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« USB 3.0 Hub Architecture Overview

« USB 3.0 Hub and Peripheral Device Connect State Machines
« Downstream Port State Machine

« Global and Selective Speed Change

» Packet Routing

 Hub Packet Repeater/Forwarder
» Header Buffer Architecture
« Data Buffer Architecture
» Packet Spacing and Insertion Rules

¢ Hubs and Power Management

* Hubs and Isochronous Transfers
* Resume Signaling

« Conclusions
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Hub Bus Expansions

L - = al
reriesetnanue

* 4 most common for USB 2.0 hubs
* Up to 5 levels of hubs (three in picture)

» Up to 127 devices



SUPERSPEED
CERTIFIED USB

SS RX-
SS TX-
SS RX+
SS TX+
USB 2.0 D+ D-
USB 2.0 Hub | oBYS | Super Speed Hub

Logic

USB 2.0}— 2 Wires

4\Wires

DS Port 1

DS Port 2 DS Port 3

DS Port 4

Two separate logical hubs:
-USB 2.0
- SuperSpeed USB

SuperSpeed hub controller is
more than just a repeater.
Details on following slides.

Hub connects via upstream port
as both SS and USB 2.0 device

VBUS controlled by both
controllers. VBUS on for a DS
port if either controller logically
requests VBUS
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Hub: Connect Staleivia SHINE
(SupersSpeedfiss)

Link Training Timed Out

Attempt SS Connect
Link in RxDetect and/or CRUTEEILE I S

VBUS Not Present VBUS Valid (and PO"lng SS Link Link |n|t|aIIy uo

device local power transitions from

is valid if required) PoIIinS.(i)dIe to

Powered-Off

RxDetect or Link Training
Timed Out

USB 2.0 Connection happens independently of

SuperSpeed USB connection per USB 2.0 specification




Peripheral Device ConeCRSIAICY BCHINE

R Detect or Link
Training Timed Out

SUPERSPEED
CERTIFIED USB

™

Veus Not Valid

Connected on

Veus Valid
(and device local

USB 2.0 power is valid
I lied Powered-Off if required) Attempt SS Connect
ot Gt VBUs Not Present Link in Rx.Detect
on S8 Link Link in $5.Disabled and/or Polling
is S5.Disabled
Rx.Detect or Link USE 2.0 Reset Link transitions from
Training Timed Out Received Polling to UD
Connected on
USB 2.0 and Link transitions from Polling to L0 ':":"'n".e':md. LN SS
Attempting USE 2.0 Connection Removed Link in IO initially
SS Connection >

Link in Rx.Detect
or Polling

Not Connected
on USB 2.0

Rx.Detect or Link
Training Timed Out



ClaarPortFaatura (PORT _POWER)
Powar Source Off

Owar-Cumant

Upstraam Port Veus Off

SatPortf eaturs (PORT_LINK_STATE)

Upstraam Hub Port Link's Far End
Racaivar Tarminations Not Prasant
Upstraam Port Resat

SeatConfig(0)

Dizconnect Delected

.

55.Disablad

Y
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™

DSPORT.Powarad-off

{PP=CCS=PR=PE =0)

Link in SS.disablad (PLS = 4)

D'SPORT Disabled
Link in SS.disabled (PLS =4)

PP=1)
(CCS=PR=PE=0)

