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SAS Overview

The Previous Chapter
The previous chapter discussed the bus technology developments that motivated and led
up to the development of SAS, noting that SAS borrowed ideas from serial transports
like Fibre Channel and SATA to develop a next-generation enterprise storage architecture.

This Chapter
This chapter introduces the basic functions of SAS, explaining its method of operation
from a very high level view. Terms are defined and examples presented to lay a foundation for understanding the basic operation of a SAS link. The layers of the SAS standard
are introduced and their responsibilities and interaction are discussed.

The Next Chapter
The next chapter provides more definitions to facilitate a more detailed understanding of
SAS link operation. The different types of devices and expanders are explored, leading
to a discussion of topologies and domains, as well as a review of connections.

Comparison of SCSI and SAS Operation
SAS borrows from many I/O technologies, and those familiar with other serial protocols
will find much that is similar in SAS. To understand SAS these people simply need to
know which parts of a SAS system correspond to the parts of the transports they already
know. Those familiar with SCSI will also find recognize many parts because SAS builds
directly on the foundation of SCSI. Let’s begin by looking at a parallel SCSI bus and
describing the basics of its operation.
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SCSI Example
Software Request
In Figure 3-1, a simple SCSI bus is illustrated with one initiator and several target
devices. The host or client device runs an application program that requests service from
a target (which acts as the server for those requests). To make the request, the client calls
the SCSI device driver and the driver sends a command over the system I/O bus to the
HBA, which is really just a bridge between the SCSI bus and the host system’s bus.
Figure 3-1: Basic SCSI Bus Operation

Host/Client
System
System IO Bus
(eg: PCI-X or PCIe)

Initiator

SCSI HBA
SCSI Bus

Target/Server
Devices

Arbitration and Selection
The HBA, acting as the initiator, must use the shared SCSI bus to send the command.
Since the bus is shared, arbitration is required to prevent more than one device from
driving the bus at the same time. The initiator first needs to win the arbitration to be able
to use the bus and may then select the target device. The SCSI protocol includes an arbitration phase and a selection phase for this purpose and the initiator drives its own ID for
arbitration. If the initiator wins the arbitration, it next drives the target’s ID to select that
target for communication. As an example, the ID for each SCSI device is typically just
one out of 16 possibilities and is set in hardware with jumpers. SCSI ID values might be

50

www.mindshare.com

Chapter 3: SAS Overview
7 for the initiator and 4 for the target.

Connection in Progress
Once a target is selected, it and the initiator both actively participate in the transaction
and are said to be connected. When devices connect, they each store the ID of the other
device for future reference (this is called establishing a nexus, which is the relationship
between the initiator and target device). The nexus is useful to the target because it may
choose to disconnect while servicing the request and then reconnect to the initiator later.
To do that, it must know the initiator’s device ID. The initiator needs the nexus because
multiple targets might issue disconnects, causing it to have commands outstanding to
several targets at the same time. When the responses are subsequently returned, it uses
the nexus information to keep track of which target is responding.
Once a connection is established, the target takes control and decides when to transfer
data for commands received from the initiator. Since SCSI is a half-duplex bus this
means some handshaking is necessary for the initiator and target to take turns on the
bus. The bus remains dedicated for the use of the two devices until the target releases it.
Since the bus is shared, that means all other devices will have to wait until the current
connection is shut down before the bus is again available. Several transfers might take
place during the connection between the two devices but eventually the target will disconnect and the bus will then be free for other devices to use.

Wrapping Up
When the HBA has received the requested response from the target (such as read data) it
informs the client that the command is completed. This would likely be done with an
interrupt, that would invoke the device driver, which would report to the application client that the data is available in the appropriate buffer. The application would then fetch
the data, completing that command sequence.

