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Study of the USB protocol

1. USB OVERVIEW

Originally , the motivation of defining a new serial bus (Universal Serial Bus) came from :

· Connection of the PC to the telephone

· Ease-of-use : real plug and play interface

· Port expansion

New needs appear with the high performance PC and digital imaging which needs faster connections. The USB 2.0 standard is now the answer of these new needs as it defines three transfer rates :

· 1,5 Mb/s (Low Speed : LS)

· 12 Mb/s (Full Speed : FS)

· 480 Mb/s (High Speed : HS)

1.1. Applications

The table below shows applications and attributes linked to these three different Bus rate 

Performance
Applications
Attributes

Low speed

· Interactive devices

· 10 – 100Kb/s
Keyboard, Mouse

Stylus

Game peripherals

Virtual Reality peripherals
Lowest Cost

Ease-of-use

Dynamic attach and detach

Multiple peripherals

Full Speed

· Phone, Audio, Compressed video

· 500Kb/s – 10Mb/s
POTS

Broadband

Audio

Microphone
Lower Cost

Ease-of-use

Dynamic attach and detach

Multiple peripherals

Guaranteed bandwidth

Guaranteed Latency

High Speed 

· Video, Storage

· 25 – 400Mb/s
Video

Storage

Imaging

Broadband
Low Cost

High bandwidth

Ease-of-use

Dynamic attach and detach

Multiple peripherals

Guaranteed bandwidth

Guaranteed Latency

1.2. Features

The table below lists the features of USB in general.

Features

Easy to use for end-user

Single model for cabling and connectors

Electrical details isolated from end-user

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

Dynamically attachable and re-configurable peripherals

Wide range of workloads and applications

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

Supports isochronous as well as asynchronous transfer types over the same set of wires

Supports concurrent operation of many devices 

Supports up to 127 physical devices

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

Allows compound devices (with many functions)

Lower protocol overhead resulting in high bus utilization

Isochronous bandwidth

Guaranteed bandwidth and low latencies appropriate for telephony, audio, video,…

Flexibility

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

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

Flow control for buffer handling is built into the protocol

Robustness

Error handling / fault recovery mechanism is built into the protocol

Dynamic insertion and removal of devices is identified in user-perceived real time

Supports identification of faulty devices

Synergy with PC industry

Protocol is simple to implement and integrate

Consistent with the PC plug and play architecture

Leverages existing operating system interfaces

Low cost implementation

Low cost subchannel at 1,5Mb/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 upgrade-able to support multiple USB host controllers in a system

1.3. Data transfer on USB 

USB defines four types of data transfer. Depending of the application, and nature of data to transfer, devices may use one type or another :

· Control transfer

· Isochronous transfer

· Interrupt transfer

· Bulk transfer

The table below gives features of the four transfers :


Control transfers
Isochronous transfers
Interrupt transfers
Bulk transfers

Use
Configuration/ command/ Status type communications

Request/response communications
Time-relevant information, continuous communication, need of guaranteed bandwidth and data rate
Devices that need to send or receive data infrequently but with bounded service periods
Typically used for data that can use any available bandwidth and can also be delayed until bandwidth is available

Data characteristics
Bursty, non periodic, host software initiated
Periodic, continuous communication between host and device. Preserves concept of time encapsulated in data
Low frequency, bounded-latency communication. Guaranteed maximum service period
Non periodic, large packet bursty communication.

Access on bandwidth available basis. Guaranteed delivery of data, but no guarantee of bandwidth or latency

Errors handling
Retry
No retry
Retry at the next period
Retry

Transfer direction
Bi-directional
Unidirectional
Unidirectional
Unidirectional

Packet size (bytes) constraints (max)

· LS

· FS

· HS
8

64

64
1023

1024 (x3 transactions /µframe)


8

64

1024
64

512

Bus access constraints
Only through message pipes
Only FS and HS devices

Bandwidth sharing :

80%/µframe : HS

90%/frame : FS
LS, FS, HS

Bandwidth sharing :

80%/µframe : HS

90%/frame : FS
FS , HS only

Use remaining bandwidth within frame/µframe

Protocol overhead (bytes)

· LS

· FS

· HS
63

45

173
9

38
19

13

55
13

55

Max bandwidth (b/s)

· LS

· FS

· HS
187,5 Kb/s

6,5Mb/s

124Mb/s
10 Mb/s

192 Mb/s 
375Kb/s

9,5Mb/s

192Mb/s 
9,5Mb/s

416Mb/s

Comments: Example of use 
Card configuration
stream reading Video processing

stream download into the memory of the card

Note: In Bulk transfer mode, the buffer size has to be adapted to the remaining bandwidth of the system. Using large buffers may be not very efficient if traffic on the bus is high as they need a large remaining bandwidth per frame on the bus. For this case, small buffers are more efficient as they can use a small remaining bandwidth per frame on the bus and may find this useful bandwidth more easily.

