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Scopeof this Revision
The 2.0 revision of the specification is intended for product design. Every attempt has been madeto ensure a
consistent and implementable specification. Implementations should ensure compliance with this revision.
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Chapter1
Introduction

1.1 Motivation

The original motivation for the Universal Serial Bus (USB) camefrom three interrelated considerations:

e Connection of the PC to the telephone
It is well understood that the merge of computing and communication will be the basis for the next
generation of productivity applications. The movement of machine-oriented and human-oriented data
types from one location or environmentto another depends on ubiquitous and cheap connectivity.
Unfortunately, the computing and communication industries have evolved independently. The USB
provides a ubiquitous Jink that can be used across a wide range of PC-to-telephone interconnects.

e Ease-of-use

The lackofflexibility in reconfiguring the PC has been acknowledgedas the Achilles’ heelto its
further deployment. The combination of user-friendly graphical interfaces and the hardware and
software mechanisms associated with new-generation bus architectures have made computers less
confrontational and easier to reconfigure. However, from the end user’s point of view, the PC’s I/O
interfaces, such as serial/parallel ports, keyboard/mouse/joystick interfaces, etc., do not have the
attributes of plug-and-play.

e Port expansion
The addition of external peripherals continues to be constrained by port availability. The lack of a bi-
directional, low-cost, low-to-mid speed peripheral bus has held back the creative proliferation of
peripherals such as telephone/fax/modem adapters, answering machines, scanners, PDA’s, keyboards,
mice, etc. Existing interconnects are optimized for one or two point products. As each new function or
capability is added to the PC, a new interface has been defined to address this need.

The more recent motivation for USB 2.0 stems from the fact that PCs have increasingly higher performance
and are capable of processing vast amounts of data. At the same time, PC peripherals have added more
performance andfunctionality. User applications such as digital imaging demand a high performance
connection between the PC andthese increasingly sophisticated peripherals. USB 2.0 addresses this need
by addinga third transfer rate of 480 Mb/s to the 12 Mb/s and 1.5 Mb/soriginally defined for USB.
USB 2.0 is a natural evolution of USB, delivering the desired bandwidth increase while preserving the
original motivations for USB and maintaining full compatibility with existing peripherals.

Thus, USB continues to be the answer to connectivity for the PC architecture. It is a fast, bi-directional,
isochronous, low-cost, dynamically attachableserial interface that is consistent with the requirements of the
PC platform of today and tomorrow.

1.2 Objective of the Specification

This documentdefines an industry-standard USB. The specification describes the busattributes, the
protocoldefinition, types of transactions, bus management, and the programminginterface required to
design and build systems and peripherals that are compliant with this standard.

The goalis to enable such devices from different vendors to interoperate in an open architecture. The
specification is intended as an enhancement to the PC architecture, spanning portable, business desktop, and
home environments. It is intended that the specification allow system OEMsandperipheral developers
adequate room for productversatility and market differentiation without the burden of carrying obsolete
interfaces or losing compatibility.
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1.3 Scope of the Document
The specification is primarily targeted to peripheral developers and system OEMs,but provides valuable
information for platform operating system/ BIOS/ device driver, adapter [HVs/ISVs, and platform/adapter
controller vendors. This specification can be used for developing new products and associated software.

1.4 USB Product Compliance
Adopters of the USB 2.0 specification have signed the USB 2.0 Adopters Agreement, which provides them
access to a reciprocal royalty-free license from the Promoters and other Adopters to certain intellectual
property contained in products that are compliant with the USB 2.0 specification. Adopters can demonstrate
compliance with the specification through the testing program as defined by the USB Implementers Forum.
Products that demonstrate compliance with the specification will be granted certain rights to use the USB
Implementers Forum logo as defined in the logo license.

1.5 Document Organization

Chapters | through 5 provide an overview forall readers, while Chapters 6 through 11 contain detailed
technical information defining the USB.

e Peripheral implementers should particularly read Chapters 5 through 11.

e USB Host Controller implementers should particularly read Chapters 5 through 8, 10, and 11.

e USBdevice driver implementers should particularly read Chapters 5, 9, and 10.

This document is complemented and referenced by the Universal Serial Bus Device Class Specifications.
Device class specifications exist for a wide variety of devices. Please contact the USB Implementers
Forum for further details.

Readers are also requested to contact operating system vendors for operating system bindings specific to the
USB.
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Chapter 2
Terms and Abbreviations

This chapterlists and defines terms and abbreviations used throughoutthis specification.

ACK

Active Device

Asynchronous Data

Handshakepacketindicating a positive acknowledgment.

A device that is powered andis not in the Suspendstate.

Datatransferred at irregular intervals with relaxed latency requirements,

Asynchronous RA The incomingdata rate, Fs,, and the outgoing data rate, Fs,, ofthe RA process

are independent(i.e., there is no shared master clock). See also rate
adaptation.

Asynchronous SRC The incoming sample rate, Fs,, and outgoing sample rate, Fs,, of the SRC

Audio Device

process are independent(i.e., there is no shared master clock). See also sample
rate conversion.

A device that sources or sinks sampled analog data.

AWG# The measurementofa wire’scross section, as defined by the American Wire
Gauge standard.

Babble Unexpected busactivity that persists beyond a specified point ina
(micro)frame.

Bandwidth The amountofdata transmitted per unit of time, typically bits per second (b/s)
or bytes per second (B/s).

Big Endian A methodofstoring data that places the most significant byte of multiple-byte
values at a lower storage address. For example, a 16-bit integer stored in big
endian formatplaces the least significant byte at the higher address and the
mostsignificant byte at the lower address. See also little endian.

Bit A unit of information used by digital computers. Represents the smallest piece
of addressable memory within a computer. A bit expresses the choice between
two possibilities and is typically represented by a logical one (1) or zero (0).

Bit Stuffing Insertion of a “0”bit into a data stream to cause an electrical transition on the
data wires, allowing a PLL to remain locked.

b/s Transmission rate expressed in bits per second.

B/s Transmission rate expressed in bytes per second.

Buffer Storage used to compensate for a difference in data rates or time of occurrence
of events, when transmitting data from one device to another.

Bulk Transfer Oneofthe four USBtransfer types. Bulk transfers are non-periodic, large

Bus Enumeration

bursty communication typically used for a transfer that can use any available
bandwidth and can also be delayed until bandwidth is available. See also
transfer type.

Detecting and identifying USB devices.
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Byte

Capabilities

Characteristics

Client

Configuring
Software

Control Endpoint

Control Pipe

Control Transfer

CRC

CTI

Cyclic Redundancy
Check (CRC)

Default Address

Default Pipe

Device

Device Address
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A data element that is eight bits in size.

Thoseattributes of a USB device that are administrated by the host.

Those qualities of a USB device that are unchangeable; for example, the device
class is a device characteristic.

Softwareresident on the host that interacts with the USB System Software to
arrange data transfer between a function and the host. Theclient is often the
data provider and consumerfor transferred data.

Software resident on the host software that is responsible for configuring a
USB device. This may be a system configurator or software specific to the
device,

A pair of device endpoints with the same endpoint numberthat are used by a
control pipe. Control endpoints transfer data in both directions and, therefore,
use both endpointdirections of a device address and endpoint number
combination. Thus, each control endpoint consumes two endpoint addresses.

Same as a messagepipe.

Oneof the four USBtransfer types. Control transfers support
configuration/command/status type communications betweenclient and
function. See also transfer type.

See Cyclic Redundancy Check.

Computer Telephony Integration.

A check performed on data to see if an error has occurredin transmitting,
reading, or writing the data. The result of a CRCis typically stored or
transmitted with the checked data. The stored or transmittedresult is

compared to a CRC calculated for the data to determine if an error has
occurred.

Anaddress defined by the USB Specification and used by a USB device when
it is first powered or reset. The default address is 00H.

The message pipe created by the USB System Software to pass control and
status information between the host and a USB device’s endpoint zero.

A logical or physicalentity that performs a function. The actualentity
described depends on the contextof the reference. At the lowest level, device
mayrefer to a single hardware component, as in a memory device. At a higher
level, it may refer to a collection of hardware components that perform a
particular function, such as a USBinterface device. At an even higherlevel,
device may refer to the function performed by an entity attached to the USB;
for example, a data/FAX modem device. Devices may be physical, electrical,
addressable, andlogical.

Whenused as a non-specific reference, a USB deviceis either a hub or a
function.

A seven-bit value representing the address of a device on the USB. The device
addressis the default address (00H) when the USB deviceis first powered or
the device is reset. Devices are assigned a unique device address by the USB
System Software.
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Device Endpoint

Device Resources

Device Software

Downstream

Driver

DWORD

Dynamic Insertion
and Removal

E’PROM

EEPROM

Electrically
Erasable

Programmable
Read Only Memory
(EEPROM)

End User

Endpoint

Endpoint Address

Endpoint Direction

Endpoint Number

Envelope detector

EOF

EOP

External Port

Eyepattern

False EOP
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A uniquely addressable portion of a USB devicethat is the sourceor sink of
information in a communication flow between the host and device. See also

endpoint address.

Resources provided by USB devices, such as buffer space and endpoints. See
also Host Resources and Universal Serial Bus Resources.

Software that is responsible for using a USB device. This software may or
maynot also be responsible for configuring the device for use.

Thedirection of data flow from the host or away from the host. A downstream
port is the port on a hubelectrically farthest from the host that generates
downstream datatraffic from the hub. Downstream ports receive upstream
datatraffic.

Whenreferring to hardware, an I/O pad that drives an external load. When
referring to software, a program responsible for interfacing to a hardware
device, that is, a device driver.

Double word. A data element that is two words(i-e., four bytes or 32 bits) in
size.

Theability to attach and remove devices while the hostis in operation.

See Electrically Erasable Programmable Read Only Memory.

See Electrically Erasable Programmable Read Only Memory.

Non-volatile rewritable memory storage technology.

Theuser of a host.

See device endpoint.

The combination of an endpoint numberand an endpoint direction on a USB
device. Each endpoint address supportsdata transfer in onedirection.

Thedirection of data transfer on the USB. The direction can be either IN or

OUT.IN refers to transfers to the host; OUTrefers to transfers from the host.

A four-bit value between 0H and FH, inclusive, associated with an endpoint on
a USBdevice.

Anelectronic circuit inside a USB device that monitors the USB data lines and

detects certain voltage related signal characteristics.

End-of-(micro)Frame.

End-of-Packet.

See port.

A representation of USB signaling that provides minimum and maximum
voltage levels as well as signaljitter.

A spurious, usually noise-induced eventthat is interpreted by a packet receiver
as an EOP.
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Frame

Frame Pattern

Fs

Full-duplex

Full-speed

Function

Handshake Packet

High-bandwidth
endpoint

High-speed

Host

Host Controller

Host Controller

Driver (HCD)

Host Resources

Hub

Hub Tier

Interrupt Request
(IRQ)

Interrupt Transfer

I/O Request Packet

IRP

IRQ

Isochronous Data

Isochronous Device
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A | millisecond time base established on full-/low-speed buses.

A sequenceofframesthat exhibit a repeating pattern in the number of samples
transmitted per frame. For a 44.1 kHz audio transfer, the frame pattern could
be nine frames containing 44 samples followed by one frame containing
45 samples.

See samplerate.

Computer data transmission occurring in both directions simultaneously.

USB operation at 12 Mb/s. See also low-speed and high-speed.

A USBdevice that provides a capability to the host, such as an ISDN
connection, a digital microphone, or speakers.

A packet that acknowledgesorrejects a specific condition. For examples, see
ACK and NAK.

A high-speed device endpointthat transfers more than 1024 bytes and less than
3073 bytes per microframe.

USB operation at 480 Mb/s. See also low-speed and full-speed.

The host computer system where the USB Host Controller is installed. This
includes the host hardware platform (CPU,bus, etc.) and the operating system
in use,

The host’s USBinterface.

The USBsoftware layer that abstracts the Host Controller hardware. The Host
Controller Driver provides an SPI for interaction with a Host Controller. The
Host Controller Driver hides the specifics of the Host Controller hardware
implementation.

Resources provided by the host, such as buffer space and interrupts. See also
Device Resources and Universal Serial Bus Resources.

A USBdevicethat provides additional connections to the USB.

Oneplus the number of USBlinks in a communication path between the host
and a function. See Figure 4-1.

A hardwaresignal that allows a device to request attention from a host. The
host typically invokes an interrupt service routine to handle the condition that
caused the request.

Oneof the four USBtransfer types. Interrupt transfer characteristics are small
data, non-periodic, low-frequency, and bounded-latency. Interrupt transfers
are typically used to handle service needs. See also transfer type.

An identifiable request by a software client to move data betweenitself (on the
host) and an endpoint of a device in an appropriate direction.

See I/O Request Packet.

See Interrupt Request.

A stream of data whosetiming is implied by its delivery rate.

An entity with isochronous endpoints, as defined in the USB Specification,that
sources or sinks sampled analog streams or synchronousdata streams.
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Isochronous Sink

Endpoint

Isochronous Source

Endpoint

Isochronous

Transfer

Jitter

kb/s

kB/s

Little Endian

LOA

Low-speed

LSb

LSB

Mb/s

MB/s

Message Pipe

Microframe

MSb

MSB

NAK

Non Return to Zero

Invert (NRZI)

NRZI

Object

Packet

Packet Buffer
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An endpoint that is capable of consumingan isochronousdata stream thatis
sent by the host.

An endpoint thatis capable of producing an isochronous data stream and
sendingit to the host.

Oneof the four USB transfer types. Isochronoustransfers are used when
working with isochronous data. Isochronoustransfers provide periodic,
continuous communication between host and device. See also transfer type.

A tendency toward lack of synchronization caused by mechanicalorelectrical
changes. Morespecifically, the phase shift of digital pulses over a
transmission medium,

Transmission rate expressed in kilobits per second.

Transmission rate expressed in kilobytes per second.

Methodofstoring data that places the least significant byte of multiple-byte
values at lower storage addresses. For example, a 16-bit integer stored inlittle
endian formatplaces the least significant byte at the lower address and the
mostsignificant byte at the next address. See also big endian.

Loss of bus activity characterized by an SOP without a corresponding EOP.

USBoperation at 1.5 Mb/s. Seealso full-speed and high-speed.

Least significantbit.

Least significant byte.

Transmission rate expressed in megabits per second.

Transmission rate expressed in megabytes per second.

A bi-directional pipe that transfers data using a request/data/status paradigm.
The data has an imposedstructure that allows requests to be reliably identified
and communicated.

A 125 microsecond time base established on high-speed buses.

Mostsignificant bit.

Mostsignificant byte.

Handshakepacket indicating a negative acknowledgment.

A method of encoding serial data in which ones and zeroes are represented by
opposite and alternating high and low voltages where there is no return to zero
(reference) voltage between encodedbits. Eliminates the need for clock
pulses.

See Non Return to Zero Invert.

Host software or data structure representing a USB entity.

A bundle of data organized in a group for transmission. Packets typically
contain three elements: control information (e.g., source, destination, and
length), the data to be transferred, and error detection and correction bits.

The logical buffer used by a USB device for sending or receiving a single
packet. This determines the maximum packetsize the device can send or
receive.
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Packet ID (PID)

Phase

Phase Locked Loop
(PLL)

Physical Device

PID

Pipe

PLL

Polling

POR

Port

Power On Reset

(POR)

Programmable
Data Rate

Protocol

RA

Rate Adaptation

Request

Retire

Root Hub

Root Port

Sample

Sample Rate(Fs)
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A field in a USB packetthat indicates the type of packet, and by inference, the
format of the packet and the type of error detection applied to the packet.

A token, data, or handshake packet. A transaction has three phases.

A circuit that acts as a phase detector to keep an oscillator in phase with an
incoming frequency.

A device that has a physical implementation; e.g., speakers, microphones, and
CDplayers.

See Packet ID.

A logical abstraction representing the association between an endpoint on a
device and software on the host. A pipe has several attributes; for example, a
pipe may transfer data as streams (stream pipe) or messages (messagepipe).
See also stream pipe and messagepipe.

See Phase Locked Loop.

Asking multiple devices, one at a time, if they have any data to transmit.

See Power On Reset.

Point of access to or from a system or circuit. For the USB, the point where a
USBdeviceis attached.

Restoring a storage device, register, or memory to a predetermined state when
poweris applied.

Either a fixed data rate (single-frequency endpoints), a limited numberofdata
rates (32 kHz, 44.1 kHz, 48 kHz, ...), or a continuously programmable data
rate. The exact programming capabilities of an endpoint must be reported in
the appropriate class-specific endpoint descriptors.

A specific set of rules, procedures, or conventionsrelating to format and timing
of data transmission between two devices.

See rate adaptation.

The process by which an incoming data stream, sampledat Fs,, is converted to

an outgoing data stream, sampled at Fs,,with a certain loss of quality,
determined by the rate adaptation algorithm. Error control mechanisms are
required for the process. Fs, and Fs, can be different and asynchronous. Fs; is

the input data rate of the RA;Fs, is the output data rate of the RA.

A request made to a USB device contained within the data portion of a SETUP
packet.

The action of completing service for a transfer and notifying the appropriate
software client ofthe completion.

A USBhubdirectly attached to the Host Controller. This hub(tier 1) is
attached to the host.

The downstream port on a Root Hub.

The smallest unit of data on which an endpoint operates; a property of an
endpoint.

The number of samples per second, expressed in Hertz (Hz).
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Sample Rate
Conversion (SRC)

Service

Service Interval

Service Jitter

Service Rate

SOF

SOP

SPI

Split transaction

SRC

Stage

Start-of-Frame

(SOF)

Stream Pipe

Synchronization
Type

Synchronous RA

Synchronous SRC

System
Programming
Interface (SPJ)

TDM

TDR

Termination

TimeDivision

Multiplexing
(TDM)

Time Domain
Reflectometer

(TDR)
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A dedicated implementation of the RA process for use on sampled analog data
streams. The error control mechanism is replaced by interpolating techniques.

A procedure provided by a System Programming Interface (SPI).

The period between consecutive requests to a USB endpointto send or receive
data.

The deviation of service delivery from its scheduled delivery time.

The numberofservices to a given endpoint perunit time.

See Start-of-Frame.

Start-of-Packet.

See System Programming Interface.

A transaction type supported by host controllers and hubs. This transaction
type allows full- and low-speed devices to be attached to hubs operating at
high-speed.

See Sample Rate Conversion.

Onepart of the sequence composinga control transfer; stages include the Setup
stage, the Data stage, and the Status stage.

The first transaction in each (micro)frame. An SOFallows endpoints to
identify the start of the (micro)frame and synchronize internal endpoint clocks
to the host.

A pipethat transfers data as a stream of samples with no defined USB
structure.

A classification that characterizes an isochronous endpoint’s capability to
connectto other isochronous endpoints.

The incomingdatarate, Fs,, and the outgoing data rate, Fs,, of the RA process
are derived from the same master clock. There is a fixed relation betweenFs;

and Fs,.

The incoming sample rate, Fs,, and outgoing samplerate, Fs,, of the SRC

process are derived from the same master clock, Thereis a fixed relation
betweenFs, and Fs,.

A defined interface to services provided by system software.

See Time Division Multiplexing.

See Time Domain Reflectometer.

Passive components attached at the end of cables to prevent signals from being
reflected or echoed.

A methodoftransmitting multiple signals (data, voice, and/or video)
simultaneously over one communications medium by interleaving a piece of
each signal oneafter another.

An instrument capable of measuring impedancecharacteristics of the USB
signallines.
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Timeout

Token Packet

Transaction

Transaction

translator

Transfer

Transfer Type

Turn-around Time

Universal Serial

Bus Driver (USBD)

Universal Serial
Bus Resources

Upstream

USBD

USB-IF

Virtual Device

Word
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The detection ofa lack of bus activity for some predeterminedinterval.

A type of packetthat identifies what transaction is to be performed onthe bus.

The delivery of service to an endpoint; consists of a token packet, optional data
packet, and optional handshake packet. Specific packets are allowed/required
based on the transaction type.

A functional component of a USB hub. The Transaction Translator responds to
special high-speed transactions and translates them to full/low-speed
transactions with full/low-speed devices attached on downstream facing ports.

One or morebustransactions to move information between a softwareclient
and its function.

Determines the characteristics of the data flow between a software client and

its function. Four standard transfer types are defined: control, interrupt, bulk,
and isochronous.

The time a device needs to wait to begin transmitting a packet after a packet
has been received to prevent collisions on the USB. This time is based on the
length and propagation delay characteristics of the cable and the location of the
transmitting device in relation to other devices on the USB.

The host resident software entity responsible for providing commonservices to
clients that are manipulating one or more functions on one or more Host
Controllers. ‘

Resources provided by the USB, such as bandwidth and power. See also
Device Resources and Host Resources.

The direction of data flow towards the host. An upstream port is the port on a
device electrically closest to the host that generates upstream data traffic from
the hub. Upstream ports receive downstream data traffic.

See Universal Serial Bus Driver.

USB Implementers Forum,Inc. is a nonprofit corporation formedto facilitate
the development of USB compliant products and promote the technology.

A device that is represented by a software interface layer. An example of a
virtual device is a hard disk with its associated device driver and client

software that makes it able to reproduce an audio .WAYV file.

A data elementthat is two bytes (16 bits) in size.
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Chapter 3
Background

This chapter presents a brief description of the background of the Universal Serial Bus (USB), including
design goals, features of the bus, and existing technologies.

3.1 Goals for the Universal Serial Bus

The USBis specified to be an industry-standard extension to the PC architecture with a focus on PC
peripherals that enable consumerand business applications. The following criteria were applied in defining
the architecture for the USB:

e Ease-of-use for PC peripheral expansion

e Low-cost solution that supports transfer rates up to 480 Mb/s

e Full support for real-time data for voice, audio, and video

e Protocol flexibility for mixed-mode isochronousdata transfers and asynchronous messaging

e Integration in commodity device technology

e Comprehension of various PC configurations and form factors

e Provision of a standard interface capable of quick diffusion into product

e Enabling new classes of devices that augment the PC’s capability

e Full backward compatibility of USB 2.0 for devices built to previous versions of the specification

11
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3.2 Taxonomyof Application Space
Figure 3-1 describes a taxonomy for the range of data traffic workloads that can be serviced over a USB.
As can be seen, a 480 Mb/s bus comprehendsthe high-speed, full-speed, and low-speed data ranges.
Typically, high-speed and full-speed data types may be isochronous, while low-speed data comes from
interactive devices. The USBis primarily a PC bus but can be readily applied to other host-centric
computing devices. The software architecture allows for future extension of the USB by providing support
for multiple USB Host Controllers.

PERFORMANCE

LOW-SPEED
* Interactive Devices

© 10-100 kb/s

FULL-SPEED

* Phone, Audio,
Compressed Video

* 500 kb/s — 10 Mb/s

HIGH-SPEED
* Video, Storage
* 25 — 400 Mb/s

APPLICATIONS ATTRIBUTES

Keyboard, Mouse

Stylus
Game Peripherals

Virtual Reality Peripherais

POTS

Broadband

Audio

Microphone

Video

Storage
imaging
Broadband 

Lowest Cost
Ease-of-Use

Dynamic Attach-Detach
Multiple Peripherals

Lower Cost
-Ease-of-Use

Dynamic Attach-Detach
Multiple Peripherals
Guaranteed Bandwidth

Guaranteed Latency

Low Cost

Ease-of-Use

Dynamic Attach-Detach
Multiple Peripherals
Guaranteed Bandwidth
Guaranteed Latency
High Bandwidth

Figure 3-1. Application Space Taxonomy
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3.3 Feature List

The USBSpecification provides a selection ofattributes that can achieve multiple price/performance
integration points and can enable functions that allow differentiation at the system and componentlevel.
Features are categorized by the following benefits:

Easyto use for end user

® Single model for cabling and connectors

e Electrical details isolated from end user (e.g., bus terminations)

e Self-identifying peripherals, automatic mapping of function to driver and configuration

e Dynamically attachable and reconfigurable peripherals

Wide range of workloads and applications

e Suitable for device bandwidths ranging from a few kb/s to several hundred Mb/s

e Supports isochronous as well as asynchronoustransfer types over the sameset of wires

e Supports concurrent operation of many devices (multiple connections)

e Supports up to 127 physical devices

e Supports transfer of multiple data and message streams between the host and devices

e Allows compounddevices(i.e., peripherals composed of many functions)

e Lowerprotocol overhead, resulting in high busutilization

Isochronous bandwidth

e Guaranteed bandwidth and low latencies appropriate for telephony, audio,video,etc.