Corresponding SAS Structure: Simple Example
Now consider the simple SAS topology illustrated in Figure 3-2. SAS sets up and communicates in much the same way as SCSI, but with some differences.
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Figure 3-2: Simple SAS Topology
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Definitions
SAS is a point-to-point bus and attaches two devices together. The connection points are
referred to as Ports and every device will have at least one, while expanders and HBAs
will likely have several. A Port can consist of just one Phy (the individual electrical
interface to a link), or it may implement several. A Port that has only one Phy is called a
Narrow Port, and a port that implements several is called a Wide Port. A link ties two
Phys to each other and consists of one differential pair of wires for a transmit path and
another pair for a receive path for a connection. As an illustration of wide and narrow
ports, see Figure 3-3, showing an HBA with multiple Phys that might be set up either
way.
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Figure 3-3: Narrow and Wide Ports on an HBA
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Arbitration and Selection
As before, the client sends a request to the driver which, in turn, forwards it to the HBA.
The HBA in Figure 3-2 does not need to arbitrate for access to a shared bus because all
the buses (links) are now point to point. However, to get service the HBA must still connect with the target. To do so it sends a connection request that includes the destination
address, which is examined to determine to which Port the communication should be
routed.
Each SAS device port is assigned a 64-bit SAS address, and requests are directed to a
device based on its address. This address is assigned by the device manufacturer at the
factory and is stored in hardware or firmware on the device. As part of the reset
sequence, devices report this unique address to their link neighbor. Later, initiators execute a sequence of steps called the discovery process to read information from expanders and make a list of all the addresses accessible to them in the system (see Chapter 7,
entitled "Discovery Process," on page 159). It is those addresses that are used to select a
target device. To know which bus should be accessed for this request means the HBA
also needs a mapping scheme to determine which addresses correspond to which bus.
How this logic is implemented is vendor specific.
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Establishing a Connection
Once the bus topology is known, a connection must be opened over it between the HBA
and the destination device before communication can take place. To do that, the HBA
port sends a connection request in the form of a special frame called an OPEN Address
frame. The OPEN address frame is routed based on the address and arrives at the destination device. When the target receives this request, it responds by returning a primitive
indicating that it either accepts or rejects the request. This response primitive has no
address information and is not routed; it simply travels back along the connection that
has been tentatively established by devices in the path between the initiator and target. If
the target accepts the OPEN request, every device in the path recognizes that the connection has been fully established and the link then acts as a dedicated circuit for communicating between the two devices until it is closed.

Connection in Progress
Once the connection has been established, the nexus information is stored just as it was
in SCSI. As with SCSI, the target takes control of the bus and decides when to pull write
data or to send read data for the commands it receives from the initiator. Several frames
may be sent in both directions, even at the same time (full-duplex operation is a big
advantage for SAS), until one or both devices decide it’s time to close the connection.
Closing the connection when using SSP (Serial SCSI Protocol) involves having each
device first indicate that it’s done with the connection and then send a CLOSE primitive.

Wrapping Up
Just as with SCSI, when the HBA has received the requested response from the target
(such as read data) it informs the client that the command is completed. This would
likely be done with an interrupt that would invoke the device driver to report to the
application client that the read data is available in the appropriate buffer. The application
would then fetch the data, thereby completing the command sequence.

Concepts for a More Complex Structure
Consider the example of Figure 3-4, in which several HBAs and target devices are connected together with expanders (which are functionally similar to switches) to form a
more complex network. The selection process becomes more interesting now because
establishing a connection request between two devices may involve several intermediate
devices as well. Before we can discuss the features that correspond to the SCSI model in
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this example, we’ll need to cover a few more concepts.
Figure 3-4: Complex SAS Topology

Edge Expander

SAS HBA 1

Fanout Expander

SAS HBA 2

Edge Expander

Routing the Requests
Most serial transports use point-to-point buses linked together through some form of
routing device. The routing device in SAS is called an Expander which forwards service
requests between the source and destination devices. Generally, there are two basic
ways of accomplishing that:
•

•

Connection-based routing. Devices establish a temporary dedicated path between
the source and destination of the request. This yields the best latency for those
devices but means others might have to wait for the connection to complete before
they can get access.
Frame-based routing. This method routes each individual packet one at a time.
This avoids the problem of tying up the resources for a long time, but adds latency
because the address of every packet must be evaluated for routing.

