_RSP

Flags
bit 30: OE (Open Exchange)
           ’0’ Exchange is closed, ‘1’ Exchange is open

Kamal Bakshi

NVMe Advantage#3: Error Detection & Recovery  (SLER)

Host Initiator Target

Read NVMe_CMND

FLUSH_CMND

FLUSH_RSP2

*1 FLUSH timeout occurs after 
transmitting the NVMe_CMND 
and a FLUSH BLS is sent to 
determine the status of the 
Exchange. 

FLUSH_TOV1

*2 The FLUSH_RSP indicates the 
Exchange is not open at the target, 
and the Exchange is closed. 

*3 The NVMe_CMND IU is retransmitted using the     
same OX_ID, SLER qualifier, and CSN. 

X

NVMe_CMND3

FC-NVMe-2 (Sequence Level Error Recovery)
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Lost Response

Kamal Bakshi

NVMe Advantage#3: Error Detection & Recovery  (SLER)

Host Initiator Target

Read NVMe_CMND

FLUSH_CMND

FLUSH_RSP2
*1 FLUSH timeout occurs after 
transmitting the NVMe_CMND and a 
FLUSH BLS is sent to determine the 
status of the Exchange. 

FLUSH_TOV1 X

NVMe_SR

The NVMe_SR IU contains a request for Sequence 
retransmission from the initiator NVMe_Port to the target 
NVMe_Port to recover from an Exchange error. 

NVMe_SR_RSP

00h: Accepted
01h: Invalid FC ID
02h: Invalid Opcode
03h: Logical error
04h: Invalid qualifiers
09h: Unable to perform
        retransmission request

NVMe_RSP

NVMe_SR3

NVMe_SR_RSP

NVMe_RSP
*2 The FLUSH_RSP indicates the 
initiator NVMe_Port holds Sequence 
Initiative and the Exchange is open. 

*3 The initiator NVMe_Port transmits an NVMe_SR IU specifying the NVMe_RSP be resent. 

FC-NVMe-2 (Sequence Level Error Recovery)
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RED: Responder Error Detected

Kamal Bakshi

NVMe Advantage#3: Error Detection & Recovery  (SLER)

Host Initiator Target

Write NVMe_CMND

NVMe_XFER_RDY

NVMe_DATA

NVMe_DATA
X
RED1

NVMe_SR2

NVMe_SR_RSP

NVMe_XFER_RDY3

NVMe_DATA4

NVMe_DATA

*1 After detecting a Sequence 
error the target transmits a 
RED BLS. 

*2 After receiving the RED BLS, 
the initiator NVMe_Port transmits 
an NVMe_SR IU specifying the 
NVMe_XFER_RDY be resent. 

*3 The target NVMe_Port retransmits 
the NVMe_XFER_RDY with Relative 
Offset set to zero. *4 The initiator NVMe_Port 

retransmits the data. 

The RED command may be transmitted by an 
Exchange Responder to indicate to the Exchange 
Originator that a Sequence error was detected on an 
open Exchange. 

FC-NVMe-2 (Sequence Level Error Recovery)
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NVMe Advantage#4: Performance Advantage for KV Databases (KV SSD)

Kamal Bakshi
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NVMe Advantage#5: Lower CPU utilization (CPU Offload with CMB)

CPU Offload
with NVMe
Controller
Memory Buffer
(CMB)

Kamal Bakshi
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NVMe Advantage#6: Computational Storage (Future)

Kamal Bakshi



Adoption and Use Cases

Nishant Lodha
Director, Emerging Technologies 
Marvell Semiconductor
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Financial apps Business 
operations

Internal 
business apps Private Cloud

Petabyte scale 
databases

Real time 
analytics

FC-NVMe Adoption - on the rise



FC-NVMe Hardware Ecosystem

2/2
Broadcom Emulex

Marvell QLogic

2/2
Cisco MDS

Broadcom Brocade

5/5
DELLEMC, NetApp, HPE, Pure 

Storage, IBM, others

Storage ArraySwitchesHBAs



FC-NVMe: Operating System Support

FC-NVMe adoption is growing, join in!



Performance

Mark Jones
Director Technical Marketing, Broadcom
FCIA Board of Directors 
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NVMe-FC Performance Example
Improves Performance of Containerized AI/ML Models

70

• From Feb 2023 FCIA Webcast 
https://www.brighttalk.com/webcast/14967/572176



NVMe/FC vs FCP - Database OLTP Performance

53% 

Faster Transactions than 
FCP/SCSI Protocol

HammerDB TPROC-C OLTP TPM 

58%
 Lower Latency than 

FCP/SCSI Protocol
HammerDB TPROC-C Time 

Profile 95th percentile Stored 
Procedure latency

Stored Procedure LATENCYOLTP
TPM

64GFC/NVMe-FC Database Server 

106%
 Better Server CPU Efficiency 

than FCP/SCSI Protocol
Greater HammerDB TPROC-C TPM 

per Server CPU Utilization

CPU Efficiency

All Flash Storage Array with 4x 32GFC NVMe/FC



After this Webcast

• Please rate this event – we value your feedback
• We will post a Q&A blog at http://fibrechannel.org/ with answers to today’s questions
• Our library of FCIA on-demand webcasts http://fibrechannel.org/webcasts/ includes:

• Fibre Channel Fundamentals
• FC-NVMe
• FC-NVMe for ML
• Long Distance Fibre Channel
• Fibre Channel Speedmap
• FCIP (Extension): Data Protection and Business Continuity
• Fibre Channel Performance
• FICON
• Fibre Channel Cabling
• 64GFC and 128GFC
• FC Zoning Basics

• Follow us @FCIAnews for updates on future FCIA webcasts

http://fibrechannel.org/webcasts/


Thank You


