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t el econmuni cati ons networks. More particularly, the invention relates to
met hods and apparatus for switching ATM TDM and packet data through a
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channels having a rate of 2.048 Mbits/sec. A hierarchy of multiplexing is based on multiples of
the T1 or E-1 signal, one of the most common being T3 or DS3. A T3 signal has 672 channels,
the equivalent of twenty-eight T1 signals. TDM was originally designed for voice channels.

Today, however, it is used for both voice and data.

An early approach to broadband data communication was called packet switching. One
of the differences between packet switching and TDM is that packet switching includes methods
for error correction and retransmission of packets which become lost or damaged in transit.
Another difference is that, unlike the channels in TDM, packets are not necessarily fixed in
length. Further, packets are directed to their destination based on addressing information
contained within the packet. In contrast, TDM channels are directed to their destination based
on their location in the fixed frame. Today, a widely used packet switching protocol is known
as IP (Internet Protocol). |

More recently, broadband technologies known as ATM and SONET have been
developed. The ATM network is based on fixed length packets (cells) of 53-bytes each (48-
bytes payload with 5-bytes overhead). One of the characteristics of the ATM network is that



byt es payload with 5-bytes overhead). One of the characteristics of the ATM
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rate of 6.912 Mbit/s and accommodates a DS2 signal with overhead.

Each of the above described broadband technologies can be categorized as TDM, ATM,
or Packet technologies, with SONET being a complex form of TDM. From the foregoing, it
will be appreciated that TDM, ATM and Packet each have their own unique transmission
requirements. Consequently, different kinds of switches are used to route these different kinds
of signals. In particular, TDM requires careful time synchronization; ATM requires careful
attention to the priority of cells and QOS; and packet (e.g. IP) requires the ability to deal with
variable length packets. For these reasons, switching technologies for TDM, ATM, and variable
length packet switching have evolved in different ways. Service providers and network
designers have thus been forced to deal with these technologies separately, often providing
overlapping networks with different sets of equipment which can only be used within a single

network.



vari abl e | ength packets. For these reasons, switching technol ogies for TDM
ATM and variable |ength packet sw tching have evolved in different ways.
Servi ce wovyaBsns and network designers have thus been fpeT@dotr433meal with
t hese technol ogi es separately, often providing overlapping networks with
different sets of equi pmrent which can _only be used within a single

network. WD 02/ 43302 PCT/ US01/43379 3 SUMVARY OF THE INVENTION It is
therefore an object of the invention to provide nethods and apparat us
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processfalsweand nultiple switch el ements. For a 48x48 "fol ded" switch, 48
port processors are coupled (four

A further object of the invention is to provide a network switch which handles multicast

as well as unicast voice and data transmission.

An additional object of the invention to provide a network switch which supports Clos
architectures as well as folded Clos architectures.

In accord with these objects which will be discussed in detail below, the network switch
of the present invention includes at least one port processor (also referred to in the appendices
as a "service processor") and at least one switch element. The port processor has a SONET
OC-x (SONET/SDH STS-x/STM-y) interface (for TDM traffic), a UTOPIA and UTOPIA-
frame based interface (for ATM and packet traffic), and an interface to the switch element. An
exemplary port processor has a total I/O bandwidth equivalent to a SONET OC-48 signal. An
exemplary switch element has 12x12 ports and supports a total bandwidth of 30 Gbps.

A typical switch according to the invention includes multiple port processors and
multiple switch elements. For a 48x48 "folded" switch, 48 port processors are coupled (four
each) to 12 (first and third stage) switch elements and each of these twelve switch elements is