The first method was chosen for SAS, most likely to help it adhere to its SCSI heritage
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as much as possible. Using this method, the devices route the request based on the SAS
address, and at each step along the way they create a dedicated circuit connection until
finally the two devices are connected from end to end with a dedicated circuit. This corresponds to the SCSI concept of connections very well, since the two devices are able to
communicate as much as they like within a timeout period.

Wide Ports
During the link reset sequence at startup time, each Phy sends its SAS port address to its
neighbor, allowing expanders to observe that several of their Phys all have the same
attached address. For example, consider the four connections between the SAS HBA at
the top of Figure 3-4 and the Fanout Expander. The HBA is designed as a wide port and
therefore must send its unique port address from each Phy during link reset. The Fanout
Expander, also designed as a wide port, also sends its unique port address from it's Phys
to the HBA. Each device upon detecting that the same address has been received at all
four ports, recognizes that a wide port connection exists. When making connections
between the HBA and other devices in this example, the wide ports permit simultaneous
connections to as many as four different devices.
Wide ports allow each Phy to be used for a separate, independent connection. Those
connections may be to the same destination address, but it is not possible for one connection to use multiple Phys at the same time. This arrangement works well for the
HBAs in Figure 3-4 on page 55 because they’re able to simultaneously have several different connections in progress with the targets in the network.
Because of the potential for confusion on this point, let’s reiterate a point made earlier:
SAS does not allow multiple links to be used for one connection. Other architectures
like PCI Express do allow this, and people familiar with those technologies may naturally suppose that SAS works the same way, but it doesn’t. All communication in SAS
happens across a connection, which is established as a dedicated circuit, or virtual wire,
between one Phy in the requesting device and one Phy in the responding device.

Expanders
SAS expanders act like simple network switches that route connection request frames
and then use connections to pass communication frames between devices. As illustrated
in Figure 3-4 on page 55, there are two categories of expanders: Fanout expanders and
Edge expanders.
•

A SAS domain can only contain one Fanout Expander. By definition, a SAS
domain is a tree structure and the Fanout Expander is the root of the tree. There are
no devices that are hierarchically at a higher level. This type has to be able to keep
track of all the possible addresses in the domain and consequently needs more
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•

memory for that purpose.
Edge Expanders are simpler devices that can be cascaded to create more addressing
possibilities. This expander type possesses a subtractive port, which is used as the
default destination for any connection requests for which it cannot resolve the
address. That means it doesn’t need to track all the addresses in the network and can
therefore be cheaper than a Fanout Expander.

Expanders receive connection requests on one Phy and attempt to establish an internal
connection between that Phy and the destination Phy determined by examining the destination address of the request.

Corresponding SAS Structure: Complex Example
Arbitration and Selection
As before, the client sends a request to the driver which, in turn, forwards it to the HBA.
HBA 1 in Figure 3-5 on page 58 sends a connection request onto the Port that it determines has a path to the destination address. In this case, because all of its Phys are
attached to the same expander, any of them will be able to connect to any of the devices
that are accessible to that expander.

Establishing a Connection
Consider the connection example in Figure 3-5. In this case, the connection request
from HBA 1 arrives at the Fanout Expander, which informs the HBA that it has successfully received the request and is arbitrating the request by returning AIP (Arbitration In
Progress). Next, it determines to which Port the request should be routed, and then forwards it onto that link. The next device in the path is an Edge Expander, and it behaves
in much the same way. The edge expander next sends a confirmation that it is working
on the request, which the Fanout Expander simply passes through to the originating
device. Next, the Edge Expander determines the destination Port and forwards the
request onto one of its links. Finally, the request reaches the targeted device and it sends
a response.
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Figure 3-5: Complex SAS Connection
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SAS HBA
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SAS HBA