Flexibility

e Supports a wide range of packet sizes, which allows a range of device buffering options

e Allows a wide range of device data rates by accommodating packet buffer size and latencies

e Flow contro] for buffer handlingis built into the protocol

Robustness

* Error handling/fault recovery mechanism is built into the protocol

e Dynamicinsertion and removal of devicesis identified in user-perceived real-time

e Supports identification of faulty devices

Synergy with PC industry

e Protocol is simple to implement and integrate

e Consistent with the PC plug-and-play architecture

e Leverages existing operating system interfaces

13
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Low-cost implementation

Low-cost subchannel at 1.5 Mb/s

Optimized for integration in peripheral and host hardware

Suitable for development of low-cost peripherals

Low-cost cables and connectors

Uses commodity technologies

Upgrade path

Architecture upgradeable to support multiple USB Host Controllers in a system
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Chapter 4
Architectural Overview

This chapter presents an overview of the Universal Serial Bus (USB) architecture and key concepts. The
USBis a cable bus that supports data exchange between a host computer and a wide range of
simultaneously accessible peripherals. The attached peripherals share USB bandwidth througha host-
scheduled, token-based protocol. The bus allows peripherals to be attached, configured, used, and detached
while the host and other peripherals are in operation.

Later chapters describe the various components of the USBin greaterdetail.

4.1 USB System Description

A USBsystem is described by three definitional areas:

e USBinterconnect

e USB devices

e USBhost

The USBinterconnect is the manner in which USB devices are connected to and communicate with the

host. This includes the following:

e Bus Topology: Connection model between USB devices and the host.

e Inter-layer Relationships: In terms of a capability stack, the USB tasks that are performedat each layer
in the system,

e Data Flow Models: The manner in which data movesin the system over the USB between producers
and consumers.

e USB Schedule: The USB provides a shared interconnect. Access to the interconnectis scheduled in
order to support isochronousdata transfers and to eliminate arbitration overhead.

USB devices and the USBhost are described in detail in subsequentsections.
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4.1.1 Bus Topology

The USB connects USB devices with the USB host. The USB physicalinterconnectis a tiered star
topology. A hub is at the center of each star. Each wire segmentis a point-to-point connection between the
host and a hubor function, or a hub connected to another hub or function. Figure 4-1 illustrates the
topology of the USB.

Dueto timing constraints allowed for hub and cable propagation times, the maximum numberoftiers
allowedis seven (including the root tier). Note that in seven tiers, five non-root hubs maximum can be
supported in a communication path between the host and any device. A compound device (see Figure 4-1)
occupies twotiers; therefore, it cannot be enabled if attached at tier level seven. Only functions can be
enabled in tier seven.

  
Figure 4-1. Bus Topology

4.1.1.1 USB Host

There is only one host in any USB system. The USB interface to the host computer system is referred to as
the Host Controller. The Host Controller may be implemented in a combination of hardware, firmware, or
software. A root hubis integrated within the host system to provide one or more attachmentpoints.

Additional information concerning the host may be found in Section 4.9 and in Chapter 10.
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4.1.1.2 USB Devices

USBdevicesare one ofthe following:

e Hubs, which provide additional attachmentpoints to the USB

*® Functions, which provide capabilities to the system, such as an ISDN connection, a digital joystick, or
speakers

USB devices present a standard USBinterface in terms of the following:

e Their comprehension of the USB protocol

e® Their response to standard USB operations, such as configuration and reset

e Their standard capability descriptive information

Additional information concerning USB devices may be found in Section 4.8 and in Chapter9.

4.2 Physical Interface

The physical interface of the USBis described in the electrical (Chapter 7) and mechanical (Chapter 6)
specifications for the bus.

4.2.1 Electrical

The USBtransfers signal and powerover a four-wire cable, shown in Figure 4-2. The signaling occurs over
two wires on each point-to-point segment.

There are three data rates:

e The USBhigh-speedsignaling bit rate is 480 Mb/s.

e The USB full-speed signaling bit rate is 12 Mb/s.

e A limited capability low-speed signaling modeis also defined at 1.5 Mb/s.

USB 2.0 host controllers and hubs provide capabilities so that full-speed and low-speed data can be
transmitted at high-speed betweenthe host controller and the hub, but transmitted between the hub and the
deviceat full-speed or low-speed. This capability minimizes the impact that full-speed and low-speed
devices have upon the bandwidth available for high-speed devices.

The low-speed modeis defined to support a limited number of low-bandwidth devices, such as mice,
because more general use would degrade busutilization.

The clock is transmitted, encoded along with the differential data. The clock encoding scheme is NRZI
with bit stuffing to ensure adequate transitions. A SYNCfield precedes each packetto allow the receiver(s)
to synchronize their bit recovery clocks.

VBUS

D+ D+

D- 7
GND GND
 

Figure 4-2. USB Cable
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Thecablealso carries VBUS and GND wires on each segmentto deliver power to devices. VBUSis
nominally +5 V at the source. The USBallows cable segmentsofvariable lengths, up to several meters, by
choosing the appropriate conductor gauge to match the specified IR drop and otherattributes such as device
powerbudget and cableflexibility. In order to provide guaranteed input voltage levels and proper
termination impedance, biased terminations are used at each end ofthe cable. The terminations also permit
the detection of attach and detach at each port and differentiate between high/full-speed and low-speed
devices.

4.2.2 Mechanical

The mechanical specifications for cables and connectors are provided in Chapter 6. All devices have an
upstream connection. Upstream and downstream connectors are not mechanically interchangeable, thus
eliminating illegal loopback connections at hubs. The cable has four conductors: a twisted signalpair of
standard gauge and a powerpair in a range of permitted gauges. The connectoris four-position, with
shielded housing, specified robustness, and ease of attach-detach characteristics.

4.3 Power

The specification covers two aspects of power:

© Powerdistribution over the USB deals with the issues of how USB devices consume powerprovided by
the host over the USB.

e Power managementdeals with how the USB System Software and devices fit into the host-based power
management system.

4.3.1 Power Distribution

Each USB segmentprovides a limited amount of power over the cable. The host supplies power for use by
USBdevicesthat are directly connected. In addition, any USB device may have its own powersupply.
USBdevicesthat rely totally on power from the cableare called bus-powered devices. In contrast, those
that have an alternate source of powerare called self-powered devices. A hub also supplies powerforits
connected USB devices. The architecture permits bus-powered hubs within certain constraints of topology
that are discussed later in Chapter 11.

4.3.2 Power Management
A USBhost may have a power managementsystem that is independent of the USB. The USB System
Software interacts with the host’s power management system to handle system power events such as
suspend or resume. Additionally, USB devices typically implement additional power management, features
that allow them to be power managed by system software.

The powerdistribution and power managementfeatures of the USB allow it to be designed into power-
sensitive systems such as battery-based notebook computers.

4.4 Bus Protocol

18

The USBis a polled bus. The Host Controller initiates all data transfers.

Most bus transactions involve the transmission of up to three packets. Each transaction begins when the
Host Controller, on a scheduled basis, sends a USB packet describing the type and direction of transaction,
the USB device address, and endpoint number. This packetis referred to as the “token packet.” The USB
device that is addressed selects itself by decoding the appropriate addressfields. In a given transaction, data
is transferred either from the host to a device or from a device to the host. The direction of data transfer is

specified in the token packet. The sourceofthe transaction then sends a data packet or indicates it has no
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data to transfer. The destination, in general, responds with a handshake packet indicating whether the
transfer was successful.

Somebustransactions between host controllers and hubs involve the transmission of four packets. These
types of transactions are used to manage the data transfers between the host andfull-/low- speed devices.

The USBdata transfer model between a source ordestination on the host and an endpoint on a device is
referred to as a pipe. There are two types of pipes: stream and message. Stream data has no USB-defined
structure, while message data does. Additionally, pipes have associations of data bandwidth, transfer
service type, and endpoint characteristics like directionality and buffer sizes. Most pipes comeinto
existence when a USBdeviceis configured. One message pipe, the Default Control Pipe, always exists
once a device is powered, in order to provide access to the device’s configuration, status, and control
information.

The transaction schedule allows flow control for some stream pipes. At the hardware level, this prevents
buffers from underrun or overrun situations by using a NAK handshaketothrottle the data rate. When
NAKed,a transaction is retried when bus timeis available. The flow control mechanism permits the
construction offlexible schedules that accommodate concurrent servicing of a heterogeneous mix of stream
pipes. Thus, multiple stream pipes can be servicedat different intervals and with packetsofdifferentsizes.

4.5 Robustness

There are severalattributes of the USB that contribute to its robustness:

e Signal integrity using differential drivers, receivers, and shielding

e CRCprotection over control and data fields

* Detection of attach and detach and system-level configuration of resources

«  Self-recovery in protocol, using timeouts for lost or corrupted packets

* Flow control for streaming data to ensure isochrony and hardware buffer management

e Data and control pipe constructs for ensuring independence from adverse interactions between
functions

4.5.1 Error Detection

Thecore bit error rate of the USB medium is expected to be close to that of a backplane and any glitches
will very likely be transient in nature. To provide protection against such transients, each packet includes
error protection fields. When data integrity is required, such as with lossless data devices, an error recovery
procedure may be invoked in hardware or software.

The protocol includes separate CRCs for control and data fields of each packet. A failed CRC is considered
to indicate a corrupted packet. The CRC gives 100% coverage on single- and double-bit errors.

4.5.2 Error Handling
The protocolallows for error handling in hardware or software. Hardwareerror handling includes reporting
and retry of failed transfers. A USB Host Controller will try a transmission that encounters errors up to
three times before informing the client software of the failure. The client software can recover in an
implementation-specific way.

4.6 System Configuration
The USB supports USB devices attaching to and detaching from the USB at any time. Consequently,
system software must accommodate dynamic changesin the physical bus topology.

19
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4.6.1 Attachment of USB Devices

All USB devices attach to the USB through ports on specialized USB devices known as hubs. Hubs have
status bits that are used to report the attachment or removal] of a USB device on oneofits ports. The host
queries the hubto retrieve these bits. In the case of an attachment, the host enables the port and addresses
the USB device through the device’s contro] pipe at the default address.

The host assigns a unique USBaddress to the device and then determines if the newly attached USB device
is a hub ora function. The host establishes its end of the control pipe for the USB device using the assigned
USB address and endpoint numberzero.

If the attached USB device is a hub and USBdevices are attachedto its ports, then the above procedureis
followed for each ofthe attached USB devices.

If the attached USBdeviceis a function, then attachment notifications wil] be handled by host software that
is appropriate for the function.

4.6.2 Removal of USB Devices

When a USBdevice has been removed from one of a hub’s ports, the hub disables the port and provides an
indication of device removalto the host. The removal indication is then handled by appropriate USB
System Software. If the removed USBdevice is a hub, the USB System Software must handle the removal
ofboth the hub andofall of the USB devices that were previously attached to the system through the hub.

4.6.3 Bus Enumeration

Bus enumerationis the activity that identifies and assigns unique addresses to devices attached to a bus.
Because the USB allows USB devicesto attach to or detach from the USBat any time, bus enumeration is
an on-going activity for the USB System Software. Additionally, bus enumeration for the USB also
includes the detection and processing of removals.

4.7 Data Flow Types
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The USBsupports functional data and contro] exchange between the USB host and a USB deviceasa set of
either uni-directional or bi-directional pipes. USB data transfers take place between host software and a
particular endpoint on a USB device. Such associations between the host software and a USB device
endpoint are called pipes. In general, data movement though one pipe is independent from the data flow in
any other pipe. A given USB device may have manypipes. As an example, a given USB device could have
an endpoint that supports a pipe for transporting data to the USB device and another endpointthat supports a
pipe for transporting data from the USB device.

The USBarchitecture comprehendsfour basic types of data transfers:

e Control Transfers: Used to configure a device at attach time and can be used for other device-specific
purposes, including control of other pipes on the device.

e Bulk Data Transfers: Generated or consumedin relatively large and bursty quantities and have wide
dynamiclatitude in transmission constraints.

e Interrupt Data Transfers: Used for timely butreliable delivery of data, for example, characters or
coordinates with human-perceptible echo or feedback response characteristics.

e  Isochronous Data Transfers: Occupy a prenegotiated amount of USB bandwidth with a prenegotiated
delivery latency. (Also called streaming real time transfers).

A pipe supports only one of the types of transfers described above for any given device configuration. The
USBdata flow model is described in more detail in Chapter5,
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4.7.1 Control Transfers

Control data is used by the USB System Software to configure devices when they are first attached. Other
driver software can chooseto use control transfers in implementation-specific ways. Data delivery is
lossless.

4.7.2 Bulk Transfers

Bulk data typically consists of larger amounts of data, such as that used for printers or scanners. Bulk data
is sequential. Reliable exchange of data is ensured at the hardware level by using error detection in
hardware and invoking a limited numberofretries in hardware. Also, the bandwidth taken up by bulk data
can vary, depending on other busactivities.

4.7.3 Interrupt Transfers
A limited-latency transfer to or from a device is referred to as interrupt data. Such data may be presented
for transfer by a device at any time and is delivered by the USBata rate no slowerthanis specified by the
device.

Interrupt data typically consists of event notification, characters, or coordinates that are organized as one or
more bytes. An example of interrupt data is the coordinates from a pointing device. Although an explicit
timing rate is not required, interactive data may have response time bounds that the USB must support.

4.7.4 lsochronous Transfers

Isochronousdata is continuous and real-time in creation, delivery, and consumption. Timing-related
information is implied by the steady rate at which isochronousdata is received and transferred. Isochronous
data must be delivered at the rate received to maintainits timing. In addition to delivery rate, isochronous
data may also be sensitive to delivery delays. For isochronouspipes, the bandwidth requiredis typically
based upon the sampling characteristics of the associated function. The latency required is related to the
buffering available at each endpoint.

A typical example of isochronousdata is voice. If the delivery rate of these data streams is not maintained,
drop-outs in the data stream will occur due to buffer or frame underruns or overruns. Evenif data is
delivered at the appropriate rate by USB hardware, delivery delays introduced by software may degrade
applications requiring real-time turn-around, such as telephony-based audio conferencing.

The timely delivery of isochronous data is ensured at the expense of potential transient losses in the data
stream. In other words,anyerrorin electrical transmission is not corrected by hardware mechanisms such
as retries. In practice, the core bit error rate of the USB is expected to be small enough notto bean issue.
USBisochronous data streamsare allocated a dedicated portion of USB bandwidth to ensure that data can
be delivered at the desired rate. The USBis also designed for minimal delay of isochronousdatatransfers.

4.7.5 Allocating USB Bandwidth

USB bandwidthis allocated among pipes. The USB allocates bandwidth for some pipes whenapipe is
established. USB devices are required to provide some buffering of data. It is assumed that USB devices
requiring more bandwidth are capable of providing larger buffers. The goal for the USBarchitectureis to
ensure that buffering-induced hardware delay is bounded to within a few milliseconds.

The USB’s bandwidth capacity can be allocated among many different data streams. This allows a wide
range of devices to be attached to the USB. Further, different device bit rates, with a wide dynamic range,
can be concurrently supported.

The USB Specification defines the rules for how each transfer type is allowed accessto the bus.
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4.8 USB Devices

USBdevices are divided into device classes such as hub, humaninterface, printer, imaging, or mass storage
device. The hub device class indicates a specially designated USB device that provides additional USB
attachmentpoints (refer to Chapter 11). USB devices are required to carry information for self-
identification and generic configuration. They are also required at all times to display behavior consistent
with defined USB devicestates.

4.8.1 Device Characterizations

All USB devices are accessed by a USB addressthat is assigned when the deviceis attached and
enumerated. Each USB device additionally supports one or more pipes through which the host may
communicate with the device. All USB devices must support a specially designated pipe at endpoint zero to
which the USB device’s USB control pipe will be attached, All USB devices support a commonaccess
mechanism for accessing information throughthis controlpipe.

Associated with the control pipe at endpointzero is the information required to completely describe the
USBdevice. This information falls into the following categories:

e Standard: This is information whose definition is commonto al] USB devices and includes items such

as vendor identification, device class, and power managementcapability. Device, configuration,
interface, and endpointdescriptions carry configuration-related information about the device. Detailed
information about these descriptors can be found in Chapter 9.

e Class: The definition of this information varies, depending on the device class of the USB device.

e USB Vendor: The vendor of the USB deviceis free to put any information desired here. The format,
however, is not determined by this specification.

Additionally, each USB device carries USB control and status information.

4.8.2 Device Descriptions
Two major divisions of device classes exist: hubs and functions. Only hubs have theability to provide
additional USB attachmentpoints. Functions provide additional capabilities to the host.

4.8.2.1 Hubs

22

Hubsare a key elementin the plug-and-play architecture of the USB. Figure 4-3 shows a typical hub. Hubs
serve to simplify USB connectivity from the user’s perspective and provide robustness atrelatively low cost
and complexity.

Hubsare wiring concentrators and enable the multiple attachment characteristics of the USB. Attachment
points are referred to as ports. Each hub converts a single attachmentpoint into multiple attachment points.
The architecture supports concatenation of multiple hubs.

The upstream port of a hub connects the hub towards the host. Each of the downstream ports of a hub
allows connection to another hub or function. Hubs can detect attach and detach at each downstream port
and enable the distribution of power to downstream devices. Each downstream port can be individually
enabled and attachedto either high-, full- or low-speed devices.

A USB 2.0 hub consists of three portions: the Hub Controller, the Hub Repeater, and the Transaction
Translator. The Hub Repeateris a protocol-controlled switch between the upstream port and downstream
ports. It also has hardware support for reset and suspend/resumesignaling. The Host Controller provides
the communication to/from the host. Hub-specific status and control commandspermit the host to
configure a hub and to monitor and control its ports. The Transaction Translator provides the mechanisms
that support full-/low-speed devices behind the hub, while transmitting all device data between the host and
the hub at high-speed.
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Figure 4-3. A Typical Hub

Figure 4-4 illustrates how hubs provide connectivity in a typical desktop computer environment.

TYPICAL USB ARCHITECTURAL

CONFIGURATION

Hub/Function Hub/Function Host/Hub

Function Function Function Function Function

 
Figure 4-4. Hubs in a Desktop Computer Environment
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4.8.2.2 Functions

A function is a USB device that is able to transmit or receive data or control information over the bus. A

function is typically implemented as a separate peripheral device with a cable that plugs into a port on a
hub, However, a physical package may implement multiple functions and an embedded hub withasingle
USBcable. This is known as a compound device. A compound device appears to the host as a hub with
one or more non-removable USBdevices.

Each function contains configuration information that describes its capabilities and resource requirements.
Before a function can be used,it must be configured by the host. This configuration includes allocating
USB bandwidth andselecting function-specific configuration options.

Examples of functions include the following:

e A humaninterface device such as a mouse, keyboard, tablet, or game controller

e An imaging device such as a scanner, printer, or camera

e A mass storage device such as a CD-ROMdrive, floppy drive, or DVD drive

4.9 USB Host: Hardware and Software

The USBhost interacts with USB devices through the Host Controller. The host is responsible for the
following:

® Detecting the attachment and removal of USB devices

e Managing control flow between the host and USB devices

e Managing data flow between the host and USB devices

e Collecting status and activity statistics

e Providing powerto attached USB devices

The USB System Software on the host managesinteractions between USB devices and host-based device
software. There are five areas of interactions between the USB System Software and device software:

e Device enumeration and configuration

e Isochronous data transfers

e Asynchronous data transfers

e Power management

e Device and bus managementinformation

4.10 Architectural Extensions

The USBarchitecture comprehendsextensibility at the interface between the Host Controller Driver and
USB Driver. Implementations with multiple Host Controllers, and associated Host Controller Drivers, are
possible.
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Chapter 5
USB Data Flow Model

This chapter presents information about how data is moved across the USB. The information in this chapter
affects all implementers. The information presented is at a level above the signaling and protocol
definitions ofthe system. Consult Chapter 7 and Chapter 8 for more details about their respective parts of
the USB system. This chapter provides framework information that is further expanded in Chapters 9
through 11. All implementers should read this chapter so they understand the key concepts of the USB.

5.1 Implementer Viewpoints
The USB provides communication services between a host and attached USB devices. However, the simple
view an end usersees of attaching one or more USB devicesto a host, as in Figure 5-1, is in fact a little
more complicated to implementthan is indicated by the figure. Different views of the system are required
to explain specific USB requirements from the perspective of different implementers. Several important
concepts and features must be supported to provide the end user with the reliable operation demanded from
today’s personal computers. The USBis presented in a layered fashion to ease explanation and allow
implementers of particular USB products to focus on the details related to their product.

USB Device  
Figure 5-1. Simple USB Host/Device View

Figure 5-2 shows a deeper overview of the USB,identifying the different layers of the system that will be
described in more detail in the remainderof the specification. In particular, there are four focus
implementation areas:

e USB Physical Device: A piece of hardware on the end of a USB cable that performs someuseful end
user function.

e Client Software: Software that executes on the host, corresponding to a USB device. This client
software is typically supplied with the operating system or provided along with the USB device.

e USB System Software: Software that supports the USB in a particular operating system. The USB
System Software is typically supplied with the operating system, independently ofparticular USB
devices or client software.

e USB Host Controller (Host Side Bus Interface): The hardware and software that allows USB devices
to be attached to a host.

There are shared rights and responsibilities between the four USB system components. The remainder of
this specification describes the details required to support robust, reliable communication flows between a
function andits client.
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Figure 5-2. USB Implementation Areas

As shownin Figure 5-2, the simple connection of a host to a device requires interaction between a number
of layers and entities. The USB BusInterface layer provides physical/signaling/packet connectivity
between the host and a device. The USB Device layeris the view the USB System Software has for
performing generic USB operations with a device. The Function layer provides additional capabilities to
the host via an appropriate matched client software layer. The USB Device and Function layers each have a
view of logical communication within their layer that actually uses the USB BusInterface layer to
accomplish data transfer.

The physical view of USB communication as described in Chapters 6, 7, and 8 is related to the logical
communication view presented in Chapters 9 and 10. This chapter describes those key conceptsthat affect
USB implementers and should be read by all before proceeding to the remainderof the specification to find
those details most relevant to their product.

To describe and manage USB communication, the following concepts are important:

e Bus Topology: Section 5.2 presents the primary physical and logical components of the USB and how
they interrelate.

« Communication Flow Models: Sections 5.3 through 5.8 describe how communication flows between
the host and devices through the USB and defines the four USBtransfer types.

* Bus Access Management: Section 5.11 describes how bus access is managed within the host to support
a broad range of communication flows by USB devices.

e Special Consideration for Isochronous Transfers: Section 5.12 presents features ofthe USB specific to
devices requiring isochronousdata transfers. Device implementers for non-isochronous devices do not
need to read Section 5.12.
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5.2 Bus Topology
There are four main parts to USB topology:

e Host and Devices: The primary components of a USB system

® Physical Topology: How USB elements are connected

e« Logical Topology: The roles and responsibilities of the various USB elements and how the USB
appears from the perspective of the host and a device

e Client Software-to-function Relationships: How client software and its related function interfaces on a
USBdevice view each other

5.2.1 USB Host

The host’s logical composition is shown in Figure 5-3 and includes the following:

e USB Host Controller

e Aggregate USB System Software (USB Driver, Host Controller Driver, and host software)

e Client

Host

 Client SW

 
ae

USB Host
Controller

> actual communications flow

a Logical communications flow

   

  

Figure 5-3. Host Composition

The USBhost occupies a unique position as the coordinating entity for the USB. In addition to its special
physical position, the host has specific responsibilities with regard to the USB andits attached devices. The
host controls all access to the USB. A USB device gains access to the bus only by being granted access by
the host. The hostis also responsible for monitoring the topology of the USB.