2. USB bandwidth performance

The actual bandwidth (useful data exchanged) is linked to the bus data rate of course but also depends on the transfer type used and on the data payload size inside each packet.

The graphics below show the evolution of this bandwidth in function of data payload size and transfer type for each data rates.

These figures are theoretical, and maximum value. Depending on the traffic on the bus, the results may be very different. These figures assume that there is no traffic for other devices on the bus.

2.1. Low Speed

· For this rate, only control and interrupt transfer are available.

· In Interrupt mode, a constraint in the bandwidth limitation has been integrated in the graphic: no more than 90% of any frame may be allocated for periodic transfer.

· Reminder: protocol overhead : 63 bytes for control transfers, 19 bytes for Interrupt transfers
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2.2. Full Speed

2.2.1. Theoretical results

· In interrupt and isochronous mode, a constraint in the bandwidth limitation has been integrated in the graphic: no more than 90% of any frame may be allocated for periodic transfer.

· Reminder: protocol overhead: 45 bytes for control transfers, 9 bytes for isochronous transfers, 13 bytes for interrupt transfers, 13 bytes for bulk transfers.
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2.2.2. Practical results

Practical results made on some USB chips gives the result below:

Transfer type
Data Payload size
Limitation source
Bus utilization percentage
Bandwidth

Bulk
64 bytes
Host (no NAK)
73%
8,704Mbits/s

Control
16bytes
Host and slave

44,3Kb/s

A experience on a PC shows that performance on the bus is limited by windows 98 drivers, which allows just one transfer per frame. This is a real handicap on performance.

This limitation is not specified in the USB standard. The standard specifies that 10% of frame is reserved for non periodic transfers (Control or Bulk transfers).  But the standard says that :

“ The USB system software, at its discretion, vary the rate of control transfers to a particular endpoint. An endpoint and its client software cannot assume a specific rate of service for control transfers. A control endpoint may see zero or more transfers in a single 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.”…” Because the USB system uses control transfers for configuration purposes in addition to whatever other control transfers other client may be requesting, a given software client and its function should not expect to be able to make use of this 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 could see all bus transactions for a control transfer within the same frame or spread across several non contiguous frames. A host controller, for various implementation reasons, may not be able to provide the theoretical maximum number of control transfers per frame.”

Conclusion: Using control transfers for data transfers is very dangerous in term of performances, and is very host dependent. Control transfers must be reserved for configuration purposes only.

2.3. High Speed

· In interrupt and isochronous mode, a constraint in the bandwidth limitation has been integrated in the graphic: no more than 80% of any frame may be allocated for periodic transfer.

· Reminder: protocol overhead 173 bytes for control transfers, 38 bytes for isochronous transfers, 55 bytes for Interrupt transfers, 55 bytes for bulk transfers
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2.4. Conclusions on performances

The theoretical results considers that the bandwidth is not shared with other devices :

Speed bus
Real bandwidth
Timing for 64Mo downloading 

Low speed
375 Kbits/s
23’  20’’ (1400s)

Full speed
9,5 Mbits/s
54’’

High speed
416 Mbits/s
1,23’’

These figures assume that there are no bottle neck in the smart-card system.

3. USB Complexity 

3.1. Hardware

Complexity of USB hardware is essentially located in the host side. The device hardware function complexity depends of the number of endpoints managed, on the double buffering function which speeds-up the exchanges (for bulk of isochronous mode) and on the width of the buffers. Here are for different functions the hardware complexity in term of number of gates.