Dedicated
connection
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If the target accepts the request, the confirmation of that acceptance makes its way back
through the connection that was tentatively established and informs the HBA that the
connection has been established. The intermediate expanders also observe this fact and
dedicate the internal resources to create a “virtual wire” between the HBA and the target
device. At this point, the devices are connected. If the targeted device rejects the connection, the HBA will recognize the fact and the software will decide what to do next.
Some connection requests can be retried, others cannot due to particular error conditions
that the OPEN_REJECT primitive would specify as the reason for rejection. When the
expanders see that the connection request was rejected, they break down the resources
that were tentatively set up for the connection and free them for use by other devices.To
help understand the sequence of these events, Figure 3-6 shows a ladder diagram illustrating the order of responses for each device. (To learn more of the details of expander
operation, see Appendix A, entitled “Expander Devices” on page 505.)
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Figure 3-6: Connection Request Ladder Diagram
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Connection in Progress and Wrapping Up
Once the connection has been established, the resources that provide a dedicated circuit
between the HBA and target device remain allocated until the connection is closed.
Since this HBA has several Phys, it could open connections to three other devices on its
remaining three Phys and have four independent connections in progress at the same
time. Beyond that, the process of exchanging information and operating on the bus is the
same as for the simple example.

The Goal is to Communicate
The purpose of establishing a connection is to allow two devices to communicate. As
we have seen, SAS maintains most of the SCSI protocol, but the serial interface introduces new requirements for sending commands and receiving corresponding responses.
Since serial transports only send a bit at a time, the bits must be organized into logical
groupings adhering to the format defined by the applicable standard. Some serial transports refer to these as packets; in SAS they are called frames. Establishing a connection
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allows two devices to exchange the frames that are used to send commands and the corresponding responses.

Example Scenario — Disk Read Request
Introduction to Operation
To connect with another device in order to exchange frames, SAS devices must execute
several steps. The responsibility for implementing the logic necessary to perform those
steps is split into smaller, more manageable parts called layers in the standard. Since the
naming and function of the SAS layers has proven to be confusing to otherwise very
intelligent people, the author has taken the liberty of giving the layers some “userfriendly” names for this introduction that more intuitively state what they do. The actual
layer names are defined at the end of this section and are then used throughout the
remainder of the book.
Consider the very simple case shown in Figure 3-7, where a SAS HBA is connected to a
target device through a SAS fabric. The fabric could be any legal SAS topology, including several expanders between these two devices, but those details are not important at
this point in the discussion. The steps that take place in the communication between the
two devices are described in the sections that follow.
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Figure 3-7: Diagram with User-Friendly Layer Names
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Software Layer
To begin with, an application program running on the client system requests service
from a service provider (i.e., a SAS device that acts as the provider of one or more services). If we choose a disk read request for our example, this will be accomplished in the
following manner.
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1.

2.

3.
4.
5.
6.

The client application (e.g., a database program) issues a request to the memory
allocator within the OS (i.e., malloc) requesting the allocation of three buffers in
memory:
a) A buffer in which the application will write a Command Descriptor Block (i.e.,
a data structure) defining the operation to be performed.
b) A buffer into which the HBA will write the requested read data when it is
received from the target.
c) A buffer into which the HBA will write the completion status when it is
received from the target device.
The application then writes the CDB into the first buffer. The CDB contents define
the 64-bit address of the target disk controller, the specific LUN (logical unit number) attached to that controller, the start and end logical block numbers on that
drive, the start memory address into which the read data should be written by the
HBA when it is received by the HBA, the start memory address of the memory
buffer into which the HBA will write the completion status when it is received from
the target device and the command (in this case, it's a Disk Read operation).
The application calls the HBA driver and gives it the start address of the three buffers.
The driver writes those three parameters into the HBA's register set.
The HBA reads the CDB data structure from memory.
The HBA determines that one of its ports has a path to the target address.