For a complete discussion of the host and its duties, refer to Chapter 10.
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5.2.2 USB Devices

A USBphysical device’s logical composition is shown in Figure 5-4 and includes the following:

e USBbusinterface

e USBlogical device

e Function

USBphysical devices provide additional functionality to the host. The types of functionality provided by
USB devices vary widely. However, all USB logical devices present the same basic interface to the host.
This allows the host to manage the USB-relevant aspects of different USB devices in the same manner.

To assist the host in identifying and configuring USB devices, each device carries and reports configuration-
related information. Someofthe information reported is common amongall logical devices. Other
informationis specific to the functionality provided by the device. The detailed format of this information
varies, depending on the device class of the device.

For a complete discussion of USBdevices, refer to Chapter 9.

Physical Device

 
  
 

USBLogical
Device

USB Bus
Interface

es acttial communications flow

 Logical communications flow

Figure 5-4, Physical Device Composition
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5.2.3 Physical Bus Topology
Devices on the USB are physically connected to the host via a tiered star topology, as illustrated in
Figure 5-5. USB attachment points are provided by a special class of USB device known as a hub. The
additional attachment points provided by a hub are called ports. A host includes an embedded hubcalled
the root hub. The host provides one or more attachment points via the root hub. USB devices that provide
additional functionality to the host are knownas functions. To prevent circular attachments,a tiered
ordering is imposed onthe star topology ofthe USB. This results in the tree-like configuration illustrated in
Figure 5-5.

 
Figure 5-5. USB Physical Bus Topology

Multiple functions may be packaged together in what appears to be a single physical device. For example, a
keyboard and a trackball might be combinedin a single package. Inside the package, the individual
functions are permanently attached to a hub andit is the internal hub that is connected to the USB. When
multiple functions are combined with a hub in a single package, they are referred to as a compounddevice,
The hub and each function attached to the hub within the compound deviceis assigned its own device
address. A device that has multiple interfaces controlled independently of each otheris referred to as a
composite device. A composite device has only a single device address. From the host’s perspective, a
compound device is the same as a separate hub with multiple functions attached. Figure 5-5 alsoillustrates
a compound device.
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Figure 5-6. Multiple Full-speed Buses in a High-speed System

The hub playsa special role in a high-speed system. The hub isolates the full-/low-speed signaling
environment from the high-speed signaling environment. Figure 5-6 shows a hub operating in high speed
supporting a high-speed attached device. The hub also allows USB1.1 hubsto attach and operateat full-
/low-speed along with other full-/low-speed only devices. The host controller also directly supports
attaching full-/low-speed only devices. Chapter 11 describes the details of how the hub accomplishes the
isolation of the two signaling environments.

Each high-speed operating hub essentially adds one (or more) additional full-/low-speed buses; i.e., each
hub supports additional (optionally multiple) 12 Mb/s of USB full-/low-speed bandwidth. This allows more
full-/low-speed buses to be attached without requiring additional host controllers in a system. Even though
there can be several ]2 Mb/s full-/low-speed buses, there are only at most 127 USB devices attached to any
single host controller.

5.2.4 Logical Bus Topology
While devices physically attach to the USBina tiered, star topology, the host communicates with each
logical deviceas if it were directly connected to the root port. This creates the logical view illustrated in
Figure 5-7 that correspondsto the physical topology shown in Figure 5-5. Hubs are logical devices also but
are not shownin Figure 5-7 to simplify the picture. Even though most host/logical device activities use this
logical perspective, the host maintains an awarenessof the physical topology to support processing the
removal of hubs. When a hub is removed,all of the devices attached to the hub must be removed from the

host’s view of the logical topology. A more complete discussion of hubs can be found in Chapter 11.

 
Figure 5-7. USB Logical Bus Topology

30

ZTE/SAMSUNG 1008-0058

IPR2018-00110



ZTE/SAMSUNG 1008-0059 
IPR2018-00110

Universal Serial Bus Specification Revision 2.0

5.2.5 Client Software-to-function Relationship
Even though the physical and logical topology of the USBreflects the shared nature ofthe bus,client
software (CSw) manipulating a USB function interface is presented with the view that it deals only with its
interface(s) of interest. Client software for USB functions must use USB software programminginterfaces
to manipulate their functions as opposedto directly manipulating their functions via memory or I/O accesses
as with other buses (e.g., PCI, EISA, PCMCIA,etc.). During operation, client software should be
independent of other devices that may be connected to the USB. This allows the designer of the device and
client software to focus on the hardware/software interaction design details. Figure 5-8 illustrates a device
designer’s perspective of the relationships of client software and USB functions with respect to the USB
logical topology of Figure 5-7.

Figure 5-8. Client Software-to-function Relationships

 
 (Gist(Gist

5.3 USB Communication Flow

The USB provides a communication service between software on the host and its USB function. Functions
can have different communication flow requirementsfor different client-to-function interactions. The USB
provides better overall bus utilization by allowing the separation of the different communication flowsto a
USBfunction. Each communication flow makes use of some bus access to accomplish communication
betweenclient and function. Each communication flow is terminated at an endpoint on a device. Device
endpoints are used to identify aspects of each communication flow.

Figure 5-9 shows a more detailed view of Figure 5-2. The complete definition of the actual communication
flows of Figure 5-2 supports the logical device and function layer communication flows. These actual
communication flows cross several interface boundaries. Chapters 6 through 8 describe the mechanical,
electrical, and protocol interface definitions of the USB “wire.” Chapter 9 describes the USB device
programminginterface that allows a USB device to be manipulated from the hostside ofthe wire.
Chapter 10 describes two host side software interfaces:

e Host Controller Driver (HCD): The software interface between the USB Host Controller and USB
System Software. This interface allows a range of Host Controller implementations without requiring
all host software to be dependent on any particular implementation. One USB Driver can support
different Host Controllers without requiring specific knowledge of a Host Controller implementation.
A Host Controller implementer provides an HCD implementation that supports the Host Controller.

e USB Driver (USBD): Theinterface between the USB System Software and the client software. This
interface provides clients with convenient functions for manipulating USB devices.
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Figure 5-9. USB Host/Device Detailed View

A USBlogical device appears to the USB system as a collection of endpoints. Endpoints are grouped into
endpoint sets that implement an interface. Interfaces are views to the function. The USB System Software
manages the device using the Default Control Pipe. Client software manages aninterface using pipe
bundles (associated with an endpointset). Client software requests that data be moved across the USB
between a buffer on the host and an endpoint on the USB device. The Host Controller (or USB device,
dependingontransfer direction) packetizes the data to move it over the USB. The Host Controller also
coordinates when busaccessis used to movethe packet of data over the USB.
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Figure 5-10 illustrates how communication flowsare carried over pipes between endpoints and hostside
memory buffers. The following sections describe endpoints, pipes, and communication flows in more
detail.

Client

 Communicationfenaaa
Flows  

 
Interface

Figure 5-10. USB Communication Flow

Software on the host communicates with a logical device via a set of communication flows. The set of
communication flows are selected by the device software/hardware designer(s) to efficiently match the
communication requirements of the device to the transfer characteristics provided by the USB.

5.3.1 Device Endpoints

An endpointis a uniquely identifiable portion of a USB device that is the terminus of a communication flow
between the host and device. Each USBlogical device is composed of a collection of independent
endpoints. Each logical device has a unique address assigned by the system at device attachment time.
Each endpoint on a deviceis given at design time a unique device-determinedidentifier called the endpoint
number. Each endpoint has a device-determined direction of data flow. The combination ofthe device
address, endpoint number, and direction allows each endpoint to be uniquely referenced. Each endpoint is a
simplex connection that supports data flow in one direction: either input (from device to host) or output
(from host to device).

An endpoint has characteristics that determine the type of transfer service required between the endpoint
and the client software. An endpoint describesitself by:

e Bus access frequency/latency requirement
e Bandwidth requirement

e Endpoint number

e Error handling behavior requirements

e Maximum packetsize that the endpoint is capable of sendingorreceiving

e The transfer type for the endpoint (refer to Section 5.4 for details)

e The direction in which data is transferred between the endpoint and the host

Endpoints other than those with endpoint numberzero are in an unknownstate before being configured and
may not be accessed by the host before being configured.
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5.3.1.1 Endpoint Zero Requirements
All USB devices are required to implementa default control method that uses both the input and output
endpoints with endpoint number zero. The USB System Softwareuses this default control method to
initialize and generically manipulate the logical device (e.g., to configure the logical device) as the Default
Control Pipe (see Section 5.3.2). The Default Control Pipe provides access to the device’s configuration
information and allows generic USB status and control access. The Default Control Pipe supports control
transfers as defined in Section 5.5. The endpoints with endpoint numberzero are always accessible once a
device is attached, powered, and has received a busreset.

A USBdevicethat is capable of operating at high-speed must have a minimum level of support for
operating at full-speed. When the device is attached to a hub operating in full-speed, the device must:

e Beable to reset successfully at full-speed

* Respond successfully to standard requests: set_address, set_configuration, get_descriptor for device and
configuration descriptors, and return appropriate information

The high-speed device may or maynotbe able to support its intended functionality when operatingat full-
speed.

5.3.1.2 Non-endpoint Zero Requirements
Functions can have additional endpoints as required for their implementation. Low-speed functions are
limited to two optional endpoints beyond the two required to implement the Default Control Pipe. Full-
speed devices can have additional endpoints only limited by the protocol definition (i.e., a maximum of 15
additional input endpoints and 15 additional output endpoints).

Endpoints other than those for the Default Control Pipe cannot be used until the device is configured as a
normal part of the device configuration process (refer to Chapter9).

5.3.2 Pipes

34

A USBpipeis an association between an endpoint on a device and software on the host. Pipes represent the
ability to move data between software on the host via a memory buffer and an endpoint on a device. There
are two mutually exclusive pipe communication modes:

e Stream: Data moving through a pipe has no USB-defined structure

e Message: Data moving through a pipe has some USB-definedstructure

The USBdoesnot interpret the contentofdata it delivers through a pipe. Even though a message pipe
requires that data be structured according to USB definitions, the content of the data is not interpreted by the
USB.

Additionally, pipes have the following associated with them:

e Acclaim on USB bus access and bandwidth usage.

eAtransfer type.

* The associated endpoint’s characteristics, such as directionality and maximum data payload sizes. The
data payload is the data that is carried in the data field of a data packet within a bus transaction (as
defined in Chapter8).

The pipe that consists of the two endpoints with endpoint numberzerois called the Default Control Pipe.
This pipe is always available once a device is powered and hasreceived a bus reset. Other pipes comeinto
existence when a USB device is configured. The Default Control Pipe is used by the USB System Software
to determine device identification and configuration requirements and to configure the device. The Default
Control Pipe can also be used by device-specific software after the device is configured. The USB System
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Software retains “ownership”ofthe Default Control! Pipe and mediates use of the pipe by other client
software.

A software client normally requests data transfers via I/O Request Packets (IRPs) to a pipe andthen either
waits or is notified when they are completed. Details about IRPs are defined in an operating system-
specific manner. This specification uses the term to simply refer to an identifiable request by a software
client to move data betweenitself (on the host) and an endpoint of a device in an appropriate direction. A
software client can causea pipeto return all outstanding IRPsif it desires. The softwareclient is notified
that an IRP has completed when the bus transactions associated with it have completed either successfully
or due to errors.

If there are no IRPs pendingorin progressfor a pipe, the pipe is idle and the Host Controller will take no
action with regard to the pipe; i.e., the endpoint for such a pipe will not see any bus transactions directed to
it. The only time bus activity is present for a pipe is when IRPs are pendingfor that pipe.

If anon-isochronous pipe encounters a condition that causesit to send a STALLto the host (refer to
Chapter 8) or three buserrors are encountered on any packet of an IRP, the IRP is aborted/retired,all
outstanding IRPsare alsoretired, and no further IRPs are accepted until the software client recovers from
the condition (in an implementation-dependent way) and acknowledgesthehalt or error condition via a
USBDcall. An appropriate status informs the softwareclient of the specific IRP result for error versushalt
(refer to Chapter 10). Isochronous pipe behavior is described in Section 5.6.

An IRP may require multiple data payloads to movethe client data over the bus. The data payloads for such
a multiple data payload IRP are expected to be of the maximum packetsize until the last data payload that
contains the remainder ofthe overall IRP. See the description of each transfer type for more details. For
such an IRP, short packets (i.e., less than maximum-sized data payloads) on input that do not completely fill
an IRP data buffer can have one of two possible meanings, depending upon the expectationsofa client:

e« A client can expect a variable-sized amountofdata in an IRP. In this case, a short packet that does not
fill an IRP data buffer can be used simply as an in-band delimiter to indicate “end of unit of data.” The
IRP shouldbe retired without error and the Host Controller should advanceto the next IRP.

e Aclient can expect a specific-sized amountof data. In this case, a short packet that doesnotfill an IRP
data buffer is an indication of an error. The IRP shouldberetired, the pipe should be stalled, and any
pending IRPs associated with the pipe should alsobe retired.

Because the Host Controller must behave differently in the two cases and cannot know onits own which
way to behave for a given IRP;it is possible to indicate per IRP which behaviortheclient desires.

An endpoint can inform the host that it is busy by responding with NAK. NAKsare not used asaretire
condition for returning an IRP to a software client. Any number of NAKscan be encountered during the
processing of a given IRP. A NAKresponse to a transaction does not constitute an error and is not counted
as one of the three errors described above.

5.3.2.1 Stream Pipes
Stream pipes deliver data in the data packet portion of bus transactions with no USB-required structure on
the data content. Data flows in at one end of a stream pipe and out the other end in the same order. Stream
pipes are always uni-directional in their communication flow.

Data flowing through a stream pipe is expected to interact with what the USB believesis a singleclient.
The USB System Softwareis not required to provide synchronization between multiple clients that may be
using the same stream pipe. Data presented to a stream pipe is moved throughthe pipe in sequential order:
first-in, first-out.

A stream pipe to a device is bound to a single device endpoint numberin the appropriate direction(i.e.,
corresponding to an IN or OUTtokenas defined by the protocol layer). The device endpoint numberfor the
opposite direction can be used for someotherstream pipe to the device.
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Stream pipes support bulk, isochronous, and interrupt transfer types, which are explainedin later sections,

5.3.2.2 Message Pipes

Messagepipesinteract with the endpoint in a different manner than stream pipes. First, a request is sent to
the USB device from the host. This request is followed by data transfer(s) in the appropriate direction.
Finally, a Status stage follows at somelater time. In order to accommodate the request/data/status
paradigm, message pipes imposea structure on the communication flow that allows commandsto be
reliably identified and communicated. Message pipes allow communication flow in both directions,
although the communication flow may be predominately one way. The Default ControlPipe is always a
message pipe.

The USB System Software ensures that multiple requests are not sent to a message pipe concurrently. A
device is required to service only a single message request at a time per message pipe. Multiple software
clients on the host can make requests via the Default Control Pipe, but they are sent to the deviceinafirst-
in, first-out order. A device can control the flow of information during the Data and Status stages based on
its ability to respond to the hosttransactions (refer to Chapter 8 for more details).

A messagepipe will not normally be sent the next message from the host until the current message’s
processingat the device has been completed. However,there are error conditions whereby a message
transfer can be aborted by the host and the message pipe can be sent a new message transfer prematurely
(from the device’s perspective). From the perspective of the software manipulating a message pipe, an error
on somepart of an IRP retires the current IRP and all queued IRPs. The software client that requested the
IRP is notified of the IRP completion with an appropriate error indication.

A message pipe to a device requires a single device endpoint numberin both directions (IN and OUT
tokens). The USB doesnot allow a messagepipe to be associated with different endpoint numbers for each
direction.

Messagepipes support the control transfer type, which is explained in Section 5.5.

5.3.3 Frames and Microframes

USBestablishes a | millisecond time base called a frame on a full-/low-speed bus and a 125 ps time base
called a microframe on a high-speed bus. A (micro)frame can contain several transactions. Each transfer
type defines what transactions are allowed within a (micro)frame for an endpoint. Isochronous andinterrupt
endpoints are given opportunities to the bus every N (micro)frames. The values ofN and otherdetails about
isochronousandinterrupt transfers are described in Sections 5.6 and5.7.

5.4 Transfer Types

36

The USBtransports data through a pipe between a memory buffer associated with a software client on the
host and an endpoint on the USB device. Data transported by message pipesis carried in a USB-defined
structure, but the USB allows device-specific structured data to be transported within the USB-defined
message data payload. The USBalso defines that data moved overthe bus is packetized for any pipe
(stream or message), but ultimately the formatting and interpretation of the data transported in the data
payload of a bustransactionis the responsibility of the client software and function using thepipe.
However, the USB provides different transfer types that are optimized to more closely match the service
requirements ofthe client software and function using the pipe. An IRP uses one or more bus transactions
to move information between a software client andits function.

Eachtransfer type determines various characteristics of the communication flow including the following:

« Data format imposed by the USB

e Direction of communication flow

e Packet size constraints
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e Bus access constraints

e Latency constraints

e Required data sequences

e Error handling

The designers of a USB device choose the capabilities for the device’s endpoints. Whenapipeis
established for an endpoint, most of the pipe’s transfer characteristics are determined and remainfixed for
the lifetime of the pipe. Transfer characteristics that can be modified are described for eachtransfer type.

The USBdefines four transfer types:

¢ Control Transfers: Bursty, non-periodic, host software-initiated request/response communication,
typically used for command/status operations.

e  Jsochronous Transfers: Periodic, continuous communication between host and device, typically used
for time-relevant information. This transfer type also preserves the concept of time encapsulatedin the
data. This does not imply, however, that the delivery needs of such datais always time-critical.

e Interrupt Transfers: Low-frequency, bounded-latency communication.

e Bulk Transfers: Non-periodic, large-packet bursty communication, typically used for data that can use
any available bandwidth and can also be delayed until bandwidthis available.

Eachtransfer type is describedin detail in the following four major sections. The data for any IRPis
carried by the data field of the data packet as described in Section 8.3.4. Chapter 8 also describesdetails of
the protocolthat are affected by use of each particulartransfer type.

5.4.1 Table Calculation Examples
The following sections describe each of the USB transfer types. In these sections, there are tables that
illustrate the maximum numberoftransactions that can be expected to be contained in a (micro)frame.
These tables can be used to determine the maximum performance behaviorpossible for a specific transfer
type. Actual performance may vary with specific system implementation details,

Eachtable shows:

e Theprotocol overhead required for the specific transfer type (and speed)

e For some sample data payload sizes:

© The maximum sustained bandwidth possible for this case

o The percentage of a (micro)frame that each transaction requires

o The maximum numberoftransactions in a (micro)frame for the specific case

o The remaining bytes in a (micro)frame that would not be required for the specific case

o Thetotal numberofdata bytestransported in a single (micro)framefor the specific case

A transaction of a particulartransfer type typically requires multiple packets. The protocol overhead for
each transaction includes:

e ASYNCfield for each packet: either 8 bits (full-/low-speed) or 32 bits (high-speed)

e <A PID byte for each packet: includes PID and PID invert (check)bits

e AnEOPfor each packet: 3 bits (full-/low-speed)or 8 bits (high-speed)

« Ina token packet, the endpoint number, device address, and CRCSfields (16 bits total)
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e Ina data packet, CRC16 fields (16 bits total)

e Ina data packet, any data field (8 bits per byte)

e For transaction with multiple packets, the inter packet gap or bus turnaround timerequired.

For these calculations, there is assumedto be no bit-stuffing required.

Using the low speed interrupt OUTas an example, there are 5 packetsin the transaction:

e A PRE special packet

e A token packet

e A PRE special packet

e A data packet

e A handshake packet

There is one bus turnaround between the data and handshake packets. The protocol overhead is therefore:

5 SYNC, 5 PID, Endpoint + CRC5, CRC16, 5 EOPs and interpacket delay (one bus turnaround, | delay
between packets, and 2 hub setup times).

5.5 Control Transfers

Control transfers allow access to different parts of a device. Control transfers are intended to support
configuration/command/status type communication flows between client software andits function. A
control transfer is composed of a Setup bus transaction moving request information from host to function,
zero or more Datatransactions sending data in the direction indicated by the Setup transaction, and a Status
transaction returning status information from function to host. The Status transaction returns “success”
when the endpoint has successfully completed processing the requested operation. Section 8.5.3 describes
the details of what packets, bus transactions, and transaction sequences are used to accomplish a control
transfer. Chapter 9 describes the details of the defined USB commandcodes.

Each USBdeviceis required to implement the Default Control Pipe as a message pipe. This pipe is used by
the USB System Software. The Default Control Pipe provides access to the USB device’s configuration,
status, and control information. A function can,but is not required to, provide endpoints for additional
control pipes for its own implementation needs.

The USB device framework (refer to Chapter 9) defines standard, device class, or vendor-specific requests
that can be used to manipulate a device’s state. Descriptors are also defined that can be used to contain
different information on the device. Control transfers provide the transport mechanism to access device
descriptors and make requests of a device to manipulateits behavior.

Controltransfers are carried only through message pipes. Consequently, data flows using control transfers
must adhere to USB data structure definitions as described in Section 5.5.1.

The USB system will make a “best effort” to support delivery of control transfers between the host and
devices. A function andits client software cannot request specific bus access frequency or bandwidth for
control transfers. The USB System Software mayrestrict the bus access and bandwidth that a device may
desire for control transfers. These restrictions are defined in Section 5.5.3 and Section 5.5.4.

5.5.1 Control Transfer Data Format
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The Setup packet has a USB-defined structure that accommodates the minimum set of commandsrequired
to enable communication between the host and a device. The structure definition allows vendor-specific
extensions for device specific commands. The Data transactions following Setup have a USB-defined
structure except when carrying vendor-specific information. The Status transaction also has a USB-defined
structure. Specific control transfer Setup/Data definitions are described in Section 8.5.3 and Chapter 9.
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5.5.2 Control Transfer Direction

Control transfers are supported via bi-directional communication flow over message pipes. As a
consequence, when a controlpipe is configured, it uses both the input and output endpoint with the specified
endpoint number.

5.5.3 Control Transfer Packet Size Constraints

An endpoint for control transfers specifies the maximum data payload size that the endpoint can accept from
or transmit to the bus. The allowable maximum control transfer data payload sizes for full-speed devices is
8, 16, 32, or 64 bytes; for high-speed devices,it is 64 bytes and for low-speed devices, it is 8 bytes. This
maximum applies to the data payloads of the Data packets following a Setup;i.e., the size specified is for
the data field ofthe packet as defined in Chapter 8, not including other information that is required by the
protocol. A Setup packet is always eight bytes. A control pipe (including the Default Control Pipe) always
usesits wMaxPacketSize value for data payloads.

An endpointreports in its configuration information the value for its maximum data payload size. The USB
does not require that data payloads transmitted be exactly the maximumsize;i.e., if a data payloadis less
than the maximum,it does not need to be padded to the maximum size.

All Host Controllers are required to have support for 8-, 16-, 32-, and 64-byte maximum data payloadsizes
for full-speed control endpoints, only 8-byte maximum data payload sizes for low-speed control endpoints,
and only 64-byte maximum data payload size for high-speed control endpoints. No Host Controlleris
required to support larger or smaller maximum data payloadsizes.

In order to determine the maximum packetsize for the Default Control Pipe, the USB System Software
reads the device descriptor. The host will read the first eight bytes of the device descriptor. The device
always responds with atleast these initial bytes in a single packet. After the host reads the initial part of the
device descriptor, it is guaranteed to have read this default pipe’s wMaxPacketSizefield (byte 7 of the
device descriptor). It will then allow the correctsize for all subsequenttransactions. For all other control
endpoints, the maximum data payload size is known after configuration so that the USB System Software
can ensure that no data payload will be sent to the endpoint that is larger than the supported size.