3.1.1. Device side

Low speed:

2 or 3 endpoints, Block size 8 bytes, control & interrupt: 3,8Kgates

Full speed:

8 endpoints, Block size capability (bytes) 2 up to 1024, double buffering: min 13,5Kgates, max 22Kgates
7 up to 32 endpoints, double buffering for isochronous,: 15,8Kgates
6 endpoints (IN/OUT control (8 bytes), IN bulk (64bytes), OUT bulk (64bytes), IN isochronous (1024 bytes), OUT isochronous (1024 bytes), IN interrupt (64 bytes), double buffering: 14Kgates without the fifo’s (7Kgates + 1400 gates/endpoint)
For the device side hardware complexity is then around 15Kgates

3.1.2. Host side

For the host side, hardware complexity is around 30Kgates.

3.2. Software

3.2.1. Device side

Difficult to get information on the driver size. 

Figures vary from 1Kbyte to more than 5Kbytes.

3.2.2. Host side

No data, but the host has several entities that coordinate the information flowing over the bus. They have to deal with:

· Transfer management: the entities and the objects that support communication flow over the USB

· Transaction tracking: The USB mechanisms that are used to track transactions as they move through the USB system

· Bus time: The time it takes to move a packet information over the bus. These calculations are required to ensure that the time available in a frame is not exceeded.

· Device/software buffer size: the space required to support a bus transaction

· Bus bandwidth reclamation: Conditions where bandwidth that was allocated to other transfers but was not used and can now be possibly reused by control or bulk transfers.

These different functions are complex and should take a lot of Kbytes. USB PC driver size can give a good idea of the complexity.

4. Pros and cons

PROS
CONS

Bus commonly used in PC world
Only one host in the bus, implies to have host (for card exchanges) an slave (for PC exchanges) function in a mobile if we want to connect the GSM terminal on a PC

Bandwidth in full speed may reach 9.7Mbits/s in Bulk mode and 10Mbits/s in isochronous mode
Recovery of clock 

Possibility to enhance the bus with USB2.0 (high speed)
Complexity of bus, particularly on the host side


Control mode performances limited by windows driver. To be clarified


Tiered star topology of bus. If multiple cards, increasing of complexity (need of Hub in mobile)


USB connectors are specified for 1500 extractions/insertions cycles with a max frequency of 200 /hour


Need of transceivers. Mixed technology.


Need of pull-up resistor of 1,5K( (+/- 5%) which may be difficult to implement on some technologies.
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Control  LS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		3000		26%		3		40		3		0.0234

		2		6000		27%		3		37		6		0.0469

		4		12000		28%		3		31		12		0.0938

		8		24000		30%		3		19		24		0.1875





Control  FS 

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		32000		3%		32		23		32		0.25

		2		62000		3%		31		43		62		0.48

		4		120000		3%		30		30		120		0.94

		8		224000		4%		28		16		224		1.75

		16		384000		4%		24		36		384		3.00

		32		608000		5%		19		37		608		4.75

		64		832000		7%		13		83		832		6.50





Control  HS 

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		344000		2%		43		18		43		2.69

		2		672000		2%		42		150		84		5.25

		4		1344000		2%		42		66		168		10.50

		8		2624000		2%		41		79		328		20.50

		16		4992000		3%		39		129		624		39.00

		32		9216000		3%		36		120		1152		72.00

		64		15872000		3%		31		153		1984		124.00





Isochronous  FS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 90%)		limited bandwidth (Mbit/s)

		1		150000		1%		150		0		150		135		1.05

		2		272000		1%		136		4		272		122		1.91

		4		460000		1%		115		5		460		103		3.22

		8		704000		1%		88		4		704		79		4.94

		16		960000		2%		60		0		960		54		6.75

		32		1152000		3%		36		24		1152		32		8.00

		64		1280000		5%		20		40		1280		18		9.00

		128		1280000		9%		10		130		1280		9		9.00

		256		1280000		18%		5		175		1280		5		10.00

		512		1024000		35%		2		458		1024		2		8.00

		1023		1023000		69%		1		468		1023		1		7.99





Isochronous  HS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 80%)		limited bandwidth (Mbit/s)