Frame Construction
Under the guidance of the firmware executed by the HBA's microcontroller, the Frame
Construction Layer creates a properly-formatted command packet called a Frame.
Frames consist of groups of four bytes called dwords. The term dword is short for double-word, the Intel nomenclature for a 4-byte value. After bytes go through the encoding
process, they are referred to as characters, and Figure 3-8 shows a dword made up of 4
characters. The characters are classified as one of two types, either control characters
(labeled with a K in the nomenclature) or data characters (labeled with a D). The completed Frame will be forwarded to the queue management level.
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Figure 3-8: Dword
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Queue Management
At this level, outgoing frames are pooled into groups based on the destination address
for which they are intended. When frames for a given address begin to arrive and get
queued up, this layer sends a request to the Link Layer within an I/O block to open a
connection to the destination device.

Link Layer
Connection Management Creates Open Request Frame
If the I/O block is not already busy managing an existing connection, the Connection
Management logic creates a special frame (i.e. a packet) that requests a connection be
opened, and forwards it to the Encode/Decode block. Recall that the connection request
establishes a connection between the HBA and the target device. The request consists of
an Open Request Frame that is routed by address to the target device. When the target
device returns a response the hardware allocates the necessary resources to establish the
dedicated connection.

Protocol Management
The Open Request frame is subject to the Link Layer Protocol Management logic. Part
of the protocol management involves the creation of primitives that perform special
functions such as signifying the beginning and end of each Frame. Most of these primitives are generated by the Link Layer of the sender and consumed by the Link Layer of
the receiver.
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Figure 3-9: Primitives
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Primitives are easily recognized because they have a special control character in the first
byte position (known as a control character), as shown in Figure 3-9, which illustrates
both SAS and SATA primitives. For more details on primitives see the section called
“Primitives” on page 284. The next step in the process is delivering the Open Request
frame to the Encode/Decode block.

Encode/Decode Layer
In the Encode/Decode block various actions are taken to prepare the OPEN address
frame for serial transmission. These steps are common to many serial transports, including 8b/10b encoding and bit-serializing of the frame.

Physical Layer
Finally, the serialized OPEN request frame arrives at the lowest layer, called the Physical Layer, where the electrical input and output buffers and transceivers reside. Here the
bits are converted to the high-speed differential output and sent out across a cable or
backplane.

OPEN Request and Response
When the OPEN request is transmitted to the neighboring device (see Figure 3-10), the
high-speed bit sequence is presented to the receiver in the neighbor's Physical Layer.
The incoming differential signal is used to recreate the transmitted bit stream, which is
then presented to the Encode/Decode logic. At this level the logic decodes the data to
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recover the original dword stream and then forwards it up to the Connection Management logic. There, the recovered information is evaluated and determined to be a request
to open a connection to the port on the target device. If the mass storage controller's
upper layers have enabled it and if the requester is recognized as having permission to
seek a connection with this device, then the Connection Management logic accepts the
connection request and sends an ACCEPT primitive back to the requester.
Figure 3-10: OPEN Frame and Response
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The Connection Management layer creates an ACCEPT primitive and forwards it to the
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Encode/Decode logic. That layer encodes and serializes the data before passing it to the
Physical Layer. The Physical Layer transmits the bit stream using its high-speed differential transmitter.
When this response arrives at the Connection Management logic in the HBA, a nexus
between the two ports has been created. The nexus information can contain up to four
parts, depending on the type of connection:
•
•
•
•

Initiator port (I)
Target port (T)
The selected LUN (L)
The tag of the task to be executed (labeled as Q because it’s part of a Queued set of
tasks)

A nexus that uses all four is described as an I_T_L_Q nexus, which means it stores the
addresses of the initiator and target device, the LUN and the tag. This information is
saved by both devices. In recognition that the OPEN request has been accepted, the
Connection Management logic in the HBA reports to its Queue Management block that
a connection to the intended destination is now open and ready for business.