An endpoint must alwaystransmit data payloads with a data field less than or equal to the endpoint’s
wMaxPacketSize (refer to Chapter 9). When a control transfer involves more data than can fit in one data
payload ofthe currently established maximumsize, all data payloads are required to be maximum-sized
except for the last data payload, which will contain the remaining data.

The Data stage of a control transfer from an endpoint to the host is complete when the endpoint does one of
the following:

e Has transferred exactly the amount of data specified during the Setup stage

e Transfers a packet with a payload size less than wMaxPacketSize or transfers a zero-length packet

Whena Data stage is complete, the Host Controller advancesto the Status stage instead of continuing on
with another data transaction. If the Host Controller does not advanceto the Status stage when the Data
stage is complete, the endpoint halts the pipe as was outlined in Section 5.3.2. Ifa larger-than-expected data
payload is received from the endpoint, the IRP for the control transfer will be aborted/retired.

The Data stage of a control transfer from the host to an endpoint is complete when all of the data has been
transferred. If the endpoint receives a larger-than-expected data payload from the host, it halts the pipe.

39

ZTE/SAMSUNG 1008-0067

IPR2018-00110



ZTE/SAMSUNG 1008-0068 
IPR2018-00110

Universal Serial Bus Specification Revision 2.0

5.5.4 Control Transfer Bus Access Constraints

Control transfers can be used by high-speed,full-speed, and low-speed USB devices.

An endpoint has no wayto indicate a desired bus access frequency for a control pipe. The USB balances
the bus access requirementsofall control pipes and the specific IRPs that are pending to provide “best
effort” delivery of data between client software and functions.

The USBrequiresthat part of each (micro)frame be reserved to be available for use by control transfers as
follows:

e Ifthe control transfers that are attempted (in an implementation-dependent fashion) consume less than
10%of the frame time for full-/low-speed endpoints or less than 20% of a microframe for high-speed
endpoints, the remaining time can be used to support bulk transfers (refer to Section 5.8).

e A control transfer that has been attempted and needsto beretried can beretried in the current or a
future (micro)frame;i.e., it is not required to be retried in the same (micro)frame.

e If there are more control transfers than reserved time, but there is additional (micro)frame timethat is
not being used for isochronousorinterrupt transfers, a Host Controller may moveadditional control
transfers as they are available.

* Ifthere are too many pending control transfers for the available (micro)frame time, control transfers are
selected to be moved overthe bus as appropriate.

e Ifthere are control transfers pending for multiple endpoints, contro! transfers for the different endpoints
are selected accordingto a fair access policy that is Host Controller implementation-dependent.

e A transaction of a controltransfer that is frequently being retried should not be expected to consume an
unfair share of the bustime.

High-speed control endpoints must support the PING flow control protocol for OUT transactions. The
details of this protocol are described in Section 8.5.1.

These requirements allow control transfers between host and devices to be regularly moved over the bus
with “best effort.”

The USB System Software can, at its discretion, vary the rate of control transfers to a particular endpoint.
An endpointand its client software cannot assumea specific rate of service for control transfers. A contro]
endpoint may see zero or more transfers in a single (micro)frame. Bus time made available to a software
client and its endpoint can be changed as other devices are inserted into and removed from the system or
also as control transfers are requested for other device endpoints.

The bus frequency and (micro)frametiming limit the maximum numberof successful control transfers
within a (micro)frame for any USB system. Forfull-/low-speed buses, the numberof successful contro]
transfers per frame is limited to less than 29 full-speed eight-byte data payloads or less than four low-speed
eight-byte data payloads. For high-speed buses, the numberofcontroltransfers is limited to less than
32 high-speed 64-byte data payloads per microframe.

Table 5-1 lists information about different-sized low-speed packets and the maximum numberofpackets
possible in a frame. The table does not include the overhead associated withbit stuffing.
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Table 5-1. Low-speed Control Transfer Limits
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Forall speeds, because a control transfer is composed of several packets, the packets can be spread over
several (micro)frames to spread the bus time required across several (micro)frames.
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The 10% framereservation for full-/low-speed non-periodic transfers means that in a system with bus time
fully allocated, all full-speed control transfers in the system contend for a nominal three controltransfers per
frame. Because the USB system uses contro] transfers for configuration purposes in addition to whatever
other control transfers other client software may be requesting, a given software client and its function
should not expect to be able to makeuseofthis full bandwidth for its own control purposes. Host
Controllers are also free to determine how the individual bus transactions for specific control transfers are
moved over the bus within and across frames. An endpoint couldsee all bus transactions for a control
transfer within the same frame or spread across several noncontiguous frames. A Host Controller, for
various implementation reasons, may not be able to provide the theoretical maximum numberof contro]
transfers per frame.

For high-speed endpoints, the 20% microframereservation for non-periodic transfers meansthat all high
speed control transfers are contending for nominally six control transfers per microframe. High-speed
control transfers contend for microframe time along with split-transactions (see Sections 11.15-11.21 for
more information aboutsplit transactions) for full- and low-speed control transfers. Both full-speed and
low-speed control transfers contend for the same available frame time. However, high-speed contro]
transfers for some endpoints can occur simultaneously with full- and low-speed control transfers for other
endpoints. Low-speed control transfers simply take longerto transfer.
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Table 5-2 lists information about different-sized full-speed control transfers and the maximum numberof
transfers possible in a frame. This table was generated assuming that there is one Data stage transaction and
that the Data stage has a zero-length status phase. The table illustrates the possible power of two data
payloads less than or equalto the allowable maximum data payload sizes. The table does not include the
overhead associated with bit stuffing.

Table 5-2. Full-speed Control Transfer Limits

Protocol Overhead (45 bytes)|(9 SYNC bytes, 9 PID bytes, 6 Endpoint + CRC bytes,
6 CRCbytes, 8 Setup data bytes, and a 7-byte interpacket
delay (EOP,etc.))

Max Bandwidth Frame Bytes Bytes/Frame
(bytes/second) Bandwidth Remaining Useful Data

per
Transfer
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Table 5-3 lists information about different-sized high-speed control transfers and the maximum numberof
transfers possible in a microframe. This table was generated assumingthat there is one Data stage
transaction and that the Data stage has a zero-length status stage. Thetable illustrates the possible power of
two data payloads less than or equalto the allowable maximum data payload size. The table does not
include the overhead associated with bit stuffing.

Table 5-3. High-speed Control Transfer Limits

Protocol Overhead (Based on 480Mb/s and8 bit interpacket gap, 88 bit min bus
(173 bytes) turnaround, 32 bit sync, 8 bit EOP: (9x4 SYNC bytes,

9 PID bytes, 6 EP/ADDR+CRC,6 CRC16, 8 Setup data,
9x(1+11) byte interpacket delay (EOP,etc.))

Data Max Bandwidth Microframe Max Bytes Bytes/
Payload|(bytes/second) Bandwidth Transfers|Remaining Microframe

per Transfer Useful Data

rs 344000 2% 43
672000 2% 42

mei 1344000 2% 42
|8 2624000 2% 41

16 4992000 3% 39

32 9216000 3% 36 12

|
—

 

 

  
0

15872000 3% 31 153 1984

na woe] =

5.5.5 Control Transfer Data Sequences

Control transfers require that a Setup bus transaction be sent from the host to a device to describe the type of
control access that the device should perform. The Setup transaction is followed by zero or more control
Data transactions that carry the specific information for the requested access. Finally, a Status transaction
completes the control transfer and allows the endpointto return the status of the control transfer to the client
software. After the Status transaction for a control transfer is completed, the host can advance to the next
control transfer for the endpoint. As described in Section 5.5.4, each control transaction and the next
control transfer will be moved over the bus at some Host Controller implementation-defined time.

  
The endpoint can be busy for a device-specific time during the Data and Status transactions of the control
transfer, During these times when the endpointindicates it is busy (refer to Chapter 8 and Chapter 9 for
details), the host will retry the transactionat a later time.

If a Setup transaction is received by an endpoint before a previously initiated control transfer is completed,
the device must abort the current transfer/operation and handle the new control Setup transaction. A Setup
transaction should not normally be sent before the completion of a previous control transfer. However, if a
transfer is aborted, for example, due to errors on the bus, the host can send the next Setup transaction
prematurely from the endpoint’s perspective.
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After a halt condition is encountered or an error is detected by the host, a control endpoint is allowed to
recover by accepting the next Setup PID;i.e., recovery actions via some other pipe are not required for
control endpoints. For the Default Control Pipe, a device reset will ultimately be requiredto clear the halt
or error condition if the next Setup PID is not accepted.

The USBprovides robust error detection and recovery/retransmission for errors that occur during control
transfers. Transmitters and receivers can remain synchronized with regard to where they are in a control
transfer and recover with minimum effort. Retransmission of Data and Status packets can be detected by a
receiver via data retry indicators in the packet. A transmitter can reliably determinethat its corresponding
receiver has successfully accepted a transmitted packet by information returned in a handshaketo the
packet. The protocolallows for distinguishing a retransmitted packet from its original packet except for a
control Setup packet. Setup packets may be retransmitted due to a transmission error; however, Setup
packets cannotindicate that a packet is an original or a retried transmission.

5.6 Isochronous Transfers

In non-USBenvironments, isochronous transfers have the general implication of constant-rate, error-
tolerant transfers. In the USB environment, requesting an isochronoustransfer type provides the requester
with the following:

e Guaranteed access to USB bandwidth with boundedlatency

e® Guaranteed constant data rate throughthe pipe as long as data is provided to the pipe

e In the case of a delivery failure due to error, no retrying of the attempt to deliver the data

While the USB isochronoustransfer type is designed to support isochronous sources and destinations,it is
not required that software using this transfer type actually be isochronousin orderto use the transfertype.
Section 5.12 presents more detail on special considerations for handling isochronous data on the USB.

5.6.1 Isochronous Transfer Data Format

The USB imposes no data content structure on communication flows for isochronouspipes.

5.6.2 Isochronous Transfer Direction

An isochronouspipe is a stream pipe andis, therefore, always uni-directional. An endpoint description
identifies whether a given isochronous pipe’s communication flow is into or out of the host. If a device
requires bi-directional isochronous communication flow, two isochronous pipes must be used, one in each
direction.

5.6.3 lsochronous Transfer Packet Size Constraints

An endpoint in a given configuration for an isochronous pipe specifies the maximum size data payload that
it can transmit or receive. The USB System Software uses this information during configuration to ensure
that there is sufficient bus time to accommodate this maximum data payload in each (micro)frame. If there
is sufficient bus time for the maximum data payload, the configuration is established; if not, the
configuration is not established.

The USB limits the maximum data payload size to 1,023 bytes for each full-speed isochronous endpoint.
High-speed endpointsare allowed up to 1024-byte data payloads. A high speed, high bandwidth endpoint
specifies whetherit requires two or three transactions per microframe. Table 5-4 lists information about
different-sized full-speed isochronous transactions and the maximum numberoftransactions possible in a
frame. Thetable is shaded to indicate that a full-speed isochronous endpoint (with a non-zero wMaxpacket
size) mustnotbe part of a default interface setting. The table does not include the overhead associated with
bit stuffing.
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Table 5-4. Full-speed Isochronous Transaction Limits

Protocol Overhead (9 bytes)|(2 SYNC bytes, 2 PID bytes, 2 Endpoint + CRC bytes,
2 CRC bytes, and a 1-byte interpacket delay)

Max Frame Max Bytes Bytes/Frame
Payload|Bandwidth(bytes/|Bandwidth Transfers|Remaining Useful Data

second) per Transfer

450000 1% oo
272000 1%

960000

 

 

— ao 

Goine) 1152000  

1280000

1280000

a
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Table 5-5 lists information about different-sized high-speed isochronoustransactions and the maximum
numberoftransactions possible in a microframe. The table is shadedto indicate that a high-speed
isochronous endpoint must notbe part of a default interface setting. The table does not include the overhead
associated with bit stuffing.

Any given transaction for an isochronous pipe need not be exactly the maximum size specified for the
endpoint. The size of a data payload is determined by the transmitter (client software or function) and can
vary as required from transaction to transaction. The USB ensures that whateversize is presentedto the
Host Controller is delivered on the bus. The actual size of a data payload is determined by the data
transmitter and may beless than the prenegotiated maximum size. Bus errors can change the actual packet
size seen by the receiver. However, these errors can be detected by either CRC onthe data or by knowledge
the receiver has about the expected size for any transaction.

Table 5-5. High-speed Isochronous Transaction Limits

Protocol Overhead (Based on 480Mb/s and8bit interpacket gap, 88 bit min bus
turnaround, 32 bit sync, 8 bit EOP: (2x4 SYNC bytes, 2 PID
bytes, 2 EP/ADDR+addr+CRC5, 2 CRC16, and a 2x(1+11))
byte interpacket delay (EOP, etc.))

 

 Max Microframe Max Bytes Bytes/
Bandwidth Bandwidth Transfers|Remaining MicroFrame

(bytes/second) per Transfer Useful Data
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All device default interface settings must not include any isochronous endpoints with non-zero data payload
sizes (specified via wMaxPacketSize in the endpoint descriptor). Alternate interface settings may specify
non-zero data payload sizes for isochronous endpoints. If the isochronous endpoints have a large data
payload size, it is recommendedthat additional alternate configurations or interface settings be used to
specify a range of data payload sizes. This increases the chancethat the device can be used successfully in
combination with other USB devices.

5.6.4 lsochronous Transfer Bus Access Constraints

Isochronoustransfers can only be used by full-speed and high-speed devices.

The USBrequires that no more than 90% of any frame be allocated for periodic (isochronous andinterrupt)
transfers for full-speed endpoints. High-speed endpoints can allocate at most 80% of a microframe for
periodic transfers.

An isochronous endpoint must specify its required bus access period. Full-/high-speed endpoints must
specify a desired period as (2"""™"") x F, where bIntervalis in the range oneto (and including) 16 and F is
125 us for high-speed and |msfor full-speed. This allows full-/high-speed isochronoustransfers to have
rates slower than one transaction per (micro)frame. However, an isochronous endpoint must be prepared to
handle poll rates faster than the one specified. A host must not issue more than | transaction in a
(micro)frame for an isochronous endpoint unless the endpoint is high-speed, high-bandwidth (see below).
An isochronous IN endpoint must return a zero-length packet wheneverdata is requested at a faster interval
than the specified interval and data is not available.

A high-speed endpoint can move up to 3072 bytes per microframe (or 192 Mb/s). A high-speed
isochronous endpoint that requires more than 1024 bytes perperiodis called a high-bandwidth endpoint. A
high-bandwidth endpoint uses multiple transactions per microframe. A high-bandwidth endpoint must
specify a period of 1x125 [Us (i.e., a b/nterval value of 1). See Section 5.9 for more information about the
details of multiple transactions per microframe for high-bandwidth high-speed endpoints.

Errors on the bus or delays in operating system scheduling of client software canresult in no packet being
transferred for a (micro)frame. An error indication should be returned as status to the client software in
such a case. A device can also detect this situation by tracking SOF tokens and noticing a disturbance in the
specified bus access period pattern.

The bus frequency and (micro)frame timing limit the maximum numberofsuccessful isochronous
transactions within a (micro)frame for any USB system to less than 15] full-speed one-byte data payloads
and less than 193 high-speed one-byte data payloads. A Host Controller, for various implementation
reasons, may not be able to provide the theoretical maximum numberofisochronoustransactions per
(micro)frame.

5.6.5 Isochronous Transfer Data Sequences

Isochronoustransfers do not support data retransmission in responseto errors on the bus. A receiver can
determine that a transmission error occurred. The low-level USB protocol does not allow handshakesto be
returned to the transmitter of an isochronous pipe. Normally, handshakes would be returned totell the
transmitter whether a packet was successfully received or not. For isochronoustransfers, timeliness is more
important than correctness/retransmission, and, given the low error rates expected on the bus, the protocolis
optimized by assuming transfers normally succeed. Isochronous receivers can determine whether they
missed data during a (micro)frame. Also, a receiver can determine how much data waslost. Section 5.12
describes these USB mechanismsin moredetail.

An endpoint for isochronoustransfers never halts because there is no handshaketo report a halt condition.
Errors are reported as status associated with the IRP for an isochronoustransfer, but the isochronouspipe is
not halted in an error case. If an error is detected, the host continues to process the data associated with the
next (micro)frame of the transfer. Only limited error detection is possible because the protocol for
isochronoustransactions does notallow per-transaction handshakes.

47

ZTE/SAMSUNG 1008-0075

IPR2018-00110



ZTE/SAMSUNG 1008-0076 
IPR2018-00110

Universal Serial Bus Specification Revision 2.0

5.7 Interrupt Transfers
Theinterrupt transfer type is designed to support those devices that need to send or receive data infrequently
but with bounded service periods. Requesting a pipe with an interrupt transfer type provides the requester
with the following:

* Guaranteed maximum service period for the pipe

e Retry of transfer attempts at the next period, in the case of occasional delivery failure due to error on
the bus

5.7.1 Interrupt Transfer Data Format

The USB imposes no data content structure on communication flows for interrupt pipes.

5.7.2 Interrupt Transfer Direction
An interrupt pipe is a stream pipe andis therefore always uni-directional. An endpoint description identifies
whethera given interrupt pipe’s communication flow is into or out of the host.

5.7.3 Interrupt Transfer Packet Size Constraints

48

An endpointfor an interrupt pipe specifies the maximum size data payload that it will transmit or receive.
The maximum allowableinterrupt data payload size is 64 bytes or less for full-speed. High-speed endpoints
are allowed maximum data payload sizes up to 1024 bytes. A high speed, high bandwidth endpoint
specifies whetherit requires two or three transactions per microframe. Low-speed devices are limited to
eight bytes or less maximumdata payload size. This maximum applies to the data payloads of the data
packets; i.e., the size specified is for the data field of the packet as defined in Chapter 8, not including other
protocol-required information. The USB doesnot require that data packets be exactly the maximum size;
i.e., if a data packetis less than the maximum,it does not need to be padded to the maximum size.

All Host Controllers are required to support maximum data payload sizes from 0 to 64 bytes for full-speed
interrupt endpoints, from 0 to 8 bytes for low-speed interrupt endpoints, and from 0 to 1024 bytes for high-
speed interrupt endpoints. See Section 5.9 for more information about the details of multiple transactions
per microframe for high bandwidth high-speed endpoints. No Host Controller is required to support larger
maximum data payload sizes.

The USB System Software determines the maximum data payload size that will be used for an interrupt
pipe during device configuration. This size remains constantfor the lifetime of a device’s configuration.
The USB System Software uses the maximum data payload size determined during configuration to ensure
that there is sufficient bus time to accommodate this maximum data payloadin its assigned period. If there
is sufficient bus time, the pipeis established; if not, the pipe is not established. However,the actualsize of
a data payloadis still determined by the data transmitter and may beless than the maximum size.

An endpoint must always transmit data payloads with a data field less than or equal to the endpoint’s
wifaxPacketSize value. A device can move data via an interruptpipethat is larger than wA/axPackeiSize.
A software client can accept this data via an IRP for the interrupt transfer that requires multiple bus
transactions without requiring an [RP-complete notification per transaction. This can be achieved by
specifying a buffer that can hold the desired data size. The size of the buffer is a multiple of
wMaxPacketSize with some remainder. The endpoint musttransfer each transaction except the last as
wifaxPacketSize andthe last transaction is the remainder. The multiple data transactions are moved over
the bus at the period established for thepipe.

Whenaninterrupt transfer involves more data than canfit in one data payload of the currently established
maximumsize, all data payloads are required to be maximum-sized except for the last data payload, which
will contain the remaining data. Aninterrupt transfer is complete when the endpointdoes one of the
following:
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e Has transferred exactly the amount of data expected

e Transfers a packet with a payload size less than wMaxPacketSize or transfers a zero-length packet

Whenaninterrupttransfer is complete, the Host Controller retires the current IRP and advancesto the next
IRP. Ifa data payloadis receivedthat is larger than expected, the interrupt [RP will be aborted/retired and
the pipe will stall future IRPs until the condition is corrected and acknowledged.

All high-speed device default interface settings must not include any interrupt endpoints with a data payload
size (specified via w\faxPacketSize in the endpoint descriptor) greater than 64 bytes. Alternate interface
settings may specify larger data payload sizes for interrupt endpoints. If the interrupt endpoints have a large
data payloadsize, it is recommendedthat additional configurationsor alternate interface settings be used to
specify a range of data payload sizes. This increases the chances that the device can be used successfully in
combination with other USB devices.

5.7.4 Interrupt Transfer Bus Access Constraints
Interrupt transfers can be used by low-speed, full-speed, and high-speed devices. High-speed endpoints can
be allocated at most 80% of a microframe for periodic transfers. The USB requires that no more than 90%
of any frame be allocated for periodic (isochronous and interrupt) full-/low-speed transfers.

The bus frequency and (micro)frame timing limit the maximum numberof successful interrupt transactions
within a (micro)frame for any USB system to Jess than 108 full-speed one-byte data payloads, or less than
10 low-speed one-byte data payloads, orto less than 134 high-speed one-byte data payloads. A Host
Controller, for various implementation reasons, may not be able to provide the above maximum numberof
interrupt transactions per (micro)frame.

Table 5-6 lists information about different low-speed interrupt transactions and the maximum numberof
transactions possible in a frame. Table 5-7 lists similar information for full-speed interrupt transactions.
Table 5-8 lists similar information for high-speed interrupt transactions. The shaded portion of Table 5-8
indicates the data payload sizes of a high-speed interrupt endpoint that must notbe part of a default interface
setting. The tables do not include the overhead associated withbit stuffing.

Table 5-6. Low-speed Interrupt Transaction Limits

Protocol Overhead (5 SYNC bytes, 5 PID bytes, 2 Endpoint + CRC bytes,
(19 bytes) 2 CRC bytes, and a 5-byte interpacket delay)

Data Max Bandwidth Frame Max Bytes Bytes/Frame
Payload|(bytes/second) Bandwidth Transfers|Remaining Useful Data

per Transfer

2

4

48000 14%
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Table 5-7, Full-speed Interrupt Transaction Limits

Protocol Overhead (13 bytes)

Data

Payload

Max

Bandwidth

(bytes/second)

107000

(3 SYNC bytes, 3 PID bytes, 2 Endpoint + CRC bytes,
2 CRC bytes, and a 3-byte interpacket delay)

Frame

Bandwidth

per Transfer

Bytes/Frame
Useful Data

 

200000

568000
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Table 5-8. High-speed Interrupt Transaction Limits

Protocol Overhead (Based on 480Mb/s and8 bit interpacket gap, 88 bit min
bus turnaround, 32 bit sync, 8 bit EOP: (3x4 SYNCbytes,
3 PID bytes, 2 EP/ADDR+CRC bytes, 2 CRC16 anda
3x(1+11) byte interpacket delay(EOP, etc.))

Data

Payload
Max Microframe Bytes/

Bandwidth Bandwidth|Transfers|Remaining Microframe
(bytes/second) per Transfer Useful Data

1% 131 332096000 262

 lie
 

4064000 127 508

7616000
 

13440000

22016000
 

32256000

40960000

2 49152000

512 53248000 1

 
  

 

2048 49152000 28%

fm| mm|

An endpointfor an interrupt pipe specifies its desired bus access period. A full-speed endpoint can specify
a desired period from | ms to 255 ms. Low-speed endpoints are limited to specifying only 10 ms to 255 ms.
High-speed endpoints can specify a desired period (2"""")x125 us, where b/nfervalis in the range 1 to
(including) 16. The USB System Software will use this information during configuration to determine a
period that can be sustained. The period provided by the system maybeshorterthan that desired by the
device up to the shortest period defined by the USB (125 us microframe or 1 ms frame). Theclient
software and device can depend only on the fact that the host will ensure that the time duration between two
transaction attempts with the endpointwill be no longer than the desired period. Note that errors on the bus
can prevent an interrupt transaction from being successfully delivered over the bus and consequently exceed
the desired period. Also, the endpoint is only polled when the software client has an IRP for an interrupt
transfer pending. If the bus time for performing an interrupt transfer arrives and there is no IRP pending,
the endpoint will not be given an opportunity to transfer data at that time. Once an IRP is available, its data
will be transferred at the next allocated period.