Far and racaiver leminations an
upsiraam hub por ink presant
O Sat Pod Faatura

{PORT_POWER) v = Rux.Detact
- DSPORTDisconnectad -
{Waiting for 55 Connact) o
g
DSPORT.Complianca | 1 LFPS Link in Rs.Datact (PLS = 5) |t
Timaout
Link in Complianca Moda = PP=1)
{PLS = 10) I ; (CCS=PR=PE=0) A
PPR=1)
CCS=PR=PE=0 3
{ 1 :.;;.;:::g substate Connect Detected Power Saurca On
L] OR Upstream Weus Valid
T
DSPORT. Training
A
Link in Paling {PLS = T)
Loopback exit LFPS Loopback bit set PP=1)
handshake sucoessful oopba =8 o
in racaivad TS2 ({CCS =PR=PLS =PE =0)
ardared sats
Link Transition from
DSPORT. Locoback Poliing. Idia to U0
Link in Loopback A k4
{PLS =11} DSPORTEnablad
(PP=1) Lirk in U0, U1, U2, or U3, o -
(CCs=PR=PE=0) " Recwery(PLS=0,1,2, 3 o 8)
Loophack exit LFPS A (PP=CCS=PE=1)
) handshake falled Port Configuration Fails (PR=0)
{apples only if Downstream [rafer ta Section & 4. 5)
Part is loaphack mastar)
Any Polling substate Resal Complatas
timas out Succassfully
DSPORT Emor
Link in SS.Inaclive
(PLS =8) I — DSPORT.RESETTING
PLS Undafined
(PP =1)
{CCS=PR=PE=0) (PP=CCS=PR=1) _
PE=0)
A A ) ) {
';m'j“ E"'; R Detact Active
Aflar Timaout A times out

U1 or U2 Exit Fails

Set Port Featurs (PORT_RESET)
Set Port Featurs (PORT_BH_RESET)

SetPortFeaturs{PORT_LINK_STATE)

Significant changes
from USB 2.0

Port States are
different than link
states

Transition to Enabled
state does not require
software

Hub upstream port
state controls
SuperSpeed USB
Terminations on
Downstream Ports
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Non-SuperSpeed
supet || i || Ful- | Low- 1. Host is powered off

Speed Speed || Speed || Speed USB 3.0 Host
, 2. Host is powered on with SS support
I k enabled on downstream ports by

L [;:, default

SuperSpead — Q“H usszo 0 3. Hub detects VBUS and SS support

4IL_|—;N-7\DWFMHE oo on upstream port and connects as a
SS and high-speed device

R | o || USBA0HS 4. Device detects VBUS and SS support
Lty and connects at SS
i T 5. Host system begins hub enumeration
§: at SS and high-speed
— | - 6. Host system begins device
Stll:ﬁcstpne:d SL;:perSpasd USB 3.0 Peripheral Device enumeration at SS
unction

Following Slides Walk Through Downstream Port State Machine

Transitions For This Example
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Downstream Port Default Stater

| = USB
DSPORI:Disconnested — i
Disconnact Delectad Farand racaner Bminations on
p&keaam hub pod ink presant
Return to default (r Sat Port Fagtura SetPortFasture(PORT LINK STATE)
state — ready for (PORT_PUVER) * Re.Dct
new connections ! Used only for local
speed changes —
p|  DSPORTDscomedtd 4 described later
(Watting for 85 Camnecl
Logical Port Power First Transition For

Defaults to On \ Link i R Dfect (LS = 5 +/ Example Link

\ RxDetect Successful
Most Errors Return to (PP=1)

Disconnected State. If _y {H'E=FH=FE=AU]/{/_(\ Default State.

peripheral device is Connections

disconnected after an Can Occur
error the downstream | AnyPoling substle | Connact Detacted Without

port is ready for new | fimes out DHTJWEEEMVHEEH ::I Software
connections. ' peream VRUEYAID | 1o v entions
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Next State

DSPORILTramning

Any Training Error
Return Port to
DSPORT.Disconn

Any Poling substate
times out

Cannact Datactad

"\

SUPERSPEED .
CERTIFIED USB

Qi

Powar Sourca On
OR Upstream Veus Valid

\

Transition From
DSPORT.Disconnected
with SuperSpeed
Capable Device
Connected

Transition After
Successful Training

cted. Peripheral
Device will connec DSPORT, Training
on USB 2.0 A
Link in Polling (PLS = T7)
T
Loopback bit sal PP=1)
in racanved TS2 [CCS=PR=PLS =PE =0)
ordarad sals
Link Transition from |
Paling.|dka to LK
Y
&
S | W

with SuperSpeed
Capable Device

Connected

11



Next State

DSPORIL.Enabled

Port’s Link Can Be In

Several Different States
While Port is in Enabled.

Only specific transitions

in port state machine

cause the port to chang

state.

Port sends port
config
information upon
entering enabed.