		1		1536000		1%		192		2		192		153		9.56

		2		2992000		1%		187		20		374		150		18.75

		4		5696000		1%		178		24		712		142		35.50

		8		10432000		1%		163		2		1304		130		65.00

		16		17664000		1%		138		48		2208		111		111.00

		32		27392000		1%		107		10		3424		85		170.00

		64		37376000		1%		73		54		4672		58		232.00

		128		46080000		2%		45		30		5760		36		288.00

		256		51200000		4%		25		150		6400		20		320.00

		512		53248000		7%		13		350		6656		10		320.00

		1024		57344000		14%		7		66		7168		5		320.00

		2048		49152000		28%		3		1242		6144		2		256.00

		3072		49152000		41%		2		1280		6144		1		192.00





Interrupt  LS 

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 90%)		limited bandwidth (Mbit/s)

		1		9000		11%		9		7		9		8		0.0625

		2		16000		11%		8		19		16		8		0.1250

		4		32000		12%		8		3		32		7		0.2188

		8		48000		14%		6		25		48		6		0.3750





Interrupt  FS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 90%)		limited bandwidth (Mbit/s)

		1		107000		1%		107		2		107		96		0.75

		2		200000		1%		100		0		200		90		1.41

		4		352000		1%		88		4		352		79		2.47

		8		568000		1%		71		9		568		64		4.00

		16		816000		2%		51		21		816		46		5.75

		32		1056000		3%		33		15		1056		30		7.50

		64		1216000		5%		19		37		1216		17		8.50





Interrupt  HS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 80%)		limited bandwidth (Mbit/s)

		1		1064000		1%		133		52		133		107		6.69

		2		2096000		1%		131		33		262		105		13.13

		4		4064000		1%		127		7		508		101		25.25

		8		7616000		1%		119		3		952		95		47.50

		16		13440000		1%		105		45		1680		84		84.00

		32		22016000		1%		86		18		2752		68		136.00

		64		32256000		2%		63		3		4032		50		200.00

		128		40960000		2%		40		180		5120		32		256.00

		256		49152000		4%		24		36		6144		19		304.00

		512		53248000		8%		13		129		6656		10		320.00

		1024		49152000		14%		6		1026		6144		5		320.00

		2048		49152000		28%		3		1191		6144		2		256.00

		3072		49152000		42%		2		1246		6144		1		192.00





Bulk  FS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		107000		1%		107		2		107		0.84

		2		200000		1%		100		0		200		1.56

		4		352000		1%		88		4		352		2.75

		8		568000		1%		71		9		568		4.44

		16		816000		2%		51		21		816		6.38

		32		1056000		3%		33		15		1056		8.25

		64		1216000		5%		19		37		1216		9.50





Bulk  HS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		1064000		1%		133		52		133		8.31

		2		2096000		1%		131		33		262		16.38

		4		4064000		1%		127		7		508		31.75

		8		7616000		1%		119		3		952		59.50

		16		13440000		1%		105		45		1680		105.00

		32		22016000		1%		86		18		2752		172.00

		64		32256000		2%		63		3		4032		252.00

		128		40960000		2%		40		180		5120		320.00

		256		49152000		4%		24		36		6144		384.00

		512		53248000		8%		13		129		6656		416.00
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Control  LS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		3000		26%		3		40		3		0.0234

		2		6000		27%		3		37		6		0.0469

		4		12000		28%		3		31		12		0.0938

		8		24000		30%		3		19		24		0.1875





Control  FS 

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		32000		3%		32		23		32		0.25

		2		62000		3%		31		43		62		0.48

		4		120000		3%		30		30		120		0.94

		8		224000		4%		28		16		224		1.75

		16		384000		4%		24		36		384		3.00

		32		608000		5%		19		37		608		4.75

		64		832000		7%		13		83		832		6.50





Control  HS 

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		344000		2%		43		18		43		2.69

		2		672000		2%		42		150		84		5.25

		4		1344000		2%		42		66		168		10.50

		8		2624000		2%		41		79		328		20.50

		16		4992000		3%		39		129		624		39.00

		32		9216000		3%		36		120		1152		72.00

		64		15872000		3%		31		153		1984		124.00





Isochronous  FS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 90%)		limited bandwidth (Mbit/s)

		1		150000		1%		150		0		150		135		1.05

		2		272000		1%		136		4		272		122		1.91

		4		460000		1%		115		5		460		103		3.22

		8		704000		1%		88		4		704		79		4.94

		16		960000		2%		60		0		960		54		6.75

		32		1152000		3%		36		24		1152		32		8.00

		64		1280000		5%		20		40		1280		18		9.00

		128		1280000		9%		10		130		1280		9		9.00

		256		1280000		18%		5		175		1280		5		10.00

		512		1024000		35%		2		458		1024		2		8.00

		1023		1023000		69%		1		468		1023		1		7.99





Isochronous  HS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 80%)		limited bandwidth (Mbit/s)