 3

1024 49152000 14% 6

3

2
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A high-speed endpoint can move up to 3072 bytes per microframe (or 192 Mb/s). A high-speed interrupt
endpoint that requires more than 1024 bytes per periodis called a high-bandwidth endpoint. A high-
bandwidth endpoint uses multiple transactions per microframe. A high-bandwidth endpoint must specify a
period of 1x125 us(i.e., a b/nterval value of 1). See Section 5.9 for more information aboutthe details of
multiple transactions per microframe for high-bandwidth high-speed endpoints.

Interrupt transfers are moved over the USB byaccessing an interrupt endpoint every specified period. For
input interrupt endpoints, the host has no way to determine whether an endpointwill source an interrupt
without accessing the endpoint and requesting aninterrupt transfer. If the endpointhas nointerrupt data to
transmit when accessed bythe host,it responds with NAK. An endpoint should only provide interrupt data
whenit has an interrupt pending to avoid having a software client erroneously notified of IRP complete. A
zero-length data payload is a valid transfer and may be useful for some implementations.

5.7.5 Interrupt Transfer Data Sequences
Interrupt transactions may use either alternating data toggle bits, such that the bits are toggled only upon
successful transfer completion or a continuously toggling of data toggle bits. The host in any case must
assumethat the device is obeying full handshake/retry rules as defined in Chapter 8. A device may choose
to always toggle DATA0/DATAI PIDsso that it can ignore handshakes from the host. However,in this
case, the client software can miss some data packets whenan error occurs, because the Host Controller
interprets the next packetas a retry of a missed packet.

If a halt condition is detected on an interrupt pipe due to transmission errors or a STALL handshake being
returned from the endpoint, all pending IRPsare retired. Removalof the halt condition is achieved via
software intervention through a separate control pipe. This recovery will reset the data toggle bit to DATAO
for the endpoint on both the host and the device. Interrupt transactions are retried dueto errors detected on
the bus that affect a given transfer.

5.8 Bulk Transfers

The bulk transfer type is designed to support devices that need to communicate relatively large amounts of
data at highly variable times where the transfer can use any available bandwidth. Requesting a pipe with a
bulk transfer type provides the requester with the following:

e Access to the USB on a bandwidth-available basis

e Retry of transfers, in the case of occasional delivery failure due to errors on the bus

e Guaranteed delivery of data but no guarantee of bandwidth or latency

Bulk transfers occur only on a bandwidth-available basis. For a USB with large amountsof free bandwidth,
bulk transfers may happenrelatively quickly; for a USB withlittle bandwidth available, bulk transfers may
trickle out over a relatively long period oftime.

5.8.1 Bulk Transfer Data Format

The USB imposesno data content structure on communication flows for bulk pipes.

5.8.2 Bulk Transfer Direction

A bulk pipe is a stream pipe and, therefore, always has communication flowingeither into or out ofthe host
for a given pipe. Ifa device requires bi-directional bulk communication flow, two bulk pipes must be used,
one in eachdirection.
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5.8.3 Bulk Transfer Packet Size Constraints

An endpoint for bulk transfers specifies the maximum data payload size that the endpoint can accept from
or transmit to the bus. The USB defines the allowable maximum bulk data payloadsizes to be only 8, 16,
32, or 64 bytes for full-speed endpoints and 512 bytes for high-speed endpoints. A low-speed device must
not have bulk endpoints. This maximum applies to the data payloads of the data packets; i.e., the size
specifiedis for the data field of the packet as defined in Chapter8, not including other protocol-required
information.

A bulk endpoint is designed to support a maximum data payload size. A bulk endpoint reports in its
configuration information the value for its maximum data payload size. The USB doesnotrequire that data
payloads transmitted be exactly the maximum size; i.e., if a data payload is less than the maximum,it does
not need to be padded to the maximumsize.

All Host Controllers are required to have support for 8-, 16-, 32-, and 64-byte maximum packet sizes for
full-speed bulk endpoints and 512 bytes for high-speed bulk endpoints. No Host Controller is required to
support larger or smaller maximum packetsizes.

During configuration, the USB System Software reads the endpoint’s maximum data payload size and
ensures that no data payload will be sent to the endpointthat is larger than the supportedsize.

An endpoint must always transmit data payloads with a datafield less than or equal to the endpoint’s
reported wifaxPacketSize value. When a bulk IRP involves more data than canfit in one maximum-sized
data payload, all data payloads are required to be maximum size exceptfor the last data payload, which will
contain the remaining data. A bulk transfer is complete when the endpoint does one ofthe following:

e Has transferred exactly the amount of data expected

e Transfers a packet with a payload size less than wMaxPacketSize or transfers a zero-length packet

Whena bulk transfer is complete, the Host Controller retires the current IRP and advancesto the next IRP.
If a data payload is received that is larger than expected, all pending bulk IRPs for that endpoint will be
aborted/retired.

5.8.4 Bulk Transfer Bus Access Constraints

Only full-speed and high-speed devices can use bulk transfers.

An endpoint has no wayto indicate a desired bus access frequency for a bulk pipe. The USB balances the
bus access requirementsof all bulk pipes and the specific IRPs that are pending to provide “good effort”
delivery of data between client software and functions. Moving control transfers over the bus has priority
over moving bulk transfers.

There is no time guaranteed to be available for bulk transfers as there is for control transfers. Bulk transfers
are movedoverthe bus only on a bandwidth-available basis. If there is bus time that is not being used for
other purposes, bulk transfers will be moved overthe bus. If there are bulk transfers pending for multiple
endpoints, bulk transfers for the different endpoints are selected according to a fair access policy that is Host
Controller implementation-dependent.

All bulk transfers pending in a system contend for the same available bus time. Because ofthis, the USB
System Softwareat its discretion can vary the bus time made available for bulk transfers to a particular
endpoint. An endpoint andits client software cannot assumea specific rate of service for bulk transfers.
Bus time madeavailable to a software client and its endpoint can be changedas other devices are inserted
into and removed from the system oralso as bulk transfers are requested for other device endpoints. Client
software cannot assume ordering between bulk and controltransfers; i.e., in some situations, bulk transfers
can be delivered ahead of control transfers.

High-speed bulk OUT endpoints must support the PING flow control protocol. The details of this protocol
are described in Section 8.5.1.
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The bus frequency and (micro)frame timing limit the maximum numberofsuccessful bulk transactions
within a (micro)frame for any USBsystem toless than 72 full-speed eight-byte data payloadsorless than
14 high-speed 512-byte data payloads. Table 5-9 lists information about different-sized full-speed bulk
transactions and the maximum numberoftransactions possible in a frame. The table does not include the
overhead associated with bit stuffing. Table 5-10 lists similar information for high-speed bulk transactions.

Table 5-9. Full-speed Bulk Transaction Limits

Protocol Overhead (13 bytes)|(3 SYNC bytes, 3 PID bytes, 2 Endpoint + CRC bytes,
2 CRC bytes, and a 3-byte interpacket delay)

Data Max Bandwidth Frame Max Bytes Bytes/Frame
Payload {bytes/second) Bandwidth|Transfers|Remaining Useful Data

per Transfer

107000 

200000

1

2

4 352000

8 568000

16 816000

32 1056000

64 1216000
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Table 5-10. High-speed Bulk Transaction Limits

Protocol Overhead (55 bytes)|(3x4 SYNC bytes, 3 PID bytes, 2 EP/ADDR+CRCbytes,
2 CRC16, and a 3x(1+11) byte interpacket delay (EOP,etc.))

Data Max Bandwidth Microframe Bytes/
Payload (bytes/second) Bandwidth|Transfers|Remaining Microframe

per Transfer Useful Data

1064000
 

2096000  

4064000
 

 
7616000  

13440000
 

22016000
 

32256000 

40960000
 

49152000

  
53248000

Max 60000000|| 7500
Host Controllers are free to determine how the individual bus transactions for specific bulk transfers are
moved over the bus within and across (micro)frames. An endpoint could see all bus transactions for a bulk
transfer within the same (micro)frame or spread across several (micro)frames. A Host Controller, for
various implementation reasons, may not be able to provide the above maximum numberoftransactions per
(micro)frame.

   
5.8.5 Bulk Transfer Data Sequences

Bulk transactions use data toggle bits that are toggled only upon successful transaction completion to
preserve synchronization between transmitter and receiver when transactionsare retried due to errors. Bulk
transactions areinitialized to DATAO whenthe endpointis configured by an appropriate control transfer.
Thehost will also start the first bulk transaction with DATAO. Ifa halt condition is detected on a bulk pipe
due to transmission errors or a STALL handshakebeing returned from the endpoint, all pending IRPs are
retired. Removal of the halt condition is achieved via software intervention through a separate control pipe.
This recovery will reset the data toggle bit to DATAOfor the endpoint on both the host and the device.

Bulk transactionsare retried due to errors detected on the busthat affect a given transaction.
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5.9 High-Speed, High Bandwidth Endpoints
USB supports individual high-speed interrupt or isochronous endpoints that require data rates up to
192 Mb/s(i.e., 3072 data bytes per microframe). One, two, or three high-speed transactions are allowed in
a single microframe to support high-bandwidth endpoints.

A high-speed interrupt or isochronous endpoint indicatesthat it requires more than 1024 bytes per
microframe whenbits 12..11 of the widaxPacketSize field ofthe endpoint descriptor (see Table 5-11) are
non-zero. The lower 11 bits ofwAfaxPacketSize indicate the size of the data payload for each individual
transaction while bits 12..11 indicate the maximum numberofrequired transactions possible. See
Section 9.6.6 for restrictions on the allowed combinations of values for bits 12..11 and bits 10..0.

Table 5-11. wMaxPacketSize Field of Endpoint Descriptor

15..13 12.44 10..0 
 
 
 

 

Bits 

 
  

  
 

Numberof transactions

per microframe

Reserved,
must be
set to zero

Maximum size of data

payload in bytes

Note: This representation means that endpoints requesting two transactions per microframewill specify a
total data payload size in the microframethat is a multiple oftwo bytes. Also endpoints requesting three
transactions per microframe will specify a total data payload size that is a multiple of three bytes. In any
case, any numberofbytes can actually be transferred in a microframe.

The host controller must issue an appropriate numberofhigh-speed transactions per microframe. Errorsin
the host or on the bus can result in the host controller issuing fewer transactions than requested for the
endpoint. Thefirst transaction(s) must have a data payload(s) as specified by the lower 11 bits of
wiMaxPacketSize if enough data is available, while the last transaction has any remaining data less than or
equal to the maximum size specified. The host controller may issue transactions for the same endpoint one
immediately after the other (as required for the actual data provided) or may issue transactions for other
endpoints in betweenthe transactions for a high bandwidth endpoint.

5.9.1 High Bandwidth Interrupt Endpoints
Forinterrupt transactions,if the endpoint NAKsa transaction during a microframe, the host controller must
not issue further transactions for that endpoint until the next period.

If the endpoint times-out a transaction, the host controller must retry the transaction. The endpointspecifies
the maximum numberofdesired transactions per microframe. Jf the maximum numberoftransactions per
microframe has not been reached, the host controller may immediately retry the transaction during the
current microframe. Host controllers are recommended to do an immediate retry since this minimizes
impact on devices that are bandwidth sensitive. Jf the maximum numberoftransactions per microframe has
been reached, the host controller must retry the transaction at the next period for the endpoint.

A host controller is allowed to issue less than the maximum numberof transactions to an endpointper
microframe only if more than a single memory buffer is required for the transactions within the microframe.

Normal DATA0/DATAI data toggle sequencing is used for each interrupt transaction during a microframe.
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5.9.2 High Bandwidth Isochronous Endpoints
For isochronoustransactions, if an IN endpoint provides less than a maximum data payload as specified by
its endpoint descriptor, the host must not issue further transactions for that endpoint for that microframe.

For an isochronous OUTendpoint,the host controller must issue the number of transactions as required for
the actual data provided, not exceeding the maximum numberspecified by the endpoint descriptor. The
transactions issued must adhere to the maximum payloadsizes as specified in the endpoint descriptor.

Noretries are ever done for isochronous endpoints.

High bandwidth isochronous endpoints (IN and OUT) must support data PID sequencing. Data PID
sequencing provides the required support for the data receiver to detect one or more lost/damaged packets
per microframe.

Data PID sequencing for a high-speed, high bandwidth isochronous IN endpoint uses a repeating sequence
of DATA2, DATA], DATAOPIDsfor the data packet of each transaction in a microframe. If there is only
a single transaction in the microframe, only a DATAOdata packet PID is used. If there are two transactions
per microframe, DATA] is used forthe first transaction data packet and DATAOis used for the second
transaction data packet. If there are three transactions per microframe, DATA2is used for the first
transaction data packet, DATA1is used for the second, and DATAOis used forthe third. In all cases, the
data PID sequencestarts over again the next microframe. Figure 5-1] showsthe order of data packet PIDs
that are used in subsequent transactions within a microframe for high-bandwidth isochronous IN endpoints.

 1 transaction, <1024 bytes:

2 transactions, 513-1024 bytes ea.: DATAI : 3 transactions, 683-1024 bytes ea.:

Figure 5-11. Data Phase PID Sequencefor Isochronous IN High Bandwidth Endpoints

 

An endpoint must respond to an IN token forthe first transaction with a DATA2 whenit requires three
transactions of data to be moved. It must respond with a DATA] forthefirst transaction whenit requires
two transactions and with a DATAOwhenit requires only a single transaction. After the first transaction,
the endpoint follows the data PID sequence as described above.

The host knows the maximum numberofallowed transactions per microframe for the IN endpoint. The
host expects the responseto the first transaction to encode (via the data packet PID) how manytransactions
are required by the endpointfor this microframe. Ifthe host doesn’t receive an error-free, appropriate
response to any transaction, the host must not issue any further transactions to the endpoint for that
microframe. Whenthe host receives a DATAO data packet from the endpoint, it must not issue any further
transactions to the endpointfor that microframe.

Data PID sequencing for a high-speed, high bandwidth isochronous OUT endpointusesa different sequence
than that used for an IN endpoint. The host must issue a DATAO data packet whenthereis a single
transaction. The host must issue an MDATAforthefirst transaction and a DATA] for the second

transaction whenthere are twotransactions per microframe. The host must issue two MDATAtransactions
and a DATA2for the third transaction when there are three transactions per microframe. These sequences
allow the endpoint to detect if there was a lost/damaged transaction during a microframe. Figure 5-12
showsthe order of data packet PIDs that are used in subsequent transactions within a microframefor high-
bandwidth isochronous OUT.
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1 transaction, <1024 bytes:

2 transactions, 513-1024 bytesea.:

3 transactions, 683-1024 bytes ea.:

Figure 5-12. Data Phase PID Sequence for Isochronous OUT High Bandwidth Endpoints

 
If the wrong OUTtransactions are detected by the endpoint, all of the data transferred during the
microframe mustbetreated as if it had encountered an error. Note that for the three transactions per
microframe case with a missing MDATAtransaction, USB provides no wayfor the endpoint to determine
which of the two MDATAtransactions was lost. There may be application specific methods to more
precisely determine which data waslost, but USB provides no method to doso at the buslevel.

5.10 Split Transactions

Host controllers and hubs support one additional transaction type called split transactions. This transaction
type allows full- and low-speed devices to be attached to hubs operating at high-speed. These transactions
involve only host controllers and hubs and are notvisible to devices. High-speed split transactions for
interrupt and isochronoustransfers must be allocated by the host from the 80% periodic portion of a
microframe. More information on split transactions can be found in Chapter 8 and Chapter11.

5.11 Bus Accessfor Transfers

Accomplishing any data transfer between the host and a USB device requires some use ofthe USB
bandwidth. Supporting a wide variety of isochronous and asynchronous devices requires that each device’s
transfer requirements are accommodated. The process of assigning bus bandwidth to devicesis called
transfer management. There are severalentities on the host that coordinate the information flowing over the
USB: client software, the USB Driver (USBD), and the Host Controller Driver (HCD). Implementers of
these entities need to know the key concepts related to bus access:

e Transfer Management: The entities and the objects that support communication flow over the USB

e Transaction Tracking: The USB mechanismsthat are used to track transactions as they move through
the USB system

e Bus Time: Thetimeit takes to move a packet of information over the bus

® Device/Software Buffer Size: The space required to support a bustransaction

e Bus Bandwidth Reclamation: Conditions where bandwidth that was allocated to other transfers but was

not used and can now bepossibly reused by control and bulk transfers

The previous sections focused on how client software relates to a function and what the logical flows are
over a pipe between the twoentities. This section focuses on the different parts of the host and how they
must interact to support moving data over the USB. This information mayalsobeofinterest to device
implementers so they understand aspects of what the host is doing whenaclient requests a transfer and how
that transfer is presented to the device.
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5.11.1 Transfer Management

Transfer managementinvolves severalentities that operate on different objects in order to move
transactions over the bus:

e Client Software: Consumes/generates function-specific data to/from a function endpointvia calls and
callbacks requesting IRPs with the USBDinterface.

e USB Driver (USBD): Convertsdata in client IRPs to/from device endpointvia calls/callbacks with the
appropriate HCD.A single client IRP may involve one or moretransfers.

e Host Controller Driver (HCD): Converts IRPs to/from transactions (as required by a Host Controller
implementation) and organizes them for manipulation by the Host Controller, Interactions between the
HCDandits hardware is implementation-dependentandis outside the scope of the USB Specification.

e Host Controller: Takes transactions and generates bus activity via packets to move function-specific
data across the bus for each transaction.

Figure 5-13 shows howthe entities are organized as information flows betweenclient software and the
USB. The objects of primary interest to each entity are shownat the interfaces betweenentities.

‘Client Software

beaRS  
  

 

HCD
Interface

 Ttene

2 4
Transaction

Transaction List 
Transactions HVW/SW

Interface Transaction

 ‘Host Controller
 

 LN

_ Packets'
1
, USB1

 
  

Figure 5-13. USB Information Conversion From Client Software to Bus
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5.11.1.1 Client Software

Client software determines whattransfers need to be made with a function. It uses appropriate operating
system-specific interfaces to request[IRPs. Client software is aware only ofthe set ofpipes(i.e., the
interface) it needs to manipulate its function. The client is aware of and adheresto all bus access and
bandwidth constraints as described previously for each transfer type. The requests made by theclient
software are presented via the USBDinterface.

Someclients may manipulate USB functions via other device class interfaces defined by the operating
system and may themselves not make direct USBD calls. However, there is always some lowest levelclient
that makes USBDcalls to pass IRPs to the USBD. AII IRPs presented are required to adhere to the
prenegotiated bandwidth constraints set when the pipe was established. If a function is moved from a non-
USB environmentto the USB,the driver that would have directly manipulated the function hardware via
memory or I/O accessesis the lowest client software in the USB environmentthat now interacts with the
USBDto manipulate the driver’s USB function.

After client software has requested a transferofits function and the request has been serviced,the client
software receives notification of the completion status of the IRP. Ifthe transfer involved function-to-host
data transfer, the client software can access the data in the data buffer associated with the completed IRP.

The USBDinterface is defined in Chapter 10.

5.11.1.2 USB Driver

The Universal Serial Bus Driver (USBD)is involved in mediating bus access at two general times:

® While a device is attached to the bus during configuration

e During normaltransfers

Whena device is attached and configured, the USBDis involved to ensure that the desired device
configuration can be accommodated on the bus. The USBDreceives configuration requests from the
configuring software that describe the desired device configuration: endpoint(s), transfer type(s), transfer
period(s), data size(s), etc. The USBDeither accepts or rejects a configuration request based on bandwidth
availability and the ability to accommodate that request type on the bus. If it accepts the request, the USBD
creates a pipe for the requester of the desired type and with appropriate constraints as defined for the
transfer type. Bandwidth allocation for periodic endpoints does not have to be made when the deviceis
configured and, once made, a bandwidth allocation can be released without changing the device
configuration.

The configuration aspects of the USBDaretypically operating system-specific and heavily leverage the
configuration features of the operating system to avoid defining additional (redundant) interfaces.

Once a device is configured, the software client can request IRPs to move data between it andits function
endpoints.

5.11.1.3 Host Controller Driver

The Host Controller Driver (HCD)is responsible for tracking the IRPs in progress and ensuring that USB
bandwidth and (micro)frame time maximumsare never exceeded. When IRPs are madeforapipe, the
HCDadds them to the transaction list. When an IRP is complete, the HCD notifies the requesting software
client of the completion status for the IRP. If the IRP involved data transfer from the function to the
software client, the data was placedin the client-indicated data buffer.

IRPs are defined in an operating system-dependent manner.
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5.11.1.4 Transaction List

The transactionlist is a Host Controller implementation-dependentdescription of the current outstanding set
of bus transactions that need to be run on the bus. Only the HCDandits Host Controller have access to the
specific representation. Each description contains transaction descriptions in which parameters, such as
data size in bytes, the device address and endpoint number, and the memory area to which data is to be sent
or received, are identified.

A transaction list and the interface between the HCD andits Host Controller is typically represented in an
implementation-dependentfashion andis not defined explicitly as part ofthe USB Specification.

5.11.1.5 Host Controller

The Host Controller has accessto the transaction list and translates it into bus activity. In addition, the Host
Controller provides a reporting mechanism wherebythe status of a transaction (done, pending,halted, etc.)
can be obtained. The Host Controller converts transactions into appropriate implementation-dependent
activities that result in USB packets moving over the bus topology rooted in the root hub.

The Host Controller ensures that the bus access rules defined by the protocol are obeyed, such as
inter-packet timings, timeouts, babble, etc. The HCD interface provides a way for the Host Controller to
participate in deciding whether a new pipeis allowed access to the bus. This is done because Host
Controller implementations can haverestrictions/constraints on the minimum inter-transaction times they
may support for combinations of bus transactions.

The interface between the transaction list and the Host Controller is hidden within an HCD and Host

Controller implementation.

§.11.2 Transaction Tracking
A USBfunction sees data flowing across the bus in packets as described in Chapter 8. The Host Controller
uses some implementation-dependent representation to track what packets to transfer to/from what
endpoints at what time or in what order. Most client software does not want to deal with packetized
communication flows because this involves a degree of complexity and interconnect dependencythat limits
the implementation. The USB System Software (USBD and HCD)provides support for matching data
movement requirements of a client to packets on the bus. The Host Controller hardware and software uses
IRPsto track information about one or moretransactions that combine to deliver a transfer of information

between the client software and the function. Figure 5-14 summarizes how transactions are organized into
IRPs for the four transfer types. Detailed protocol information for each transfer type can be found in
Chapter 8. More information about client software views of IRPs can be found in Chapter 10 and in the
operating system specific-information for a particular operating system.
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Data Flow Types All transfers are

| Transaction | Transaction | Transaction |

Control Transfer

composed of one or more
transactions. An IRP  
comespondsto one or
more transfers. 
A control transfer is an OUT
Setup transaction followed
by multiple IN or OUT Data
transactions followed by one
“opposite of data direction"Status transaction.

 
IRP   Setup } Data Status | Additional

Transaction||Transaction;|Transaction | Control Transfers 

Interrupt Transfer

IRP

 An interrupt transfer is one
or more IN / OUT Data
transactions. 

Isochronous Transfer

Transaction Transaction | Transaction

An isochronous transfer
is one or more IN / OUT
Data transactions.