—» Port Configuration Fais

(o Sactin 845

‘ DSPORTEr ‘

>

SUPERSPEED )
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w
Link Trangtion from
Poling|diato U]
\ Transition From
~DSPORT.Training
with SuperSpeed
DSPORTEnDld Capable Device
Connected
I iU inelse ¢
Racovery (PLS=0,1.2, 3 or )
] {FF”]:E_:FE:” ¥~~~ Port Connection
(R=0) Status and Port
Enable Set
Any Paling substats Resal Compelas
times cut Sucoasshly
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DSPORT.Beseliing

\&%
Link i 8. et

Error conditions
during warm
reset that
cause port to
exit resetting
state

N

Ary Pelingsubeal
s o

Resal Compelas
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Succasshily

PLS Undafined

(PLS =6) Ai
(PP 1)
PORT_RESET | ((:MefE:l
initiates hot reset. ‘ ‘
BH_PORT RESET Lk Bl
initiates warm Racovery
reset. Warm reset ~~J{_ Ala Tmaaul
is tried
automatically if hot Ut ar U2 Ex Fale

DSPORT RESETTING

S~

reset fails. (port
stay in resetting)

times oul

SPutfebse PORT FEsET) 0 15
Sl Pt Fasls (PORT B esn s VO

Ri Detect Actug

Port’s Link Can Be In
Several Different
States While Port is
in Resetting. Only
specific transitions in
port state machine
cause the port to exit
Resetting.

Software
initiates
Reset. A
peripheral
device is
implicitly reset
when its link

Software reset
is optional.

13
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Global Speed Changes
golagy)

(SuperSpeed USH C zlofe e

SuperSpeed USB to USB 2.0 USB 2.0 to SuperSpeed USB

» Host Root Port Removes SuperSpeed Host Root Port Applies SuperSpeed USB
Terminations Terminations

* Hub(s) detect Far End termintions Hub(s) detect Far End terminations on

removed on hub upstream port and hub upstream port and apply SuperSpeed
remove SuperSpeed terminations on USB terminations on all downstream ports
all downstream ports - Hubs stay connected on USB 2.0
* Hubs stay connected on USB 2.0 - Software drives a USB 2.0 reset
« Peripheral devices detect lack of far throughout topology
gﬂdursegeév(e)r terminations and connect Peripheral devices detect USB 2.0 reset

and try SuperSpeed USB connection

» Peripheral devices connect successfully
at SuperSpeed USB and drop USB 2.0
connection



SUPERSPEED
CERTIFIED USB

Selective (Single DEVIGE '

™

Speed Chan@ges

o

SuperSpeed USB - USB2.0

» Software issues
SetPortFeature(PORT_LINK_ST

tPortFeature( PORT_LINK_STATE) ATE) — SS.Disabled to parent
= 33 .Disabled : :
port for peripheral device
\"\ * Port removes terminations

* Peripheral device connects on

. USB 2.0
DSPORT.Powered-off DSPORT.Disabled
Link in SS.disabled (PLS = 4) Linkin 33.disabled (PLS = 4)

- - - - PP =1 —_

(PP = CCS = PR = PE = 0) [DcsthR:gE:m USB 2.0 — SuperSpeed USB

« Software issues

Farend receiver terminations an
upstream hub por link present

SetPortFeature(PORT_LINK_ST
ATE) — Rx.Detect to parent port

Or Sel Port Feature setPortFeature(PORT _LINK_STATE ) )
(PORT_POWER) = RxDetect for peripheral device

DSPORT Disconnected » Port applies terminations

(Wailing for 55 Connect) « Software issues
I° LFPS Link in RxDetect (PLS = 5) SetPortFeature(PORT_RESET)

et PP =1 to parent port on USB 2.0
e Ll . .
o> (CCS =PR=PE=0) - Peripheral device connects at

SuperSpeed and disconnects on
USB 2.0
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Packel Routing

Why Route Packets?