each) to 12 (first and third stage) switch el enents and each of these
twelve switch elenents is WO 02/ 43302 PCT/ US01/ 43379 4 coupled to 8
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to the invention provides a total bandw dth of 240 CGbps and a five stage
non- bl ocking switch provides a total pandwi dth of 1 Tbhps. An exenplary
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shoul d maximum of ninety-six PDUs per row is permitted. The sixteen four-bit tags of a PDU are not
needed for PDU routing so they are used as parity bits to protect the ATM or variable length
packet payload. Of the sixty-four-byte payload, twelve bytes (96 bits) are used by the switch
for internal routing. This leaves fifty-two bytes for actual payload which is sufficient to carry an
ATM cell (without the one-byte HEC) and sufficient for larger packets after fragmentation. The
PDUs are self-routed through the switch with a twenty-eight-bit routing tag which allows
routing through seven switch stages using four-bits per stage. The remaining sixty-eight bits of
the PDU are used for various other addressing information such as indicating whether the PDU
contains an ATM cell, a packet, or a control message, whether reassembly of the packet should
be aborted, whether the payload is a first fragment, middle fragment or last fragment, how many
payload bytes are in the last fragment, the fragment sequence count, and a destination flow

identifier.



be aborted, whether the payload is a first fragnent, mddle fragnent or

| ast fragnent, how many payload bytes are in the |last fragnent, the
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made "in band" interleaved with data and grants (the returned request elements) are made "out

of band" using the third channel in each link.

In order to maintain timing for TDM traffic, the V1-V4 bytes in the VI/VC frame are
stripped off and the VC bytes are buffered at ingress to the switch by a port processor. The V1-
V4 bytes are regenerated at the egress from the switch by a port processor. In rows having both
PDU and TDM traffic, the PDUs are configured early and the TDM slots are configured late in

the row.

According to the presently preferred embodiments, each switch element includes a
multicast controller and a separate multicast PDU buffer. Two alternate embodiments are
provided for multicasting. The first embodiment requires fewer gates and is best suited for an
environment where multicasting is not a major portion of the traffic. The second embodiment
requires many more gates to implement. However, it is better suited in an environment where
multicasting is a frequent event. The second embodiment requires more latency in setting up a
multicast path, but less latency in multicasting data. According to the first embodiment,



According to the presently preferred enbodi nents, each switch el enent
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i nvent ifogureski gure 2 is a sinplified schematic diagramof a switch el enent
according to the invention; Figure 3 is a schematic diagramillustrating

the data frame structure of the invention
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a simplified schematic diagram of a port processor according to the

invention;

Figure 2 is a simplified schematic diagram of a switch element according to the

invention;
Figure 3 is a schematic diagram illustrating the data frame structure of the invention;

Figure 3a is a schematic diagram illustrating the presently preferred format of a PDU

according to the invention;

Figure 3b is a schematic diagram illustrating the row structure including request
elements to a first stage of the switch;



Figure 3a is a schematic diagramillustrating the presently preferred
format of a PDU according to the invention; Figure 3b is a schematic

di agram iwboz#3et i ng the row structure including request Pel/®EsEIM337% 0 a
first stage of the switch; WO 02/43302 PCT/US01/43379 7 Figure 3c is a
schematic diagramillustrating the row structure including request

el enments to a second stage of the swit’ch; Figure 4 is a schematic
illustration of a three stage 48x48 swi tch according to the invention; and
Figure 5 is Eigeeldensea schemptiqdiagramiihystigtingthg gowm stryciirg éneludingsregueshi t ect ur e
SW t ch AGeHidio M hecdia stdp of MaRitkipn. DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS The apparatus of the invention generally includes a port
processor and a switch element. Figure 1 illustrates the main features of
the port progige@aris 4 6chediadce Hiuguatndf althros stags 4848 bwitctbaccordigabuiees of the
switch el enent 100. Referring now to Figure 1, the port processor 10

i ncl udg8Veto T interface and a UTOPIA interface. On the ingress (RX)
side, the SONET interface includes a serial to parallel converter 12, a
SONET franerg; . . I ; [
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’ 64-byte FIFOs 24 (for both ATM and IP. For TDM signals transported in an SPE, the ingress

side of the SONET interface includes a demultiplexer and low order pointer processor 26. On

the egress (TX) side, the SONET interface includes, for TDM signals, a multiplexer and low

order pointer generator 28. For ATM and IP packets transported in an SPE, the egress side of

the SONET interface includes forty-eight 64-byte FIFOs 30, forty-eight HDLC frame

generators 32, and forty-eight cell mappers 34. The egress side of the SONET interface also

includes a POH generator 36, a high order pointer generator 38, a SONET framer and TOH

generator 40, and a parallel to serial interface 42. On the ingress side, the UTOPIA interface

includes a UTOPIA input 44 for ATM and Packets and one 4x64-byte FIFO 46. On the egress

side, the UTOPIA interface includes ninety-six 4x64-byte FIFOs 48 and a UTOPIA output 50.