 
IRP

 

Bulk Transfer A bulk transfer is one
or more IN / OUT Data

IRP transactions. 
Figure 5-14. Transfers for Communication Flows

  
 

Even though IRPstrack the bus transactions that need to occur to movea specific data flow over the USB,
Host Controllers are free to choose how the particular bus transactions are moved over the bus subject to the
USB-defined constraints (e.g., exactly one transaction per (micro)frame for isochronoustransfers). In any
case, an endpointwill see transactions in the order they appear within an IRP unless errors occur. For
example, Figure 5-15 shows two IRPs, one each for two pipes where each IRP contains three transactions,
For any transfer type, a Host Controller is free to movethe first transaction ofthe first IRP followed by the
first transaction of the second IRP somewhere in (micro)Frame 1, while moving the secondtransaction of
each IRP in opposite order somewhere in (micro)Frame 2. If these are isochronoustransfer types, that is the
only degree of freedom a Host Controller has. If these are control or bulk transfers, a Host Controller could
further move moreorless transactions from either [RP within either (micro)frame. Functions cannot
depend onseeing transactions within an IRP back-to-back within a (micro)frame nor should they depend on
not seeing transactions back-to-back within a (micro)frame.
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5.11.3 Calculating Bus Transaction Times

When the USB System Software allows a new pipe to be created for the bus, it must calculate how much
bus time is required for a given transaction. That bus time is based on the maximum packetsize
information reported for an endpoint, the protocol overhead for the specific transaction type request, the
overhead dueto signaling imposedbit stuffing, inter-packet timings required by the protocol,
inter-transaction timings, etc. These calculations are required to ensure that the time available ina
(micro)frameis not exceeded. The equations used to determine transaction bus timeare:

KEY:

Data_be The byte count of data payload

Host_Delay The time required for the host or transaction
translator to prepare for or recover from the
transmission; Host Controller implementation-specific

Floor () The integer portion of argument

Hub_LSSetup The time provided by the Host Controller for hubs to
enable low-speed ports; measured as the delay from the
end of the PRE PID to the start of the low-speed SYNC;
minimum of four full-speed bit times

BitStuffTime Function that calculates theoretical additional time

required due to bit stuffing in signaling; worst case
is (1.1667*8*Data_bc)
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High-speed (Input)

Non-Isochronous Transfer (Handshake Included)

= (55 * 8 * 2.083) + (2.083 * Floor(3.167 + BitStuffTime(Data_bc))) +
Host_Delay

Isochronous Transfer (No Handshake)

= (38 * 8 * 2.083) + (2.083 * Floor(3.167 + BitStuffTime(Data_bc))) +
Host_Delay

High-speed (Output)
Non-Isochronous Transfer (Handshake Included)

= (55 * 8 * 2.083) + (2.083 * Floor(3.167 + BitStuffTime(Data_bc))) +
Host_Delay

Isochronous Transfer (No Handshake)

= (38 * 8 * 2.083) + (2.083 * Floor(3.167 + BitStuffTime(Data_bc))) +
Host_Delay

Full-speed (Input)

Non-Isochronous Transfer (Handshake Included)

= 9107 + (83.54 * Floor(3.167 + BitStuffTime (Data_bc))) + Host_Delay

Isochronous Transfer (No Handshake)

= 7268 + (83.54 * Floor(3.167 + BitStuffTime(Data_bc))) + HostDelay

Full-speed (Output)

Non-Isochronous Transfer (Handshake Included)

= 9107 + (83.54 * Floor(3.167 + BitStuffTime(Data_bc))) + Host_Delay

Isochronous Transfer (No Handshake)

= 6265 + (83.54 * Floor(3.167 + BitStuffTime (Data_bc))) + Host_Delay

Low-speed (Input)

= 64060 + (2 * HubLSSetup) +
(676.67 * Floor(3.167 + BitStuffTime (Data_bc))) + Host_Delay

Low-speed (Output)

= 64107 + (2 * HubLSSetup) +
(667.0 * Floor(3.167 + BitStuffTime(Data_bc))) + Host_Delay

The bus times in the above equations are in nanosecondsand take into account propagation delays due to the
distance the device is from the host. These are typical equations that can be usedto calculate bus time;
however, different implementations may choose to use coarser approximationsofthese times.

The actual bus time taken for a given transaction will almost always be less than that calculated becausebit
stuffing overhead is data-dependent. Worstcase bit stuffing is calculated as 1.1667 (7/6) times the raw time
(i.e., the BitStuffTimefunction multiplies the Data_bc by 8*1.1667 in the equations). This means that there
will almost always be time unused on the bus (subject to data pattern specifics) after all regularly scheduled
transactions have completed. The bus time madeavailable dueto less bit stuffing can be reused as
discussed in Section 5.11.5.

The Host_Delay term in the equations is Host Controller-, Transaction Translator(TT)-, and system-
dependent and allows for additional time a Host Controller (or TT) may require due to delays in gaining
access to memory or other implementation dependencies. This term is incorporated into an implementation
of these equations by using the transfer managementfunctions provided by the HCDinterface. These
equationsare typically implemented by a combination of USBD and HCDsoftware working in cooperation.
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The results of these calculations are used to determine whethera transferor pipe creation can be supported
in a given USB configuration.

5.11.4 Calculating Buffer Sizes in Functions and Software

Client software and functions both need to provide buffer space for pending data transactions awaiting their
turn on the bus. For non-isochronouspipes, this buffer space needs to be just large enoughto hold the next
data packet. If more than one transaction request is pending for a given endpoint, the buffering for each
transaction must be supplied. Methodsto calculate the precise absolute minimum buffering a function may
require because of specific interactions defined betweenits client software and the function are outside the
scope of this specification.

The Host Controller is expected to be able to support an unlimited numberoftransactions pending for the
bus subject to available system memory for buffer and descriptor space, etc. Host Controllers are allowed
to limit how many (micro)framesinto the future they allow a transaction to be requested.

Forisochronouspipes, Section 5.12.4 describes details affecting host side and device side buffering
requirements. In general, buffers need to be provided to hold approximately twice the amountofdata that
can be transferred in 1msfor full-speed endpoints or 125 ps for high-speed endpoints.

5.11.5 Bus Bandwidth Reclamation

The USB bandwidth and bus access are granted based on a calculation of worst-case bus transmission time
and required latencies. However, due to the constraints placed on different transfer types and the fact that
the bit stuffing bus time contribution is calculated as a constant but is data-dependent, there will frequently
be bus time remaining in each (micro)frame time versus what the (micro)frame transmission time was
calculated to be. In order to support the mostefficient use of the bus bandwidth, control and bulk transfers
are candidates to be moved overthe bus as bus time becomesavailable. Exactly how a Host Controller
supports this is implementation-dependent. A Host Controller can take into accountthe transfer types of
pending IRPs and implementation-specific knowledge of remaining (micro)frame time to reuse reclaimed
bandwidth.

5.12 Special Considerations for lsochronous Transfers
Support for isochronous data movement between the host and a deviceis one of the system capabilities
supported by the USB. Delivering isochronous data reliably over the USB requires careful attention to
detail. The responsibility for reliable delivery is shared by several USBentities:

e The device/function

e The bus

e The Host Controller

« One or more software agents

Because timeis a key part of an isochronoustransfer, it is important for USB designers to understand how
time is dealt with within the USBby these different entities.

Note: The examplesin this section describe USB for an example involving full-speed endpoints. The
general example details are also appropriate for high-speed endpoints when corresponding changes are
made; for example, frame replaced with microframe, | ms replaced with 125 us, rate adjustments made
between full-speed and high-speed,etc.

All isochronous devices must report their capabilities in the form of device-specific descriptors. The
capabilities should also be provided in a form that the potential customer can use to decide whether the
device offers a solution to his problem(s). The specific capabilities of a device can justify price differences.
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In any communication system, the transmitter and receiver must be synchronized enoughto deliver data
robustly. In an asynchronous communication system, data can be delivered robustly by allowing the
transmitter to detect that the receiver has not received a data item correctly and simply retrying transmission
ofthe data.

In an isochronous communication system, the transmitter and receiver must remain time- and data-
synchronized to deliver data robustly. The USB does not support transmission retry of isochronous data so
that minimal bandwidth can be allocated to isochronoustransfers and time synchronization is not lost due to
aretry delay. However,it is critical that a USB isochronous transmitter/receiverpair still remain
synchronized both in normal data transmission cases and in cases where errors occur on the bus.

In many systemsthat deal with isochronousdata, a single global clock is used to whichall entities in the
system synchronize. An example of such a system is the PSTN (Public Switched Telephone Network).
Giventhat a broad variety of devices with different natural frequencies may be attached to the USB, no
single clock can provideall the features required to satisfy the synchronization requirementsofall devices
and software while still supporting the cost targets of mass-market PC products. The USB defines a clock
modelthat allows a broad range of devices to coexist on the bus and have reasonable cost implementations.

This section presents options or features that can be used by isochronous endpoints to minimize behavior
differences between a non-USB implemented function and a USB version of the function. An exampleis
includedto illustrate the similarities and differences between the non-USB and USBversionsofa function.

The remainder of the section presents the following key concepts:

e USB Clock Model: What clocks are present in a USB system that have impact on isochronous data
transfers

e USB (micro)frame Clock-to-function Clock Synchronization Options: How the USB (micro)frame
clock can relate to a function clock

e SOF Tracking: Responsibilities and opportunities of isochronous endpoints with respect to the SOF
token and USB (micro)frames

« Data Prebuffering: Requirements for accumulating data before generation, transmission, and
consumption

« Error Handling: Isochronous-specific details for error handling

e® Buffering for Rate Matching: Equations that can be used to calculate buffer space required for
isochronous endpoints

5.12.1 Example Non-USB Isochronous Application
The example used is a reasonably generalized example. Other simpler or more complex casesare possible
and the relevant USB features identified can be used or not as appropriate.

The example consists of an 8 kHz mono microphone connected through a mixerdriverthat sends the input
data stream to 44 kHz stereo speakers. The mixer expects the data to be received and transmitted at some
sample rate and encoding. A rate matcherdriver on input and output converts the sample rate and encoding
from the natural rate and encoding of the device to the rate and encoding expected by the mixer.
Figure 5-16 illustrates this example.
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Figure 5-16. Non-USB Isochronous Example
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A master clock (which can be provided by software driven from the real time clock) in the PC is used to
awaken the mixer to ask the input source for input data and to provide output data to the output sink. In this
example, assume it awakens every 20 ms. The microphone and speakers each have their own sample clocks
that are unsynchronized with respect to each other or the master mixer clock. The microphone produces
data at its natural rate (one-byte samples, 8,000 times a second) and the speakers consume dataat their
natural rate (four-byte samples, 44,100 times a second), The three clocks in the system can drift and jitter
with respect to each other. Each rate matcher mayalso be running ata different natural rate than either the
mixerdriver, the input source/driver, or output sink/driver.

The rate matchers also monitor the long-term data rate of their device compared to the master mixer clock
and interpolate an additional sample or merge two samplesto adjust the data rate of their device to the data
rate of the mixer. This adjustment may be required every couple of seconds, but typically occurs
infrequently. The rate matchers provide some additional buffering to carry through a rate match.

Note: Some other application might not be able to tolerate sample adjustment and would need some other
means of accommodating master clock-to-device clock drift or else would require some means of
synchronizing the clocks to ensure that no drift could occur.

The mixer always expects to receive exactly a service period of data (20 msservice period) from its input
device and produce exactly a service period of data for its output device. The mixer can be delayed up to
less than a service period if data or space is not available from its input/output device. The mixer assumes
that such delays do not accumulate.

The input and output devices and their drivers expect to be able to put/get data in response to a hardware
interrupt from the DMA controller when their transducer has processed one service period of data. They
expect to get/put exactly one service period of data. The input device produces 160 bytes (ten samples)
every service period of 20 ms. The output device consumes 3,528 bytes (882 samples) every 20 ms service
period. The DMA controller can movea single sample between the device and the host buffer at a rate
muchfaster than the samplerate of either device.

The input and output device drivers provide two service periods of system buffering. One buffer is always
being processed by the DMA controller. The other buffer is guaranteed to be ready before the current
buffer is exhausted. When the current buffer is emptied, the hardware interrupt awakensthe device driver
andit calls the rate matcher to give it the buffer. The device driver requests a new [RP with the buffer
before the current buffer is exhausted.

The devices can provide two samples of data buffering to ensure that they always have a sample to process
for the next sample period while the system is reacting to the previous/next sample.

The service periods of the drivers are chosen to survive interrupt Jatency variabilities that may be present in
the operating system environment. Different operating system environments will require different service
periods for reliable operation. The service periods are also selected to place a minimum interrupt load on
the system, because there may be other software in the system that requires processing time.
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5.12.2 USB Clock Model

Timeis present in the USB system via clocks. In fact, there are multiple clocks in a USB system that must
be understood:

e Sample Clock: This clock determines the natural data rate of samples moving betweenclient software
on the host and the function. This clock does not need to be different between non-USB and USB

implementations.

e Bus Clock: This clock runs at a 1.000 msperiod (1 kHz frequency) on full-speed segments and
125.000 ps (8 kHz frequency) on high-speed segmentsofthe bus andis indicated by the rate of SOF
packets on the bus. This clock is somewhat equivalent to the 8 MHzclock in the non-USB example.
In the USBcase, the bus clock is often a lower-frequency clock than the sample clock, whereas the bus
clock is almost always a higher-frequency clock than the sample clock in a non-USBcase.

e Service Clock: This clock is determined by the rate at which client software runs to service IRPs that
may have accumulated between executions. This clock also can be the same in the USB and non-USB
cases.

In most existing operating systems, it is not possible to support a broad range of isochronous communication
flows if each device driver must be interrupted for each sample for fast sample rates. Therefore, multiple
samples, if not multiple packets, will be processed by client software and then given to the Host Controller
to sequence overthe bus according to the prenegotiated bus access requirements. Figure 5-17 presents an
example for a reasonable USB clock environment equivalent to the non-USB example in Figure 5-16.
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Figure 5-17 shows a typical roundtrip path of information from a microphoneas an input device to a
speaker as an output device. The clocks, packets, and buffering involved are also shown. Figure 5-17 will
be explored in moredetail in the following sections.

The focus of this example is to identify the differences introduced by the USB comparedto the previous
non-USB example. The differences are in the areas of buffering, synchronization given the existence of a
USBbusclock, and delay. The client software above the device drivers can be unaffected in most cases.

5.12.3 Clock Synchronization

In order for isochronous data to be manipulated reliably, the three clocks identified above must be
synchronized in somefashion. If the clocks are not synchronized, several clock-to-clock attributes can be
present that can be undesirable:

® Clock Drift: Two clocks that are nominally running at the samerate can, in fact, have implementation
differences that result in one clock running faster or slower than the other over long periodsof time. If
uncorrected, this variation of one clock comparedto the other can lead to having too muchortoolittle
data whendata is expected to always be presentat the time required.

® Clock Jitter: A clock may vary its frequency over time due to changes in temperature, etc. This may
also alter whendata is actually delivered compared to whenit is expected to be delivered.

e  Clock-to-clock Phase Differences: If two clocks are not phase locked, different amounts of data may
be available at different points in time as the beat frequency ofthe clocks cycle out over time. This can
lead to quantization/samplingrelatedartifacts.

The bus clock provides a central clock with which USB hardware devices and software can synchronize to
one degree or another. However, the software will, in general, not be able to phase- or frequency-lock
precisely to the bus clock given the current support for “real time-like” operating system scheduling support
in most PC operating systems. Software running in the host can, however, know that data moved overthe
USBis packetized. For isochronous transfer types, a unit of data is moved exactly once per (micro)frame
and the (micro)frame clock is reasonably precise. Providing the software with this information allowsit to
adjust the amountofdata it processes to the actual (micro)frame time that has passed.

Note: For high-speed high-bandwidth endpoints, the data exchanged in the two or three transactions per
microframeisstill considered to belong to the same “single packet.” The large amount of data per packet is
split into two or three transactions only for bus efficiency reasons.

5.12.4 lsochronous Devices

The USBincludes a framework for isochronous devices that defines synchronization types, how
isochronous endpoints provide data rate feedback, and how they can be connected together. Isochronous
devices include sampled analog devices (for example, audio and telephony devices) and synchronous data
devices. Synchronization type classifies an endpoint accordingto its capability to synchronizeits data rate
to the data rate of the endpoint to whichit is connected. Feedback is provided by indicating accurately
whatthe required datarate is, relative to the SOF frequency. The ability to make connections depends on
the quality of connection that is required, the endpoint synchronization type, and the capabilities of the host
application that is making the connection. Additional device class-specific information may be required,
depending on the application.

Note: The term “data” is used very generally, and mayrefer to data that represents sampled analog
information (like audio), or it may be more abstract information. “Data rate” refers to the rate at which
analog information is sampled, or the rate at which data is clocked.
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The following information is required in order to determine how to connect isochronous endpoints:

e Synchronization type:

— Asynchronous: Unsynchronized, although sinks provide data rate feedback

— Synchronous: Synchronized to the USB’s SOF

— Adaptive: Synchronized using feedback or feedforward data rate information

e Available data rates

e Available data formats

Synchronization type and data rate information are needed to determineifan exact data rate match exists
between source andsink, or if an acceptable conversion process exists that would allow the source to be
connected to the sink. It is the responsibility of the application to determine whether the connection can be
supported within available processing resources and other constraints (like delay). Specific USB device
classes define how to describe synchronization type and data rate information.

Data format matching and conversionis also required for a connection, butit is not a unique requirement for
isochronous connections. Details about format conversion can be found in other documentsrelated to

specific formats.

5.12.4.1 Synchronization Type

Three distinct synchronization types are defined. Table 5-12 presents an overview of endpoint
synchronization characteristics for both source and sink endpoints. The types are presented in order of
increasing capability.

Table 5-12. Synchronization Characteristics

Asynchronous|Free running Fs Free running Fs

Provides implicit feedforward (data Provides explicit feedback (isochronous
stream) pipe)

Fs locked to SOF Fs locked to SOF

Uses implicit feedback (SOF) Usesimplicit feedback (SOF)

Adaptive Fs locked to sink Fs locked to data flow

Uses explicit feedback (isochronous pipe)|Uses implicit feedforward (data stream)

 
§.12.4.1.1 Asynchronous

72

Asynchronous endpoints cannot synchronize to SOF or any other clock in the USB domain. They source or
sink an isochronousdata stream ateither a fixed data rate (single-frequency endpoints), a limited number of
data rates (32 kHz, 44.1 kHz, 48 kHz, ...), or a continuously programmable data rate. If the data rate is
programmable,it is set during initialization of the isochronous endpoint. Asynchronous devices mustreport
their programming capabilities in the class-specific endpoint descriptor as described in their device class
specification. The data rate is locked to a clock external to the USBorto a free-running internal clock.
These devices place the burden ofdata rate matching elsewhere in the USB environment. Asynchronous
source endpoints carry their data rate information implicitly in the number of samples they produce per
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(micro)frame. Asynchronoussink endpoints must provide explicit feedback information to an adaptive
driver (refer to Section 5.12.4.2).

An example of an asynchronoussource is a CD-audio player that provides its data based on aninternal
clock or resonator. Another exampleis a Digital Audio Broadcast (DAB)receiveror a Digital Satellite
Receiver (DSR). Here, too, the sample rate is fixed at the broadcasting side and is beyond USB control.

Asynchronous sink endpoints could be low-cost speakers runningoffof their internal sample clock.

§.12.4.1.2 Synchronous
Synchronous endpoints can have their clock system (their notion of time) controlled externally through SOF
synchronization. These endpoints must slave their sample clock to the 1 ms SOFtick (by means of a
programmable PLL). For high-speed endpoints, the presence of the microframe SOFcan be used for tighter
frame clock tracking.

Synchronous endpoints may source or sink isochronousdata streamsat either a fixed data rate (single-
frequency endpoints), a limited numberof data rates (32 kHz, 44.1 kHz, 48 kHz, ...), or a continuously
programmable data rate. If programmable, the operating data rate is set duringinitialization of the
isochronous endpoint. The numberof samples or data units generated in a series of USB (micro)framesis
deterministic and periodic. Synchronous devices must report their programming capabilities in the class-
specific endpoint descriptor as described in their device class specification.

An example of a synchronoussourceis a digital microphone that synthesizes its sample clock from SOF and
produces a fixed numberof audio samples every USB (micro)frame. Likewise, a synchronous sink derives
its sample clock from SOF and consumesa fixed number of samples every USB (micro)frame.

5.12.4.1.3 Adaptive

Adaptive endpoints are the most capable endpoints possible. They are able to source or sink data at any rate
within their operating range. Adaptive source endpoints produce dataat a rate that is controlled by the data
sink. The sink provides feedback (refer to Section 5.12.4.2) to the source, which allows the source to know
the desired data rate of the sink. For adaptive sink endpoints, the data rate information is embeddedin the
data stream. The average numberof samples received during a certain averaging time determines the
instantaneous data rate. If this number changes during operation,the data rate is adjusted accordingly.

The data rate operating range may center around onerate (e.g., 8 kHz), select between several
programmable or auto-detecting data rates (32 kHz, 44.1 kHz, 48 kHz, ...), or may be within one or more
ranges (e.g., 5 KHz to 12 kHz or 44 kHz to 49 kHz). Adaptive devices must report their programming
capabilities in the class-specific endpoint descriptor as described in their device class specification.

An exampleof an adaptive source is a CD player that contains a fully adaptive sample rate converter (SRC)
so that the output sample frequency no longer needs to be 44.1 kHz but can be anything within the operating
range of the SRC. Adaptive sinks include such endpoints as high-end digital speakers, headsets, etc.

5.12.4.2 Feedback

An asynchronoussink must provide explicit feedback to the host by indicating accurately whatits desired

data rate (F}) is, relative to the USB (micro)frame frequency. This allows the host to continuously adjust the
numberof samples sent to the sink so that neither underflow oroverflow ofthe data buffer occurs.
Likewise, an adaptive source must receive explicit feedback from the host so that it can accurately generate
the number of samples required by the host. Feedback endpoints can be specified as described in
Section 9.6.6 for the bmAittributes field of the endpoint descriptor.

To generate the desired data rate F,p the device must measureits actual sampling rate F., referenced to the

USB notion of time,i.e., the USB (micro)frame frequency. This specification requires the data rate F,to be

73

ZTE/SAMSUNG 1008-0101

IPR2018-00110



ZTE/SAMSUNG 1008-0102 
IPR2018-00110

74

Universal Serial Bus Specification Revision 2.0

resolved to better than one sample per second (1Hz) in order to allow a high-quality source rate to be
created andto tolerate delays and errors in the feedback loop. To achieve this accuracy, the measurement
time 7__must be at least 1 second. Therefore:meas

K
Teas = 2meas

where 7,,,,, is now expressed in USB (micro)frames and K=10 for full-speed devices (1 ms frames) and

K=13 for high-speed devices (125 [ts microframes). However, in most devices, the actual sampling rate F.

is derived from a master clock F’, through a binary divider. Therefore:

F =F 2?Mm

whereP is a positive integer (including 0 if no higher-frequency master clock is available). The

measurementtime 7... can now be decreased by measuring F,, instead of F. and:

a "— (k-P)

Fee ~ oF == 2
K-P : :

In this way, a new estimate for F, becomesavailable every Zz , (micro)frames. P is practically bound to
be in the range [0,K] becausethere is no point in using a clock slower than F. (P=0), and no pointin trying

to update F'y More than once per (micro)frame (P=K). A sink can determine F,7 by counting cycles of theA K-P) ; :
master clock F’, for a period of2 “(micro)frames. The counteris read into Fand reset every
KP), : :

a /(micro)frames. As long as no clock cycles are skipped, the count will be accurate over the long term.

Each (micro)frame, an adaptive source adds F,to any remaining fractional sample count from the previous
(micro)frame, sources the number of samplesin the integer part of the sum,andretains the fractional

sample count for the next (micro)frame. The source can look at the behavior of Fover many
(micro)frames to determine an even more accuraterate, if it needsto.