« Broadcasting packets to all downstream ports unnecessarily
prevents links from staying in low power states

Route String Format

19:16 15:12 11:8 74 3:0

Target Port at Target Portat Target Portat Target Portat Target Port at
Depth 4 Depth 3 Depth 2 Depth 1 Depth O

« Hub Depth

« Software issues a request to a hub to program the hub depth
* A hub ignores route strings before it enters the configured state

* When configured, the hub uses the target port in the route string for
the depth value the hub received:

« Target Port = 0. Packet is routed to the hub itself
« Target Port = 1-n. Packet is routed to a downstream port

18



Hub Depth O

Hub Depth 1

Hub Depth 2

Hub Depth 3

Hub Depth 4

Packet Routing Exa

US Port O
0x00000 =

DS Port 1 | DS Port 2 | DS Port 3 | DS Port 4

0x00002 0x00003 0x00004

US Port O
0x00001

DS Port 1 | DS Port 2 | DS Port 3 | DS Port 4
0x00011 0x00031 0x00041
US Port O

0x00021
DS Port2 | DS Port 3 | DS Port 4

0x00121 0x00221 0x00421
US Port O

0x00321
DS Port 1 | DS Port 2 | DS Port 3 | DS Port 4

US Port 0
0x04321
DS Port 1 | DS Port 2 | DS Port 3 | DS Port 4

0x14321 0x24321 0x34321 0x44321

SUPERSPEED
CERTIFIED USB

Route String To Route
Packets To Hub

Route String To Route
Packet To Device
Connected to Port 4

Hub depth sent to hub
via Set Hub Depth
request. Hub routes
all packets with route
string after it is
configured.

19



Traffic

Upstream Port RX
Header Buffers

<L

Header Router

gy

DS Port 1 TX
Header Buffers

DS Port 2 TX DS Port 3 TX
Header Buffers Header Buffers

DS Port 4 TX
Header Buffers

DS Port 1

DS Port 2| DS Port 3

DS Port 4

Traffic

CERTIFIED

™

US Port

SUPERSPEED

Upstream Port TX
Header Buffers

|

Header Aggregater

U

DS Port 1 RX
Header Buffers

||

DS Port 2 RX DS Port 3 RX
Header Buffers Header Buffers

U

DS Port 4 RX
Header Buffers

DS Port 1

DS Port 2| DS Port 3

DS Port 4

* Hubs have store and forward model for headers
« Link level retries of headers for high header reliability
* Allow device driven power management
« Specific architecture shown is optional

* Spec captures a set of functional requirements

20
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A hub starting with all header packet buffers empty shall be able to receive
at least eight header packets directed to the same downstream port that is
not in UO before its upstream port runs out of header packet flow control
credits

A hub that receives a header packet on its upstream port that is routed to a
downstream port shall immediately route the header packet to the
appropriate downstream port header packet buffer (if space in that buffer is
available) regardless of the state of any other downstream port header
packet buffers or the state of the upstream port Rx header packet buffer

A hub starting with all header packet buffers empty shall be able to receive
at least eight header packets on the same downstream port directed for
upstream transmission when the upstream port is not in UO

Header packets transmitted by a downstream port shall be transmitted in
the order they were received on the upstream port

Header packets transmitted by an upstream port from the same
downstream port shall be transmitted in the order they were received on
that downstream port

21



US Port

Upstream Port RX
Header Buffers

DS Port 1 TX Header DS Port 2 TX HeaderDS Port 3 TX Header DS Port 4 TX Heade

r

Buffers Buffers Buffers Buffers
Header 4
Header 3
Header 2
Header 1
DS Port1 DS Port2 DS Port3 DS Port4
Linkin U2 Linkin U0 | Linkin UO | Linkin UQO

SUPERSPEED
CERTIFIED USB

If the hub receives many
packets routed to the same
downstream port with a link in
a low power link state it will run
out of buffers for this port

As long as the hub still has
credits/buffers to receive
headers on its upstream port, it
must still forward headers to
other downstream ports
without delay

22
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Received Header

» Header received on upstream port

* Hub calculates CRC-16 and Link Control Word CRC-5
and checks route string

« CRC valid, header routed to downstream port

« LGOOD_n link command queued for transmission on
upstream port

« Header queued for transmission on downstream port

° Eef?der removed from upstream port receive header
uffer

« LCRD_x link command queued for transmission on
upstream port

23
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Header 1
Header 2
Header 3

Header 4

1. 4 Headers are received on hub downstream ports in close succession. Headers could
be ACK, PING Response, EP Ready, etc.
2/3. Hub upstream port starts receiving 1k Data packet before first header reaches device

connected to the hub upstream port.