Connection Is Established
At this point, the HBA is ready to forward the frame(s) currently queued up in the
Queue Management block to the I/O block for transmission. Once the connection is
established, whatever topology exists between the two devices has now become transparent and it appears to them that they have a dedicated wire between them (as illustrated in Figure 3-11). At this point, the two devices can send as many frames as they
like within their timeout period on the bus.
This discussion began with an initiator having a request to send, but it's worth noting
that the target device could also have data ready to transmit that is associated with a previous command. Since the SAS link is bidirectional, the target could use the newlyopened connection to send those data frames at the same time that it is receiving a new
command.
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Figure 3-11: Connection Establishes a Dedicated Path Between Devices
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Frames Travel Connected Path (They’re Not Routed)
The frames sent within a connection do not experience any “routing” per se, because
determining the path from the source device to the destination device was already done
when the connection was opened. Instead, they flow from source to destination through
what is now a dedicated circuit.
The frames themselves do include a hashed version of the source and destination
address, leading to some confusion that perhaps these addresses are used to route the
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packets themselves, but that is not the case. In fact, the hashing function that’s used to
reduce the address from 64 bits to just 24 bits causes some loss of information, so it is
not a reliable version of the addresses anyway. Instead, hashed addresses are only provided for the simple reason that the space for a small destination and source address
already existed in the header format that was borrowed from Fibre Channel (Fibre
Channel uses 24-bit addresses and does provide for packet routing). Since the bits were
already in the header, some vendors lobbied to have the addresses used in this way to
provide an opportunity for devices in the connection path to verify that the frames flowing through it are in fact using the same destination address that was used to establish
the connection. This verification cannot be made with complete confidence, though,
because of the loss of information during the hashing process, so it is not expected that
many devices will do this checking.
To summarize, the hashed addresses in the frame header are not used for routing, but
only provided as a “courtesy” for those devices that are designed to verify addresses
during a connection.

Connection Maintenance
Continuing the example scenario, the Connection Management logic in the HBA
informs the Queue Management block that the connection is ready for use and the first
of the queued data frames (in this case, the disk read command frame) is forwarded back
to the I/O block (see Figure 3-12 on page 69). The role of connection management
changes now, from establishing the connection to maintaining it. Basically, that involves
the use of two mechanisms:
•

•

Flow control which is the means by which the receiver indicates that it has buffer
space available to receive a frame. With the one exception of the “first burst” case,
in which the system is designed to guarantee a minimum receive buffer space for
the first write data before any flow control is sent, outgoing frames must await this
permission before they can be sent.
Acknowledging safe arrival of frames at the receiver. Most frames are interlocked,
meaning they must await the successful acknowledgement of the previous frame's
reception before they may be transmitted. In our example, no previous data frames
have been sent, so no acknowledgement is needed.
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Figure 3-12: Command Frame Sent to the Target
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Flow control is handled a little differently depending on what type of transaction is
being executed. For a write, the initiator (e.g.: HBA) must wait on the target (e.g.: a
mass storage device) to indicate both that it has buffer space to accept write data, and
that it is ready to accept one or more frames. For reads, it's assumed that the initiator has
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allocated the necessary buffer space before sending the command and the only flow
control needed is an indication of readiness to accept frames. For our example, once the
HBA sends a flow control frame indicating that it's ready for data frames, these conditions are satisfied. This flow control information is only generated and used by the connection management logic within the initiator and target Phys, and is transparent to the
higher layers.
Once flow control verifies sufficient buffer space exists, the HBA's Connection Management logic signals the Queue Management block that it's time to drain one frame out
of the queue and forward it to the I/O block for transmission. As the frame is being
loaded into the Encode/Decode logic, the connection management layer adds an SOF
(Start of Frame) primitive at the beginning of the frame and an EOF (End of Frame)
primitive at the end to give a frame context to the receiver. At that point, the frame is
sent through the Encode/Decode block and Physical Layer buffers and is transmitted
serially over the wire (as illustrated in Figure 3-12 on page 69).
When the data frame containing the command arrives at the target mass storage controller and passes through the physical buffers and Encode/Decode block, its integrity is
checked by the Connection Management block by verifying that the CRC is good,
meaning there have been no changes to the bits during transmission. If there are no
errors within the frame, it is passed up to the Queue Management block and an acknowledge (ACK) primitive is sent back to the HBA acknowledging that the frame arrived
safely. If there had been a problem, the frame would have been discarded and a negative
acknowledgement (NAK) sent instead. The frame is next passed up to the Frame Construction block, where the target's microcontroller, under the guidance of its firmware,
disassembles the frame and determines that is a disk read targeting one of the LUNs
(Logical Unit Numbers) attached to this controller.