Fy is expressed in number of samples per (micro)frame. The FF value consists of an integer part that
represents the (integer) number of samples per (micro)frame and a fractional part that represents the

“fraction” of a sample that would be needed to match the sampling frequency F’ to a resolution of 1 Hz or
better. The fractional part requires at least K bits to represent the “fraction” of a sampleto a resolution of
1 Hz or better. The integer part must have enoughbits to represent the maximum numberof samplesthat
can ever occur in a single (micro)frame. Assuming that the minimum sample size is one byte, then this
numberis limited to 1,023 for full-speed endpoints. Ten bits are therefore sufficient to encodethis value.
For high-speed endpoints, this numberis limited to 3*1,024=3,072 and twelvebits are needed.

In summary,for full-speed endpoints, the Fvalue shall be encoded in an unsigned 10.10 (K=10) format
whichfits into three bytes. Because the maximum integer valueis fixed to 1,023, the 10.10 numberwill be
left-justified in the 24 bits, so that it has a 10.14 format. Only the first ten bits behind the binary point are

required. The lowerfour bits may be optionally used to extend the precision of F, otherwise, they shall be

reported as zero. For high-speed endpoints, the Fvalue shall be encoded in an unsigned 12.13 (K=13)
format which fits into four bytes. The value shall be aligned into these four bytes so that the binary point is
located between the second andthe third byte so that it has a 16.16 format. The most significant four bits
shall be reported zero. Only the first 13 bits behind the binary point are required. The lowerthree bits may

be optionally used to extend the precision of Fi otherwise, they shall be reported aszero.

An endpoint needs to implement only the numberofbits that it effectively requires for its maximum F,.
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The choice of P is endpoint-specific. Use the following guidelines when choosing P:

e P mustbein the range [0,K].

e Larger values of P are preferred, because they reduce the size of the frame counterandincrease therate

at which F,Ty is updated. More frequent updates result in a tighter control of the source data rate, which
reduces the buffer space required to handle Fy; changes.

e P should be less than K so that F.f is averaged across at least two frames in order to reduce SOFjitter
effects,

e P should not be zeroin order to keep the deviation in the numberof samples sourced to less than 1 in

the event of a lost F,f value.

Isochronoustransfers are used to read F, from the feedback register. The desired reporting rate for the
feedback should be2frames. Fwill be reported at most once per update period. There is nothing to be
gained by reporting the same f;Value more than once per update period. The endpoint may chooseto report
Fonly if the updated value has changed from the previous F,value. If the value has not changed, the
endpoint mayreport the current F,, value ora zero length data payload. It is strongly recommendedthat an
endpoint alwaysreport the current F,value any timeit is polled.

It is possible that the source will deliver one too many or one too few samples over a long period due to

errors or accumulated inaccuracies in measuring F,, The sink must havesufficient buffer capability to

accommodate this. Whenthe sink recognizes this condition, it should adjust the reported F,;Valueto correct
it. This may also be necessary to compensate forrelative clock drifts. The implementation ofthis
correction process is endpoint-specific and is not specified.

§.12.4.3 Implicit Feedback

In some cases, implementing a separate explicit feedback endpoint can be avoided. If a device implements
a group of isochronous data endpoints that are closely related andif:

e All the endpoints in the group are synchronized(i.e. use sample clocks that are derived from a common
master clock)

e The group contains one or more isochronous data endpoints in one direction that normally would need
explicit feedback

e The group contains at least one isochronous data endpointin the opposite direction

Under these circumstances, the device may elect not to implement a separate isochronous explicit feedback
endpoint. Instead, feedback information can be derived from the data endpoint in the opposite direction by
observingits data rate.

Two cases can arise:

e One or more asynchronous sink endpoints are accompanied by an asynchronous source endpoint. The
data rate on the source endpoint can be used as implicit feedback information to adjust the data rate on
the sink endpoint(s).

e One or more adaptive source endpoints are accompanied by an adaptive sink endpoint. The source
endpoint can adjust its data rate based on the data rate received by the sink endpoint.
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This specification provides the necessary framework to implement synchronization as described above (see

Chapter 9). However, exactly how the desired data rate Fy is derived from the data rate of the implied
feedback endpointis implementation-dependent.

5.12.4.4 Connectivity
In order to fully describe the source-to-sink connectivity process, an interconnect model is presented. The
model indicates the different components involved and howthey interact to establish the connection.

The model provides for multi-source/multi-sink situations. Figure 5-18 illustrates a typical situation (highly
condensed and incomplete). A physical device is connected to the host application software through
different hardware and software layers as described in this specification. At the client interface level, a
virtual device is presented to the application. From the application standpoint, only virtual devices exist. It
is up to the device driver andclient software to decide what the exact relation is between physical and
virtual device.
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Figure 5-18. Example Source/Sink Connectivity

Device manufacturers (or operating system vendors) must provide the necessary device driver software and
client interface software to convert their device from the physical implementation to a USB-compliant
software implementation(the virtual device). As stated before, depending on the capabilities built into this
software, the virtual device can exhibit different synchronization behavior from the physical device.
However, the synchronizationclassification applies equally to both physical and virtual devices. All
physical devices belong to one of the three possible synchronization types. Therefore, the capabilities that
have to be built into the device driver and/or client software are the sameas the capabilities of a physical
device. The word “application” must be replaced by “device driver/client software.” In the case of a
physical source to virtual source connection, “virtual source device” must be replaced by “physical source
device” and “virtual sink device” must be replaced by “virtual source device.” In the case ofavirtual sink
to physical sink connection, “virtual source device” must be replaced by “‘virtual sink device” and “virtual
sink device” must be replaced by “physical sink device.”

77

ZTE/SAMSUNG 1008-0105

IPR2018-00110



ZTE/SAMSUNG 1008-0106 
IPR2018-00110

Universal Serial Bus Specification Revision 2.0

Placing the rate adaptation (RA)functionality into the device driver/client software layer has the distinct
advantageofisolating all applications, relieving the device from the specifics and problemsassociated with
rate adaptation. Applications that would otherwise be multi-rate degenerate to simpler mono-rate systems.

Note: The modelis not limited to only USB devices. For example, a CD-ROM drive containing 44.1 kHz
audio can appear as either an asynchronous, synchronous, or adaptive source. Asynchronousoperation
meansthat the CD-ROMfills its buffer at the rate that it reads data from the disk, and the driver empties the
buffer according to its USB service interval. Synchronous operation meansthat the driver uses the USB
service interval (e.g., 10 ms) and nominal sample rate of the data (44.1 kHz) to determine to put out
441 samples every USBservice interval. Adaptive operation would build in a sample rate converterto
match the CD-ROMoutputrate to different sink sampling rates.

Using this reference model, it is possible to define what operations are necessary to establish connections
between various sources and sinks. Furthermore, the model indicates at what level these operations must or
can take place. First, there is the stage where physical devices are mapped onto virtual devices and vice
versa. This is accomplished by the driver and/or client software. Depending on the capabilities included in
this software, a physical device can be transformedinto a virtual device of an entirely different
synchronization type. The secondstageis the application that uses the virtual devices. Placing rate
matching capabilities at the driver/client level of the software stack relieves applications communicating
with virtual devices from the burden of performing rate matching for every devicethat is attached to them.
Oncethe virtual device characteristics are decided, the actual device characteristics are not any more
interesting than the actual physical device characteristics of anotherdriver.

As an example, consider a mixer application that connects at the source side to different sources, each
running at their own frequencies and clocks. Before mixing can take place, all streams must be converted to
a commonfrequency and locked to a commonclock reference. This action can be performedin the
physical-to-virtual mapping layeror it can be handled by the application itself for each source device
independently. Similar actions must be performedatthe sink side. If the application sends the mixed data
stream outto different sink devices, it can either do the rate matching for each device itself or it can rely on
the driver/client software to do that, if possible.

Table 5-13 indicates at the intersections what actions the application must perform to connect a source
endpoint to a sink endpoint.
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Table 5-13. Connection Requirements

Source Endpoint

Asynchronous|Async Source/Sink RA Asyne SOF/Sink RA Data + Feedback
See Note 1. See Note 2. Feedthrough

See Note 3.

Synchronous Async Source/SOF RA Sync RA Data Feedthrough +
See Note 4. See Note 5. Application Feedback

See Note 6. 
Adaptive Data Feedthrough Data Feedthrough Data Feedthrough

See Note 7. See Note 8. See Note 9.

Notes:

43 Asynchronous RA in the application. Fsj is determined by the source, using the feedforward information
embeddedin the data stream. Fsq is determined by the sink, based on feedback information from the
sink. If nominally Fsj = Fsg, the process degenerates to a feedthrough connectionif slips/stuffs due to

lack of synchronization are tolerable. Such slips/stuffs will cause audible degradation in audio
applications.

Asynchronous RA in the application. Fsj is determined by the source but locked to SOF. Fsq is

determined by the sink, based on feedbackinformation from the sink. If nominally Fsj = Fsq, the
process degenerates to a feedthrough connectionif slips/stuffs due to lack of synchronization are
tolerable, Suchslips/stuffs will cause audible degradation in audio applications.

If FSg falls within the locking range of the adaptive source, a feedthrough connection can be established.

Fsj = FSg and both are determined by the asynchronoussink, based on feedbackinformation from the
sink. If Fsg falls outside the locking range of the adaptive source, the adaptive source is switched to
synchronous mode and Note 2 applies.

Asynchronous RA in the application. Fsj is determined by the source. Fsq is determined by the sink
and locked to SOF. If nominally Fsj = Fso, the process degenerates to a feedthrough connectionif
slips/stuffs due to lack of synchronization are tolerable. Suchslips/stuffs will cause audible degradation
in audio applications.

Synchronous RAin the application. Fsj is determined by the source and locked to SOF. Fsqis
determined by the sink and locked to SOF. If Fsj = Fsg, the process degeneratesto a loss-free
feedthrough connection.

The application will provide feedback to synchronize the source to SOF. The adaptive source appears
to be a synchronous endpoint and Note 5 applies.

If Fs; falls within the locking range of the adaptive sink, a feedthrough connection can be established.

Fs] = Fsand both are determined by and locked to the source.

If Fs; falls outside the locking range of the adaptive sink, synchronous RAis done in the host to provide
an FSq that is within the locking range of the adaptive sink.

lf Fs; falls within the locking range of the adaptive sink, a feedthrough connection can be established.

Fs = Fsj and both are determined by the source and locked to SOF.

If Fs; falls outside the locking range of the adaptive sink, synchronous RAis donein the host to provide
an FSq that is within the locking range of the adaptive sink.

The application will use feedback control to set FS of the adaptive source when the connectionis set

up. The adaptive source operates as an asynchronous source in the absence of ongoing feedback
information and Note 7 applies.
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In cases where RA is needed butnotavailable, the rate adaptation process could be mimicked by sample
dropping/stuffing. The connection could then still be made, possibly with a warning about poorquality,
otherwise, the connection cannot be made.

5.12.4.4.1 Audio Connectivity

Whenthe aboveis applied to audio data streams, the RA process is replaced by sample rate conversion,
whichis a specialized form of rate adaptation. Instead of error control, some form of sample interpolation
is used to match incoming and outgoing sample rates. Depending on the interpolation techniques used, the
audio quality (distortion, signal to noise ratio, etc.) of the conversion can vary significantly. In general,
higher quality requires more processing power.

5.12.4.4.2 Synchronous Data Connectivity
For the synchronous data case, RA is used. Occasionalslips/stuffs may be acceptable to many applications
that implement some form oferror contro]. Error control includes error detection and discard, error
detection and retransmit, or forward error correction. The rate of slips/stuffs will depend on the clock
mismatch betweenthe source and sink and may be the dominant error source of the channel. Ifthe error
controlis sufficient, then the connection canstill be made.

5.12.5 Data Prebuffering
The USBrequires that devices prebuffer data before processing/transmission to allow the host more
flexibility in managing wheneachpipe’s transaction is moved over the bus from (micro)frame to
(micro)frame.

For transfers from function to host, the endpoint must accumulate samples during (micro)frame X untilit
receives the SOF token for (micro)frame X+1. It “latches” the data from (micro)frame X into its packet
buffer and is now ready to send the packet containing those samples during (micro)frame X+1. Whenit
will send that data during the (micro)frame is determined solely by the Host Controller and can vary from
(micro)frame to (micro)frame.

For transfers from host to function, the endpoint will accept a packet from the host sometime during
(micro)frame Y. Whenit receives the SOF for (micro)frame Y+1, it can then start processing the data
received in (micro)frame Y.

This approach allows an endpoint to use the SOF token as a stable clock with very little jitter and/or drift
whenthe Host Controller moves the packet over the bus. This approach also allows the Host Controller to
vary within a (micro)frame precisely when the packet is actually moved over the bus. This prebuffering
introduces someadditional delay between when a sample is available at an endpoint and when it moves over
the bus compared to an environment where the bus accessis at exactly the sametime offset from SOF from
(micro)frame to (micro)frame.
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Figure 5-19 showsthe time sequence for a function-to-host transfer (IN process). Data D, is accumulated
during (micro)frameFiat time Ti and transmitted to the host during (micro)frame Fi+1. Similarly, for a
host-to-function transfer (OUTprocess), data D, is received by the endpoint during (micro)frame Fi+1 and
processed during (micro)frame Fi+2.

Time He Tne ge es eT Me
(Micro)Frame: F, | Fa | Fics | M..5 | aneere. oneeen | F. | Fig om
Data on Bus: | ne | D, | D, : D, | ee | D, | De
OUTProcess: i cet ! Sci i D, | D, | pai: scat | pe | D, nnnnne
IN Process: | D, | D, | a | pee | -—— Dy asic ! cies: sauce

Figure 5-19. Data Prebuffering

5.12.6 SOF Tracking

Functions supporting isochronous pipes must receive and comprehend the SOF token to support
prebuffering as previously described. Given that SOFs can be corrupted, a device must be prepared to
recover from a corrupted SOF. These requirements limit isochronoustransfers to full-speed and high-speed
devices only, because low-speed devices do not see SOFs on the bus. Also, because SOF packets can be
damagedin transmission, devices that support isochronoustransfers need to be able to synthesize the
existence of an SOFthat they may not see due to a buserror.

Isochronoustransfers require the appropriate data to be transmitted in the corresponding (micro)frame. The
USBrequires that when an isochronoustransfer is presented to the Host Controller, it identifies the
(micro)frame numberfor the first (micro)frame. The Host Controller must not transmit the first transaction
before the indicated (micro)frame number. Each subsequent transaction in the IRP must be transmitted in
succeeding (micro)frames (except for high-speed high-bandwidth transfers where up to three transactions
may occur in the same microframe). If there are no transactions pending for the current (micro)frame, then
the Host Controller must not transmit anything for an isochronous pipe. If the indicated (micro)frame
numberhas passed, the Host Controller mustskip (i.e., not transmit) all transactions until the one
correspondingto the current (micro)frame is reached.

5.12.7 Error Handling
Isochronous transfers provide no data packetretries (i.e., no handshakes are returned to a transmitter by a
receiver) so that timeliness of data delivery is not perturbed. However,it is still important for the agents
responsible for data transport to know whenanerror occurs and howtheerror affects the communication
flow, In particular, for a sequence of data packets (A, B, C, D), the USB allowssufficient information such
that a missing packet (A, _, C, D) can be detected and will not unknowingly be turned into an incorrect data
or time sequence (A, C, Dor A,_, B, C, D). The protocol provides four mechanismsthat support this: a
strictly defined periodicity for the transmission of packets and data PID sequencing mechanismsfor high-
speed high-bandwidth endpoints, SOF, CRC, and bustransaction timeout.

e  Isochronous transfers require periodic occurrence of data transactions for normal operation. The period
must be an exact power of two (micro)frames. The USB doesnot dictate what data is transmitted in
each frame. The data transmitter/source determines specifically what data to provide. This regular
periodic data delivery provides a framework that is fundamental to detecting missing data errors. For
high-speed high-bandwidth endpoints, data PID sequencing allows the detection of missing or damaged
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transactions during a microframe. Any phaseofa transaction can be damaged during transmission on
the bus. Chapter 8 describes how eacherrorcase affects the protocol.

e Because every (micro)frame is preceded by an SOF and a receiver can see SOFsonthe bus, a receiver
can determine that its expected transaction for that (micro)frame did not occur between two SOFs.
Additionally, because even an SOF can be damaged, a device must be able to reconstruct the existence
of a missed SOFas described in Section 5.12.6.

e A data packet may be corrupted on the bus; therefore, CRC protection allows a receiver to determine
that the data packet it received was corrupted.

* The protocol defines the details that allow a receiver to determine via bus transaction timeoutthatit is
not going to receive its data packetafter it has successfully seen its token packet.

Oncea receiver has determined that a data packet was not received, it may need to know thesize ofthe data
that was missed in order to recover from the error with regard to its functional behavior. Ifthe
communication flow is always the same data size per (micro)frame,then the size is always a known
constant. However, in somecases, the data size can vary from (micro)frame to (micro)frame. In this case,
the receiver and transmitter have an implementation-dependent mechanism to determinethesizeofthe lost
packet.

In summary, whethera transaction is actually moved successfully over the bus ornot, the transmitter and
receiver always advancetheir data/buffer streams as indicated by the bus access period to keep data-per-
time synchronization. The detailed mechanisms described above allow detection, tracking, and reporting of
damagedtransactionsso that a functionorits client software can react to the damagein a function-
appropriate fashion. The details of that function- or application-specific reaction are outside the scope of
the USB Specification.

5.12.8 Buffering for Rate Matching
Giventhat there are multiple clocks that affect isochronous communication flows in the USB,buffering is
required to rate match the communication flow across the USB. There must be buffer space available both
in the device per endpoint and on the host side on behalf of the client software. These buffers provide space
for data to accumulate until it is time for a transfer to move over the USB. Giventhe natural data rates of

the device, the maximumsize ofthe data packets that move overthe bus can alsobe calculated.

Figure 5-20 showsthe equations used to determine buffer size on the device and host and maximumpacket
size that must be requested to support a desired data rate. These equations are a functionofthe service

clock rate (F,,), bus clock rate (F,,,), sample clock rate (F,), bus access period(I), and sample size (S).
These equations should provide design information for selecting the appropriate packetsize that an endpoint
will report in its characteristic information and the appropriate buffer requirements for the device/endpoint
andits client software. Figure 5-17 showsactual buffer, packet, and clock values for a typical full-speed
isochronous example.
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Figure 5-20. Packet and Buffer Size Formulas for Rate-matched Isochronous Transfers

The USB data model assumesthat devices have some natural sample size and rate. The USB supports the
transmission of packets that are multiples of sample size to make error recovery handling easier when
isochronoustransactions are damaged on the bus. Ifa device has no natural sample sizeorif its samples are
larger than a packet, it should describeits sample size as being one byte. If a sample is split across a data
packet, the error recovery can be harder whenan arbitrary transaction is lost. In some cases, data
synchronization can be lost unless the receiver knows in what (micro)frame numbereachpartial sampleis
transmitted. Furthermore, if the number of samples can vary due to clock correction (e.g., for a non-derived
device clock), it may be difficult or inefficient to know whenapartial sample is transmitted. Therefore, the
USB doesnot split samples across packets.
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Chapter6
Mechanical

This chapter provides the mechanical and electrical specifications for the cables, connectors, and cable
assemblies used to interconnect USB devices. The specification includes the dimensions, materials,
electrical, and reliability requirements. This chapter documents minimum requirementsfor the external
USB interconnect. Substitute material may be used as long as it meets these minimums.

6.1 Architectural Overview

The USB physical topology consists of connecting the downstream hubport to the upstream port of another
hub or to a device. The USB can operate at three speeds. High-speed (480 Mb/s) and full-speed (12 Mb/s)
require the use of a shielded cable with two power conductors and twisted pair signal conductors. Low-
speed (1.5 Mb/s) recommends, but does not require the use of a cable with twisted pair signal conductors.

The connectors are designed to be hot plugged. The USB Icon onthe plugs providestactile feedback
makingit easy to obtain properorientation.

6.2 Keyed Connector Protocol
To minimize end user termination problems, USB uses a “keyed connector” protocol. The physical
difference in the Series “A” and “B” connectors insures proper end user connectivity. The “A” connector
is the principle means of connecting USB devices directly to a host or to the downstream port of a hub.All
USB devices must have the standard Series “A” connector specified in this chapter. The “B” connector
allows device vendors to provide a standard detachable cable. This facilitates end user cable replacement.
Figure 6-1 illustrates the keyed connector protocol.

Series "A" Connectors Series '"B" Connectors

@ Series "A" plugs are @ Series "B" plugs are
always oriented upstream always oriented
towards the Host System downstream towards the

USB Device

"A" Plugs
(From the

Tt tt

USB Device) B" Plugs
(From the

Host System)

"A" Receptacles
(Downstream Output

from theiib) Host or i (Upstream Input to the
USB Device or Hub)

"B" Receptacles 
Figure 6-1. Keyed Connector Protocol
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The following list explains how the plugs and receptacles can be mated:

e Series “A” receptacle mates with a Series “A” plug. Electrically, Series “A” receptacles function as
outputs from host systems and/or hubs.

e Series “A” plug mates with a Series “A” receptacle. The Series “A” plug alwaysis oriented towards
the host system.

e Series “B” receptacle mates with a Series “B” plug (male). Electrically, Series “B” receptacles
function as inputs to hubs or devices.

e Series “B” plug mates with a Series “B” receptacle. The Series “B” plug is always oriented towards
the USB hubor device.

6.3 Cable

USB cable consists of four conductors, two power conductors, and two signal conductors.

High-/full-speed cable consists of a signaling twisted pair, VWBUS, GND,and an overall shield. High-/full-
speed cable must be markedto indicate suitability for USB usage (see Section 6.6.2). High-/full-speed
cable may be used with either low-speed, full-speed, or high-speed devices. When high-/full-speed cableis
used with low-speed devices, the cable must meet all low-speed requirements.

Low-speed recommends,but does not require the use of a cable with twisted signaling conductors.

6.4 Cable Assembly
This specification describes three USB cable assemblies: standard detachable cable, high-/full-speed
captive cable, and low-speed captive cable.

A standard detachable cable is a high-/full-speed cable that is terminated on one end with a Series “A” plug
and terminated on the opposite end with a series “B” plug. A high-/full-speed captive cable is terminated
on one end with a Series “A”plug and has a vendor-specific connect means (hardwired or custom
detachable) on the opposite end for the high-/full-speed peripheral. The low-speed captive cable is
terminated on one end with a Series “A” plug and has a vendor-specific connect means (hardwired or
custom detachable) on the opposite end for the low-speed peripheral. Any other cable assemblies are
prohibited.

The color used for the cable assembly is vendor specific; recommendedcolors are white, grey, or black.

6.4.1 Standard Detachable Cable Assemblies

High-speed and full-speed devices can utilize the “B” connector. This allows the device to have a standard
detachable USB cable. This eliminates the need to build the device with a hardwired cable and minimizes

end user problemsifcable replacementis necessary.

Devicesutilizing the “B” connector must be designed to work with worst case maximum length detachable
cable. Standard detachable cable assemblies may be used only on high-speed and full-speed devices.
Using a high-/full-speed standard detachable cable on a low-speed device may exceed the maximum low-
speed cable length.

Figure 6-2 illustrates a standard detachable cable assembly.
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Figure 6-2. USB Standard Detachable Cable Assembly
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Standard detachable cable assemblies must meet the following electrical requirements:

e The cable must be terminated on one end with an overmolded Series “A” plug and the opposite end is
terminated with an overmolded Series “B”plug,

e The cable must be rated for high-speed and full-speed.

e The cable impedance must match the impedanceof the high-speed and full-speed drivers. The drivers
are characterized to drive specific cable impedance. Refer to Section 7.1.1 for details.

¢ The maximum allowable cable length is determined by signal pair attenuation and propagation delay.
Refer to Sections 7.1.14 and 7.1.17 for details.

e Differences in propagation delay between the two signal conductors must be minimized. Refer to
Section 7.1.3 for details.

e The GND lead provides a common ground reference between the upstream and downstream ports.
The maximum cable length is limited by the voltage drop across the GND lead. Refer to Section 7.2.2
for details. The minimum acceptable wire gaugeis calculated assuming the attached deviceis high
power.

e The VBUSJead provides powerto the connected device. For standard detachable cables, the VBUS
requirementis the same as the GND lead.