The ingress portion of the port processor 10 also includes a switch mapper 52, a parallel
to serial switch fabric interface 54, and a request arbitrator 56. The egress portion of the port
processor also includes a serial to parallel switch fabric interface 58, a switch demapper 60, and

a grant generator 62.



to serial switch fabric interface 54, and a request arbitrator 56. The
egress portion of the port processor also includes a serial to parallel
switch faboop4izmt erface 58, a switch demapper 60, and a BCHRUSIIGSE®Y at or
62. WD 02/43302 PCT/US01/43379 8 For processing ATM and packet traffic,
the port processor 10 utilizes, at the ingress portion, a descriptor
constructor 64, an |IPF and ATM | ookup 8processor 66, an I P classification
processor 68, an RED/ Policing processor 70, all of which may be | ocated
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it to be co o two swtch enent s ta rts of swi tch

el enentthe ywiseh. dBLows WV&&%%ED&%@M}M%@ lt"lng\é%dﬁgﬁ thaf&QPg)gfsrqr%s only
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Tur ni ngat evegress Fogutheswitcha swi t ch el enent 100 according to the invention

I ncludes twelve "datapath and |ink bandwi dth arbitrati on nodul es” 102
(shown only once in Figure 2 for <clarity). Each npdule 102 provi des one

link i nput 1DwughgolshewnimKigsin bthe pogieoredestndh inalides dyplspich Plement  100.
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a failure in the main link occurs and then data is sent via the standby link. This provides for
redundancy in the switch so that connections are maintained even if a portion of the switch fails.

Turning now to Figure 2, a switch element 100 according to the invention includes
twelve "datapath and link bandwidth arbitration modules" 102 (shown only once in Figure 2 for
clarity). Each module 102 provides one link input 104 and one link output 106 through the
switch element 100. Those skilled in the art will appreciate that data entering any link input can,
depending on routing information, exit through any link output. According to the invention,
each module 102 provides two forward datapaths 108, 110, 112, 114 and one return "grant" path
116, 118. The three paths are collectively referred to as constituting a single channel. The
reason why two datapaths are provided is to increase the bandwidth of each channel. The two
datapaths are interleaved to provide a single "logical" serial datastream which exceeds (doubles)
the bandwidth of a single physical datastream. Data is routed from an input link 104 to an



each nodul e 102 provides two forward datapaths 108, 110, 112, 114 and one
return "grant” path 116, 118. The three paths are collectively referred to
as constiwob2/#zon singl e channel. The reason why two dat ROBRUKRGI/EBD
provided is to increase the bandw dth of each channel. The two datapaths
are interleaved to provide a single "logical" serial datastream which
exceeds (doubles) the bandw dth of a Jsi ngl e physical datastream Data is
routed froman input link 104 to an WO 02/43302 PCT/US01/43379 9 out put

| i nk 10@itpeit iinkah06 wigan input kinkbes 129Gind aa onipublinkois 122n Refm path Brantsedreir n pat h
grants [olUE e I apyt |ink 104 via a grant
bus 124‘%‘?%‘5?‘[%“3%?‘5‘&?%38% hs g téglcﬁﬁo%ggtéa%g?hrbugnd | i nk bandw dt h
arbitration nodule"” 102 include a data stream deserializer 126, a data

stream demappRrfodadd datapoy dmﬁcfrerdampapand li@0bandwidthurbitrftion mckAR! 182 r equest

bitrat le 134 .dat
et al ooIple R tarm P B PR B 120 AW IR Rl 80T
st r eamrdeseffenl 32 e requést Qrbitaatipn amdulst 13¢ sadate stegapemappep 136 agd adata aiream r at i on
|
modul e Jtizef1 . A BUREATATRBPEE cat SnoduRN2ANdNd s oBArt SRR BIsbAIzELr 148