The Disk Read Operation
It is fairly likely that the disk read will require a repositioning of the drive's read/write
head assembly and this mechanical action will take a long time compared to the frame
transmission. In that case, the target SAS mass storage controller device would likely
choose to close the connection rather than leaving it open and preventing other devices
from being able to use the connection resources during that time. For simplicity, however, let’s assume that the device is able to fetch the data quickly (perhaps from a readahead cache within the controller, for example).
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The Read Data Is Returned in a Data Frame
The first block of read data is placed in a data frame and is transmitted back to the HBA.
The header of the data frame includes the context for this transaction, including the
amount of data and the tag associated with the command that resulted in this data.

The HBA Processes the First Read Data Frame
Upon reception, the HBA's firmware-based microcontroller looks up the start address of
the data buffer in system memory based on the tag value, and writes the read data to
memory. It decrements the overall read data transfer count, but the transfer count hasn't
yet been exhausted. The memory address pointer is updated to point to the next available location in the memory data buffer.

The Final Read Data Frame Is Returned and Processed
The target mass storage controller continues to read data from the target LUN, packetizes the data into frames and sends them back to the HBA. The HBA continues to
write the returned read data to memory until the final frame is returned and the transfer
count is exhausted.

The Connection Is Closed
Finally, the last step for the two devices is to close the connection. The HBA's Connection Management logic causes a DONE primitive to be transmitted to the target port on
the mass storage controller. Upon receipt of the DONE, the Connection Management
logic in the mass storage controller causes a matching DONE to be transmitted back to
the HBA. Upon receipt of DONE, the HBA's Connection Management logic sends a
CLOSE primitive. The target also sends a CLOSE, because the devices don’t have to
wait for CLOSE before they send it. Once the devices have both sent and received
CLOSE, the resources are released and become available for other connections.

Completion Status Is Written to Memory
The HBA's firmware-guided microcontroller causes the disk read operation's comple-
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tion status to be written into the system memory buffer using the stored memory address
pointer.

The Client Application Is Notified
The HBA's firmware-guided microcontroller then generates an interrupt to the host system processor, causing the processor to execute the interrupt handler within the HBA
Device Driver. The handler reads a status register within the handler and determines that
a completion notification has been deposited in memory. The driver reads this information and, using an application ID stored with the status completion notice, it contacts the
client application program and informs it that the requested read data has successfully
been deposited in memory. The application then consumes (i.e., uses) the data.

Summarizing the Sequence
To summarize the sequence of the frames and primitives that are exchanged in this process, consider the ladder diagram shown in Figure 3-13. Here the connection has already
been established and now the flow control aspect of the connection is illustrated. If the
connection was opened by the initiator, the first thing that needs to happen is that the target needs to send at least one flow control credit to the initiator so it can receive the
command frame. This is done by sending an RRDY (Receiver Ready) primitive. Several
of these can be sent to tell the initiator that several buffers are available for data transfer,
but in this example, only the one is needed. (for more on this topic, see “Flow Control”
on page 346). In response, the initiator sends the command and follows that with several
RRDY primitives to indicate a readiness to accept several frames coming back.
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Figure 3-13: SSP Read Request Example
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The target responds to the read request and the indications of available buffer space in
the initiator by sending data frames. If the read was asking for 4KB of data, as shown in
the example, the target would need to send at least 4 data frames to complete the transfer, because each of them can only be 1KB at most for SSP. Once all the data has been
received, the initiator would expect to receive a response frame from the target, reporting on the status of the operation. That would require permission, in the form of an
RRDY, so one more must be sent before the response frame can be expected.