6.4.2 High-/full-speed Captive Cable Assemblies
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Assemblies are considered captive if they are provided with a vendor-specific connect means (hardwired or
custom detachable)to the peripheral. High-/full-speed hardwired cable assemblies may be used with either
high-speed, full-speed, or low-speed devices. When using a high-/full-speed hardwired cable on a low-
speed device, the cable must meet all low-speed requirements.

Figure 6-3 illustrates a high-/full-speed hardwired cable assembly.
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Figure 6-3. USB High-/full-speed Hardwired Cable Assembly
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High-/full-speed captive cable assemblies must meet the following electrical requirements:

e The cable must be terminated on one end with an overmolded Series “A” plug and the opposite endis
vendorspecific. If the vendor specific interconnectis to be hot plugged, it must meet the same
performance requirements as the USB “B”connector.

e The cable must be rated for high-speed andfull-speed.

e The cable impedance must match the impedanceof the high-speed and full-speed drivers. The drivers
are characterized to drive specific cable impedance. Refer to Section 7.1.1 for details.

¢ The maximum allowable cable length is determined by signal pair attenuation and propagation delay.
Refer to Sections 7.1.14 and 7.1.17 fordetails.

e Differences in propagation delay between the two signal conductors must be minimized. Refer to
Section 7.1.3 for details.

e The GND lead provides a commonreference between the upstream and downstream ports. The
maximum cable length is determined by the voltage drop across the GND lead. Refer to Section 7.2.2
for details. The minimum wire gaugeis calculated using the worst case current consumption.

e The VBUSlead provides power to the connected device. The minimum wire gauge is vendorspecific.

6.4.3 Low-speed Captive Cable Assemblies
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Assemblies are considered captive if they are provided with a vendor-specific connect means (hardwired or
custom detachable) to the peripheral. Low-speed cables may only be used on low-speed devices.

Figure 6-4 illustrates a low-speed hardwired cable assembly.
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Low-speed captive cable assemblies must meet the following electrical requirements:

6.4.4

92

The cable must be terminated on one end with an overmolded Series “A” plug and the opposite end is
vendorspecific. If the vendor specific interconnect is to be hot plugged, it must meet the same
performance requirements as the USB “B”connector.

Low-speed drivers are characterized for operation over a range of capacitive loads. This value
includesall sources of capacitance on the D+ and D-lines, not just the cable. Cable selection must
insure that total load capacitance falls between specified minimum and maximum values. If the
desired implementation does not meet the minimum requirement, additional capacitance needs to be
added to the device. Refer to Section 7.1.1.2 for details.

The maximum low-speed cable length is determined bythe rise andfall times of low-speed signaling.
This forces low-speed cable to be significantly shorter than high-/full-speed. Refer to Section 7.1.1.2
for details.

Differences in propagation delay between the two signal conductors must be minimized. Refer to
Section 7.1.3 for details.

The GNDlead provides a commonreference between the upstream and downstream ports. The
maximum cable length is determined by the voltage drop across the GND lead. Refer to Section 7.2.2
for details. The minimum wire gaugeis calculated using the worst case current consumption.

The VBUSlead provides powerto the connected device. The minimum wire gauge is vendorspecific.

Prohibited Cable Assemblies

USBis optimized for ease of use. The expectation is that if the device can be pluggedin, it will work.
By specification, the only conditions that prevent a USB device from being successfully utilized are
lack of power, lack of bandwidth, and excessive topology depth. These conditions are well understood
by the system software.

Prohibited cable assemblies may work in somesituations, but they cannot be guaranteed to workinall
instances.

e Extension cable assembly

A cable assembly that provides a Series “A” plug with a series “A” receptacle or a Series “B” plug
with a Series “B” receptacle. This allows multiple cable segments to be connected together,
possibly exceeding the maximum permissible cable length.

e Cable assembly that violates USB topology rules
A cable assembly with both ends terminated in either Series “A” plugs or Series “B” receptacles.
This allows two downstream ports to be directly connected.

Note: This prohibition does not prevent using a USB device to provide a bridge between two USB
buses.

e Standard detachable cables for low-speed devices
Low-speed devices are prohibited from using standard detachable cables. A standard detachable
cable assembly mustbe high-/full-speed. Since a standard detachable cable assembly is high-/full-
speed rated, using a long high-/full-speed cable exceeds the capacitive load of low-speed.
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6.5 Connector Mechanical Configuration and Material Requirements
The USBIconis used to identify USB plugs and the receptacles. Figure 6-5 illustrates the USB Icon.

All dimensions are + 5%
L

  
13 .

piarte7L|DRESS LY

t Dia:L F
1.50 L “

yf
O5L 4

1.50 L segass

 
 

Figure 6-5. USB Icon

6.5.1 USB Icon Location

The USBIcon is embossed, in a recessed area, on the topside ofthe USB plug. This provides easy user
recognition andfacilitates alignment during the mating process. The USB Icon and Manufacturer’s logo
should not project beyond the overmold surface. The USB Iconis required, while the Manufacturer’s logo
is recommended,for both Series “A” and “B” plug assemblies. The USB Iconis also located adjacent to
each receptacle. Receptacles should be oriented to allow the Icon on the plugto be visible during the
mating process. Figure 6-6 illustrates the typical plug orientation.
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Height
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(0.024")

Manufacturer's

Engraved USB Engraved Logo
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Max Manufacturer's ;USB Icon - | Logo Optional Top
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Section A-A
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Overmolding

Figure 6-6. Typical USB Plug Orientation

93

ZTE/SAMSUNG 1008-0121

IPR2018-00110



ZTE/SAMSUNG 1008-0122 
IPR2018-00110

Universal Serial Bus Specification Revision 2.0

6.5.2 USB Connector Termination Data

Table 6-1 provides the standardized contact terminating assignments by numberandelectrical value for
Series “A” and Series “B” connectors.

Table 6-1. USB Connector Termination Assignment  
Contact

Number Signal Name 

VBUS

Typical Wiring
Assignment

 

D- 

D+ Green 

6.5.3 Series “A” and Series “B” Receptacles

Black  
Shield

  
Drain Wire

Electrical and mechanical interface configuration data for Series "A" and Series "B" receptacles are shown
in Figure 6-7 and Figure 6-8. Also, refer to Figure 6-12, Figure 6-13, and Figure 6-14at the end of this
chapter for typical PCB receptacle layouts,
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Figure 6-7. USB Series "A" Receptacle Interface and Mating Drawing
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Figure 6-8. USB Series "B" Receptacle Interface and Mating Drawing
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6.5.3.1 Receptacle Injection Molded Thermoplastic Insulator Material
Minimum UL 94-V0rated,thirty percent (30%) glass-filled polybutylene terephthalate (PBT) or
polyethylene terephthalate (PET)orbetter.

Typical Colors: Black, gray, and natural.

Flammability Characteristics: UL 94-V0rated.

Flame Retardant Package must meet or exceed the requirements for UL, CSA, VDE,etc.

Oxygen Index (LOJ): Greater than 21%. ASTM D 2863.

6.5.3.2 Receptacle Shell Materials
Substrate Material: 0.30 + 0.05 mm phosphorbronze, nickelsilver, or other copper based high strength
materials.

Plating:

1. Underplate: Optional. Minimum 1.00 micrometers (40 microinches) nickel. In addition,
manufacturer may use a copper underplate beneath the nickel.

2. Outside: Minimum 2.5 micrometers (100 microinches) bright tin or bright tin-lead.

6.5.3.3 Receptacle Contact Materials
Substrate Material: 0.30 + 0.05 mm minimum half-hard phosphor bronzeor other high strength copper
based material.

Plating: Contacts are to be selectively plated,

A. Option I

l. Underplate: Minimum 1.25 micrometers (50 microinches) nickel. Copper over base material
is optional.

2. Mating Area: Minimum 0.05 micrometers (2 microinches) gold over a minimum of
0.70 micrometers (28 microinches) palladium.

3. Solder Tails: Minimum 3.8 micrometers (150 microinches) bright tin-lead over the
underplate.

B. Option II

1. Underplate: Minimum 1.25 micrometers (50 microinches) nickel. Copper over base material
is optional.

2. Mating Area: Minimum 0.05 micrometers (2 microinches) gold over a minimum of
0.75 micrometers (30 microinches) palladium-nickel.

3. Solder Tails: Minimum 3.8 micrometers (150 microinches) bright tin-lead over the
underplate.

C. Option III

1, Underplate: Minimum 1.25 micrometers (50 microinches) nickel. Copper over base material
is optional.

2. Mating Area: Minimum 0.75 micrometers (30 microinches) gold.

3. Solder Tails: Minimum 3.8 micrometers (150 microinches) bright tin-lead over the
underplate.
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6.5.4 Series “A” and Series “B” Plugs
Electrical and mechanical interface configuration data for Series "A" and Series "B" plugs are shownin
Figure 6-9 and Figure 6-10.
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Figure 6-9. USB Series "A" Plug Interface Drawing
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Figure 6-10. USB Series “B” Plug Interface Drawing
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6.5.4.1 Plug Injection Molded Thermoplastic Insulator Material
Minimum UL 94-¥V0rated, thirty percent (30%) glass-filled polybutylene terephthalate (PBT) or
polyethylene terephthalate (PET)or better.

Typical Colors: Black, gray, and natural.

Flammability Characteristics: UL 94-V0rated.

Flame Retardant Package must meet or exceed the requirements for UL, CSA, and VDE.

Oxygen Index (LOI): 21%. ASTM D 2863.

6.5.4.2 Plug Shell Materials
Substrate Material: 0.30 + 0.05 mm phosphorbronze, nickelsilver, or other suitable material.

Plating:

A. Underplate: Optional. Minimum 1.00 micrometers (40 microinches) nickel. In addition,
manufacturer may use a copper underplate beneath the nickel.

B. Outside: Minimum 2.5 micrometers (100 microinches) bright tin or bright tin-lead.

6.5.4.3 Plug (Male) Contact Materials
Substrate Material: 0.30 + 0.05 mm half-hard phosphorbronze.

Plating: Contacts are to be selectively plated.

A. Option!

1. Underplate: Minimum 1.25 micrometers (50 microinches) nickel. Copper over base material
is optional.

2. Mating Area: Minimum 0.05 micrometers (2 microinches) gold over a minimum of
0.70 micrometers (28 microinches) palladium.

3. Solder Tails: Minimum 3.8 micrometers (150 microinches) bright tin-lead over the
underplate.

B. Option II

1. Underplate: Minimum 1.25 micrometers (50 microinches) nickel. Copper over base material
is optional.

2. Mating Area: Minimum 0.05 micrometers (2 microinches) gold over a minimum of
0.75 micrometers (30 microinches) palladium-nickel.

3. Wire Crimp/Solder Tails: Minimum 3.8 micrometers (150 microinches) bright tin-lead over
the underplate.

C. Option III

1. Underplate: Minimum 1.25 micrometers (50 microinches) nickel. Copper over base material
is optional.

2. Mating Area: Minimum 0.75 micrometers (30 microinches) gold.

3. Solder Tails: Minimum 3.8 micrometers (150 microinches) bright tin-lead over the
underplate.
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6.6 Cable Mechanical Configuration and Material Requirements
High-/full-speed and low-speed cables differ in data conductor arrangement and shielding. Low-speed
recommends, but does not require, use of a cable with twisted data conductors. Low speed recommends,
but does not require, use of a cable with a braided outer shield. Figure 6-11 showsthe typical high-/full-
speed cable construction.

Polyvinyl Chloride (PVC) Jacket 
 

 
 

on-Twisted PowerPair:

Red: Vous

Black: Power Ground

Outer Shield > 65% Interwoven

Tinned CopperBraid

Inner Shield Aluminum

Metallized Polyester

Twisted Signaling Pair:
White: D-

Green: D+

28 AWGTinned

CopperDrain Wire

Figure 6-11. Typical High-/full-speed Cable Construction

6.6.1 Description
High-/full-speed cable consists of one 28 to 20 AWG non-twisted powerpair and one 28 AWGtwisted data
pair with an aluminum metallized polyester inner shield, 28 AWGstranded tinned copperdrain wire,
> 65% tinned copper wire interwoven (braided) outer shield, and PVC outer jacket.

Low-speed cable consists of one 28 to 20 AWG non-twisted powerpair and one 28 AWGdatapair(a twist
is recommended) with an aluminum metallized polyester inner shield, 28 AWG stranded tinned copper
drain wire and PVC outer jacket. A > 65% tinned copper wire interwoven (braided) outer shieldis
recommended.

102

ZTE/SAMSUNG 1008-0130

IPR2018-00110



ZTE/SAMSUNG 1008-0131 
IPR2018-00110

Universal Serial Bus Specification Revision 2.0

6.6.2 Construction

Raw materials used in the fabrication of this cable must be of such quality that the fabricated cable is
capable of meeting or exceeding the mechanical and electrical performance criteria of the most current
USB Specification revision and all applicable domestic and international safety/testing agency
requirements; e.g., UL, CSA, BSA, NEC,etc., for electronic signaling and powerdistribution cablesin its
category.

Table 6-2. Power Pair

American Wire Nominal Conductor Stranded Tinned

Gauge (AWG) Outer Diameter Conductors

0.381 mm (0.015") 7x36

0.406 mm (0.016") 19x40

0.483 mm (0.019”)

0.508 mm (0.020") 

0.610 mm (0.024")

0.610 mm (0.024”)

 
0.762 mm (0.030")

0.787 mm (0.031")

0.890 mm (0.035")

0.931 mm (0.037")

 
Note: Minimum conductor construction must be stranded tinned copper.

Non-Twisted PowerPair:

A. Wire Gauge: Minimum 28 AWGorasspecified by the user contingent upon the specified cable
length. Refer to Table 6-2.

B. Wire Insulation: Semirigid polyvinyl chloride (PVC).

1. NominalInsulation Wall Thickness: 0.25 mm (0.010”)

2. Typical Power (Vpys) Conductor: Red Insulation
.

3. Typical Ground Conductor: Black Insulation

Signal Pair:

A. Wire Gauge: 28 AWG minimum. Refer to Table 6-3.
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Table 6-3. Signal Pair

American Wire Nominal Conductor Stranded Tinned

Gauge (AWG) Outer Diameter Conductors 

0.381 mm (0.015”) 7x36
28

0.406 mm (0.016") 19 x 40
 
Note: Minimum conductor construction must be stranded tinned copper.

B. Wire Insulation: High-density polyethylene (HDPE), alternately foamed polyethylene or foamed
polypropylene

1. Nominal Insulation Wall Thickness: 0.31 mm (0.012”)

2. Typical Data Plus (+) Conductor: Green Insulation

3. Typical Data Minus (-) Conductor: White Insulation

C. Nominal Twist Ratio (not required for low-speed): Onefull twist every 60 mm (2.36") to 80 mm
(3.15)

Aluminum Metallized Polyester Inner Shield (required for low-speed):

A. Substrate Material: Polyethylene terephthalate (PET) or equivalent material

B. Metallizing: Vacuum deposited aluminum

C. Assembly:

1. The aluminum metallized side of the inner shield must be positioned facing out to ensure
direct contact with the drain wire.

2. The aluminum metallized inner shield must overlap by approximately one-quarter turn.

Drain Wire (required for low-speed):

A. Wire Gauge: Minimum 28 AWGstranded tinned copper (STC) non-insulated. Refer to
Table 6-4.

Table 6-4. Drain Wire Signal Pair

American Wire Nominal Conductor Stranded Tinned

Gauge (AWG) Outer Diameter Conductors

28
0.381 mm (0.015")

0.406 mm (0.016")
 

Interwoven (Braided) Tinned Copper Wire (ITCW)Outer Shield (recommended butnot required for low-
speed):

A. Coverage Area: Minimum 65%.

B. Assembly: The interwoven (braided) tinned copper wire outer shield must encase the aluminum
metallized PET shielded powerandsignal pairs and mustbe in direct contact with the drain wire.

Outer Polyviny! Chloride (PVC)Jacket:

A. Assembly: The outer PVC jacket must encase the fully shielded powerand signal pairs and must
be in direct contact with the tinned copperouter shield.
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B. Nominal Wall Thickness: 0.64 mm (0.025”).

Marking: The cable must be legibly marked using contrasting color permanentink.

A. Minimum marking information for high-/full-speed cable must include:

USB SHIELDED <Gauge/2C + Gauge/2C> UL CM 75 °C — UL VendorID.

B. Minimum marking information for low-speed cable shall include:

USB specific marking is not required for low-speed cable.

Nominal Fabricated Cable Outer Diameter:

This is anominal value and may vary slightly from manufacturer to manufacturer as a function of the
conductorinsulating materials and conductor specified. Refer to Table 6-5.

Table 6-5. Nominal Cable Diameter

Shielded USB Nominal Outer

Cable Configuration Cable Diameter

4.06 mm (0.160") 

4.32 mm (0.170") 

4.57 mm (0.180")

28/22 4.83 mm (0.190")

28/20 5.21 mm (0.205")

6.6.3 Electrical Characteristics

All electrical characteristics must be measured at or referenced to +20 °C (68 °F).

 
Voltage Rating: 30 V rms maximum,

Conductor Resistance: Conductor resistance must be measured in accordance with ASTM-D-4566
Section 13. Refer to Table 6-6.

Conductor Resistance Unbalance (Pairs): Conductor resistance unbalance between two (2) conductors of
any pair must not exceed five percent (5%) when measured in accordance with ASTM-D-4566 Section 15.

The DCresistance from plug shell to plug shell (or end of integrated cable) must be less than 0.6 ohms.

Table 6-6. Conductor Resistance

American Ohms(2) / 100 Meters
Wire Gauge (AWG) Maximum

28 23.20

26 14.60

 

24 9.09

20 3.58
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6.6.4 Cable Environmental Characteristics

Temperature Range:

A. Operating Temperature Range: 0 °C to +50 °C

B. Storage Temperature Range: -20 °C to +60 °C

C. Nominal Temperature Rating: +20 °C

Flammability: All plastic materials used in the fabrication ofthis product shall meet or exceed the
requirements ofNEC Article 800 for communications cables Type CM (Commercial).

6.6.5 Listing
The product shall be UL listed per UL Subject 444, Class 2, Type CM for Communications Cable
Requirements.

6.7 Electrical, Mechanical, and Environmental Compliance Standards
Table 6-7 lists the minimumtest criteria for all USB cable, cable assemblies, and connectors.

Table 6-7. USB Electrical, Mechanical, and Environmental Compliance Standards  

Test Description Test Procedure Performance Requirement

EIA 364-18 Must meet or exceed the

Visual and Dwnenslonal requirements specified by the
Inspection

Visual, dimensional, and functional
inspection in accordance with the
USB quality inspection plans. 

insulation Resistance

EIA 364-21

The object of this test procedureis
to detail a standard method to
assesstheinsulation resistance of
USB connectors. This test

procedure is used to determine the
resistance offered by the insulation
materials and the various seals of a

connector to a DC potential tending
to produce a leakage of current
through or on the surface of these
members. 

Dielectric

Withstanding Voltage
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EIA 364-20

The objectof this test procedureis
to detail a test method to prove that
a USB connector can operate
safely at its rated voltage and
withstand momentary
over-potentials due to switching,
surges, and/or other similar
phenomena.

 

most current version of Chapter 6
of the USB Specification.

4,000 MQ minimum.

The dielectric must withstand
500 V AC for one minute at sea
level. 
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Table 6-7. USB Electrical, Mechanical, and Environmental Compliance Standards (Continued)

Test Description

Low Level
Contact Resistance

Test Procedure

EIA 364-23

The object of this test is to detail a
standard method to measure the

electrical resistance across a pair
of mated contacts such that the

insulating films, if present, will not
be broken or asperity melting will
not occur.

Performance Requirement

30 m2 maximum when measured

at 20 mV maximum opencircuit at
100 mA. Mated test contacts

must be in a connector housing.

 

Contact Current

Rating

EIA 364-70 — Method B

The object of this test procedureis
to detail a standard method to

assessthe current carrying
capacity of mated USB connector
contacts.

1.5 A at 250 V AC minimum when

measured at an ambient
temperature of 25 C. With power

applied to the contacts, the A T
must not exceed +30 C at any
point in the USB connector under
test.

 

Contact Capacitance

EIA 364-30

The object ofthis test is to detail a
standard method to determine the

capacitance between conductive
elements of a USB connector.

2 pF maximum unmated per
contact.

 

Insertion Force

Extraction Force
 EIA 364-13

The objectof this test is to detail a
standard method for determining
the mechanical forces required for
inserting a USB connector.

35 Newtons maximum at a
maximum rate of 12.5 mm

(0.492") per minute.

 

EIA 364-13

The object of this test is to detail a
standard methodfor determining
the mechanical forces required for
extracting a USB connector.

 10 Newtons minimum ata
maximum rate of 12.5 mm

(0.492") per minute.
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Table 6-7. USB Electrical, Mechanical, and Environmental Compliance Standards (Continued)  

Test Description

Durability

Cable Pull-Out

 
Test Procedure

EIA 364-09

The object of this test procedureis
to detail a uniform test method for

determining the effects caused by
subjecting a USB connectorto the
conditioning action of insertion and
extraction, simulating the expected
life of the connectors. Durability
cycling with a gaugeis intended
only to produce mechanical stress.
Durability performed with mating
componentsis intended to produce
both mechanical and wearstress.

 
Performance Requirement

1,500 insertion/extraction cycles
at a maximum rate of 200 cycles
per hour.

 

EIA 364-38

Test Condition A

The object of this test procedure is
to detail a standard method for

determining the holding effect of a
USBplug cable clamp without
causing any detrimental effects
upon the cable or connector
components whenthe cable is
subjected to inadvertent axial
tensile loads.

After the application of a steady
state axial load of 40 Newtons for
one minute.

 

Physical Shock
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 EIA 364-27

Test Condition H

The object ofthis test procedureis
to detail a standard method to

assessthe ability of a USB
connector to withstand specified
severity of mechanical shock.

 No discontinuities of 7 js or
longer duration when mated USB
connectors are subjected to 11 ms
duration 30 Gshalf-sine shock

pulses. Three shocks in each
direction applied along three
mutually perpendicular planes for
a total of 18 shocks.
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Table 6-7. USB Electrical, Mechanical, and Environmental Compliance Standards (Continued)

Test Description

Random Vibration  
Test Procedure

EIA 364-28

Test Condition V Test Letter A

This test procedureis applicable to
USB connectors that may,in
service, be subjected to conditions
involving vibration. Whether a USB
connector has to function during
vibration or merely to survive
conditions of vibration should be

clearly stated by the detailed
product specification. !In either
case, the relevant specification
should always prescribe the
acceptable performance
tolerances.

Performance Requirement

No discontinuities of 1 us or
longer duration when mated USB
connectors are subjected to
5.35 Gs RMS. 15 minutes in each

of three mutually perpendicular
planes.

 

Thermal Shock

Humidity Life

Solderability  

EIA 364-32

Test Condition |

The object ofthis test is to
determinethe resistance of a USB

connector to exposure at extremes
of high and low temperatures and
to the shockof alternate exposures
to these extremes, simulating the
worst case conditions for storage,
transportation, and application.

EIA 364-31

Test Condition A MethodIll

The object of this test procedureis
to detail a standard test method for

the evaluation of the properties of
materials used in USB connectors

as they are influenced by the
effects of high humidity and heat.

EIA 364-52

The object of this test procedure is
to detail a uniform test method for

determining USB connector
solderability. The test procedure
contained herein utilizes the solder

dip technique. It is not intended to
test or evaluate solder cup, solder
eyelet, other hand-soldered type, or
SMTtype terminations.

 

 

10 cycles —-55 ‘C and +85 ‘C. The
USB connectors under test must
be mated.

168 hours minimum (seven
complete cycles). The USB
connectors undertest must be
tested in accordance with
EIA 364-31.

USBcontact soldertails must

pass 95% coverageafter one
hour steam aging as specified in
Category 2.
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