2/3. Hub starts receiving 1k Data packet + header on a downstream port. The hub will
need to buffer most of this packet. It will not be able to transmit the packet upstream until
it receives acknowledges for Headers 1-4 which are stuck behind the 1k packet the hub is
receiving on the upstream port.




LIS Porl
| e
PP
2
DS Dala LS Dala
Buflfer Bufler
ORP
o 1 -
DPH2
DPH 1
DS Port 1| DS Poart2 [1 DSPort 3] DS Port 4
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 Independent Data Buffers
US/DS

« ~1k each

« Support concurrent
IN/OUT

« Data can be dropped in
extreme cases — End to
end retries recover

- BER
e Link in Low Power State

« Asynchronous Message
Storm + Large Packets

25
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for Hubs

™

« Downstream Traffic Minimum Spacing
« DPP —DPH — no space. Hub must preserve

« Average spacing needed across other packet gaps
* Prevent underflow/overflow due to SSC
«  Will naturally happen with protocol

» Upstream Traffic Minimum Spacing
 DPH to DPP — no space. Hub must preserve

* Average spacing needed across other packet gaps
* Prevent underflow/overflow due to SSC
«  Will naturally happen with protocol

 Hub Insertion Rules

* Downstream

« Packets with isochronous timestamps must have minimum propagation delay variation
¢ Minimum variation allowed with no other traffic
* Host scheduling can ensure minimum impact to timestamps

e Upstream

 Insert with following priority
¢ Link Commands

 Headers
L

26
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Hub receives a header on upstream port

Hub computes CRC-16 and Flow Control Word CRC-5 and checks the route
string. Header is routed to a downstream port in a low power link state

Hub performs necessary processing
* Hub initiates return to U0 on target downstream port

* Hub modifies header to set deferred flag, set the hub depth, and computes new
link control word checksum. Modified header is queued for transmission on
downstream port

* Hub queues deferred header for transmission on upstream port
* Any data associated with the header is discarded
After downstream link returns to UO
« Modified header delivered to device
* Device sends EP Ready when ready to transfer data
» Host retries deferred transaction

27




Delayead Packets

US Port

P N

Upstream Port RX

Header Buffers

Buffers Buffers

Buffers

DS Port 1 TX Header DS Port 2 TX HeaderDS Port 3 TX Header DS Port 4 TX Heade

Buffers

r

Header 1

DS Port1 DS Port2 | DS Port 3

DS Port 4

SUPERSPEED
CERTIFIED USB

™

The hub receives a header
(header 2) with a valid CRC and
CRC-5 that is routed to a
downstream port with current
transmit activity.

If the header would be sent later
than in the case where the
downstream port was idle — the
hub must change the Link
Control word and update the
checksum to indicate that the
header was delayed. This allows
isochronous endpoints to ignore
timestamps that were delayed.

28



Maximum Propag
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Delayana Variatic - '

« Average propagation delay sent to device through Set Isochronous
Delay Request

« Will vary with hub depth

Allows devices at different hub depths to account for differences in
calculated Microframe boundaries

« Delay variation important for rate synchronization through timestamps

Hubs not allowed to impact delay variation through link command insertion

Headers impacted by other traffic (retries, etc) are marked delayed and can
be ignored by devices for synchronization

Hubs required to complete header processing and routing within a small
time window

Overall propagation delay variation not expected to exceed 200 ns

29
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Summary

USB 3.0 hub provides bus expansion
* Up to 5 levels of hubs
* Upto 127 devices

USB 3.0 hub architecture includes logical USB 2.0 and SuperSpeed USB hubs
SuperSpeed USB hubs route packets

* No broadcast packets on SuperSpeed bus
* Improved Power Efficiency

SuperSpeed USB hubs include buffering for forwarded header and data traffic

SuperSpeed USB hubs provide deferred notifications when packets are routed
to power managed links

SuperSpeed USB hubs provide deterministic delivery of isochronous
timestamps

N 31