Example Scenario — Disk Write Request
A similar case is shown in Figure 3-14, but this time the command is a write. As before,
the connection is already open, so what is shown here are the command and data frames,
along with the flow control exchange. Like the read example, a frame can’t be sent
unless an RRDY was first received to give it permission to be sent. The difference in
this example is that the target has one more frame type it sends: the XFER_RDY frame.
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Each RRDY primitive sent indicates that the receiver can accept one frame, which
means it must have a 1KB frame buffer available since the frame could legally be that
large. The XFER_RDY frame is used to report how much overall buffer space is available in the target to accept write data from the initiator.
Figure 3-14: SSP Write Request Example
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This information does seem to overlap a little, but the initiator cannot begin to send the
write data until it receives an XFER_RDY specifying that at least part of the needed
space is available. The reason this information is not needed for the read command is
because the initiator is expected to have sufficient buffer space available before sending
the request, so that should never be an issue. This example is described in detail in
“Flow Control” on page 346.
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The Real Layer Names
Having described the parts of a SAS device in terms of their functions, let’s now look at
the actual layer definitions, as shown in Figure 3-15, as the standard defines and uses
them. Since more parts of the system are shown than just those that make up the SAS
layers, the SAS layer names are highlighted.
Figure 3-15: Actual SAS Layer Names
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Application Layer
Starting at the top, the official name for the software layer is the Application Layer. For
this layer the standard defines just the changes that were made to the SCSI mode and log
pages in support of the serial interface. These pages provide configuration information
about the devices, including control parameters and status, just as they do for SCSI
devices. This layer translates the command from the device driver into the procedure
call format that SCSI uses and passes that to the next layer.

Transport Layer
The logic that performs the frame construction function is called the Transport Layer. In
essence, it receives outgoing procedure calls from the Application Layer and repackages
the various arguments into the frame format that will be used for serial transmission.
When the frame is ready it’s forwarded down to the next layer. For incoming packets it
reverses the processes by parsing the frame contents and assembling a procedure call to
send to the Application Layer.

Port Layer
The next layer is the Port Layer, and it performs the function of queuing the outgoing
frames into pools based on the destination address and requesting a connection for them.
Once a connection to that address is open, the frames are drained out to the next layer.
There really is no corresponding function for incoming frames; these are simply passed
up to the Transport Layer.

Link Layer
Next is the Phy, consisting of three layers. The first of these layers is the Link Layer,
which performs the function of connection management as described before. It receives
a request for a connection from the Port Layer and takes the necessary actions to establish the connection on the wire. Once the connection is in place, this layer then has the
responsibility to manage it by injecting primitives into the flow as needed and verifying
flow control and acknowledgement of frames for the protocol being used. For incoming
traffic the Link Layer responds to a connection request by accepting or rejecting it and,
if accepted, it manages the connection operation in the same way as before.
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Phy Layer
The next level is the Phy Layer and there’s no doubt the nomenclature gets a little confusing at this point. That’s one reason the layers were introduced with functional names
instead of the names the standard uses. The Phy Layer resides within a block called the
phy, and implements the Encode/Decode functions for sending and receiving the
frames.

Physical Layer
At the lowest level of the hierarchy are the high-speed analog buffers that perform the
differential signaling onto the transmission medium. For this layer, the standard defines
both the electrical characteristics of the buffers and the signaling environments they
drive.
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