		1		1536000		1%		192		2		192		153		9.56

		2		2992000		1%		187		20		374		150		18.75

		4		5696000		1%		178		24		712		142		35.50

		8		10432000		1%		163		2		1304		130		65.00

		16		17664000		1%		138		48		2208		111		111.00

		32		27392000		1%		107		10		3424		85		170.00

		64		37376000		1%		73		54		4672		58		232.00

		128		46080000		2%		45		30		5760		36		288.00

		256		51200000		4%		25		150		6400		20		320.00

		512		53248000		7%		13		350		6656		10		320.00

		1024		57344000		14%		7		66		7168		5		320.00

		2048		49152000		28%		3		1242		6144		2		256.00

		3072		49152000		41%		2		1280		6144		1		192.00





Interrupt  LS 

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 90%)		limited bandwidth (Mbit/s)

		1		9000		11%		9		7		9		8		0.0625

		2		16000		11%		8		19		16		8		0.1250

		4		32000		12%		8		3		32		7		0.2188

		8		48000		14%		6		25		48		6		0.3750





Interrupt  FS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 90%)		limited bandwidth (Mbit/s)

		1		107000		1%		107		2		107		96		0.75

		2		200000		1%		100		0		200		90		1.41

		4		352000		1%		88		4		352		79		2.47

		8		568000		1%		71		9		568		64		4.00

		16		816000		2%		51		21		816		46		5.75

		32		1056000		3%		33		15		1056		30		7.50

		64		1216000		5%		19		37		1216		17		8.50





Interrupt  HS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 80%)		limited bandwidth (Mbit/s)

		1		1064000		1%		133		52		133		107		6.69

		2		2096000		1%		131		33		262		105		13.13

		4		4064000		1%		127		7		508		101		25.25

		8		7616000		1%		119		3		952		95		47.50

		16		13440000		1%		105		45		1680		84		84.00

		32		22016000		1%		86		18		2752		68		136.00

		64		32256000		2%		63		3		4032		50		200.00

		128		40960000		2%		40		180		5120		32		256.00

		256		49152000		4%		24		36		6144		19		304.00

		512		53248000		8%		13		129		6656		10		320.00

		1024		49152000		14%		6		1026		6144		5		320.00

		2048		49152000		28%		3		1191		6144		2		256.00

		3072		49152000		42%		2		1246		6144		1		192.00





Bulk  FS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		107000		1%		107		2		107		0.84

		2		200000		1%		100		0		200		1.56

		4		352000		1%		88		4		352		2.75

		8		568000		1%		71		9		568		4.44

		16		816000		2%		51		21		816		6.38

		32		1056000		3%		33		15		1056		8.25

		64		1216000		5%		19		37		1216		9.50





Bulk  HS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		1064000		1%		133		52		133		8.31

		2		2096000		1%		131		33		262		16.38

		4		4064000		1%		127		7		508		31.75

		8		7616000		1%		119		3		952		59.50

		16		13440000		1%		105		45		1680		105.00

		32		22016000		1%		86		18		2752		172.00

		64		32256000		2%		63		3		4032		252.00

		128		40960000		2%		40		180		5120		320.00

		256		49152000		4%		24		36		6144		384.00

		512		53248000		8%		13		129		6656		416.00
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Control  LS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		3000		26%		3		40		3		0.0234

		2		6000		27%		3		37		6		0.0469

		4		12000		28%		3		31		12		0.0938

		8		24000		30%		3		19		24		0.1875





Control  FS 

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		32000		3%		32		23		32		0.25

		2		62000		3%		31		43		62		0.48

		4		120000		3%		30		30		120		0.94

		8		224000		4%		28		16		224		1.75

		16		384000		4%		24		36		384		3.00

		32		608000		5%		19		37		608		4.75

		64		832000		7%		13		83		832		6.50





Control  HS 

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		344000		2%		43		18		43		2.69

		2		672000		2%		42		150		84		5.25

		4		1344000		2%		42		66		168		10.50

		8		2624000		2%		41		79		328		20.50

		16		4992000		3%		39		129		624		39.00

		32		9216000		3%		36		120		1152		72.00

		64		15872000		3%		31		153		1984		124.00





Isochronous  FS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 90%)		limited bandwidth (Mbit/s)

		1		150000		1%		150		0		150		135		1.05

		2		272000		1%		136		4		272		122		1.91

		4		460000		1%		115		5		460		103		3.22

		8		704000		1%		88		4		704		79		4.94

		16		960000		2%		60		0		960		54		6.75

		32		1152000		3%		36		24		1152		32		8.00

		64		1280000		5%		20		40		1280		18		9.00

		128		1280000		9%		10		130		1280		9		9.00

		256		1280000		18%		5		175		1280		5		10.00

		512		1024000		35%		2		458		1024		2		8.00

		1023		1023000		69%		1		468		1023		1		7.99





Isochronous  HS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 80%)		limited bandwidth (Mbit/s)

		1		1536000		1%		192		2		192		153		9.56

		2		2992000		1%		187		20		374		150		18.75

		4		5696000		1%		178		24		712		142		35.50

		8		10432000		1%		163		2		1304		130		65.00

		16		17664000		1%		138		48		2208		111		111.00

		32		27392000		1%		107		10		3424		85		170.00

		64		37376000		1%		73		54		4672		58		232.00

		128		46080000		2%		45		30		5760		36		288.00

		256		51200000		4%		25		150		6400		20		320.00

		512		53248000		7%		13		350		6656		10		320.00

		1024		57344000		14%		7		66		7168		5		320.00

		2048		49152000		28%		3		1242		6144		2		256.00

		3072		49152000		41%		2		1280		6144		1		192.00





Interrupt  LS 

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 90%)		limited bandwidth (Mbit/s)

		1		9000		11%		9		7		9		8		0.0625

		2		16000		11%		8		19		16		8		0.1250

		4		32000		12%		8		3		32		7		0.2188

		8		48000		14%		6		25		48		6		0.3750





Interrupt  FS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 90%)		limited bandwidth (Mbit/s)

		1		107000		1%		107		2		107		96		0.75

		2		200000		1%		100		0		200		90		1.41

		4		352000		1%		88		4		352		79		2.47

		8		568000		1%		71		9		568		64		4.00

		16		816000		2%		51		21		816		46		5.75

		32		1056000		3%		33		15		1056		30		7.50

		64		1216000		5%		19		37		1216		17		8.50





Interrupt  HS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		max transfers (lim 80%)		limited bandwidth (Mbit/s)

		1		1064000		1%		133		52		133		107		6.69

		2		2096000		1%		131		33		262		105		13.13

		4		4064000		1%		127		7		508		101		25.25

		8		7616000		1%		119		3		952		95		47.50

		16		13440000		1%		105		45		1680		84		84.00

		32		22016000		1%		86		18		2752		68		136.00

		64		32256000		2%		63		3		4032		50		200.00

		128		40960000		2%		40		180		5120		32		256.00

		256		49152000		4%		24		36		6144		19		304.00

		512		53248000		8%		13		129		6656		10		320.00

		1024		49152000		14%		6		1026		6144		5		320.00

		2048		49152000		28%		3		1191		6144		2		256.00

		3072		49152000		42%		2		1246		6144		1		192.00





Bulk  FS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		107000		1%		107		2		107		0.84

		2		200000		1%		100		0		200		1.56

		4		352000		1%		88		4		352		2.75

		8		568000		1%		71		9		568		4.44

		16		816000		2%		51		21		816		6.38

		32		1056000		3%		33		15		1056		8.25

		64		1216000		5%		19		37		1216		9.50





Bulk  HS

		Data payload size		max bandwidth (Bytes/s)		frame bandwidth per transfer		max transfers		Bytes remaining		Bytes/frame useful data		limited bandwidth (Mbit/s)

		1		1064000		1%		133		52		133		8.31

		2		2096000		1%		131		33		262		16.38

		4		4064000		1%		127		7		508		31.75

		8		7616000		1%		119		3		952		59.50

		16		13440000		1%		105		45		1680		105.00

		32		22016000		1%		86		18		2752		172.00

		64		32256000		2%		63		3		4032		252.00

		128		40960000		2%		40		180		5120		320.00

		256		49152000		4%		24		36		6144		384.00

		512		53248000		8%		13		129		6656		416.00