The switch e fol ovmng dul es which are
i nst antl48t @gra@tmtryam(slﬂ@épm d42ai Eant aibFRbien mogul eflﬁﬂcat LRSS MARPER IS0y ¢
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second umlhﬂcgll.si/ﬁ&, e kore| RidelfiSs andsa ElAp fingetface 170el ve third stage switch

el ements. Four "output"” port processors are coupled to each of the third

stage switch elenents. Fromthe foregaoing, those B skilled in t{be re will
appreci at e thawicahavigdraccoivgde tsinveation mpldes plbRlego8REAGessOsY ntion
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stage switch elements is coupled to eight second stage switch elements. Each of the second

stage switch elements is coupled to twelve third stage switch elements. Four "output" port

processors are coupled to each of the third stage switch elements. From the foregoing, those

skilled in the art will appreciate that the port processors and the switch elements of invention can

be arranged in a folded Clos architecture as shown in Figure 5 where a single switch element

acts as both first stage and third stage.

Before describing in detail the functions of the port processor 10 and the switch element
100, it should be appreciated that the invention utilizes a unique framing technique which is well
adapted to carry combinations of TDM, ATM, and Packet data in the same frame. Turning now
to Figure 3, according to the invention, a data frame of nine rows by 1700 slots is used to
transport ATM, TDM, and Packet data from a port processor through one or more switch
elements to a port processor. Each frame is transmitted in 125 microseconds, each row in 13.89
microseconds. Each slot includes a four-bit tag plus a four-byte payload (i.e., thirty-six bits).



Before describing in detail the functions of the port processor 10 and the
switch elenent 100, it should be appreciated that the invention utilizes a
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TDM ATM and Packet data in the same franme. Turning now to Figure 3,
according to the invention, a data frgge of nine rows by 1700 slots is used
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nore switch elenments to a port processor. Each frane is transmtted in 125
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accomudtgt8maR f&fﬁﬁ ¥ | wi t h overhead). The format of the PDUis

illustrated in Figure 3a. A maxi mum of ninety-six PDUs per rowis

perm tted ( 'lforlAeI"MQn@B &t a'f'@tam MEMJW) 8f mﬂEeIP’S-EMs GEhdtihed Fora SONET
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seventy-ﬁve). The sixteen four-bit tags (bit positions 32-35 in each slot) are not needed for
PDU routing so they are used as parity bits to protect the ATM or IP payload. Of the sixty-
four-byte payload, twelve bytes (96 bits) are used by the switch for internal routing (slots 0-2,
bit positions 0-31). This leaves fifty-two bytes (slots 3-15) for actual payload which is
sufficient to carry an ATM cell (without the one-byte HEC) and sufficient for larger packets
after fragmentation. The PDUs are self-routed through the switch with a twenty-eight-bit
routing tag (slot 0, bit positions 0-27) which allows routing through seven stages using four bits
per stage. The remaining sixty-eight bits of the PDU are used for various other addressing

information.

As shown in Figure 3a, the PDU bits at slot 0, bits 30-31 are used to identify whether
the PDU is idle (00), an ATM cell (01), an IP packet (10), or a control message (11). The two
bits at slot 1, bit positions 30-31 are used to indicate the internal protocol version of the chip
which produced the PDU. For Packets and control messages, the "valid bytes" field (slot 1, bits



bit positions 0-3 1). This leaves fifty-two bytes (slots 3-15) for actual
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sent i relanérbesdlesoTthe ginessparhtidn between request element bundles is used by the
arbitration logic in the switch elements and the port processors to process the request elements.

Figure 3b illustrates one example of how the row slots may be allocated for carrying
PDUs and request elements. As shown,
the maximum PDU capacity for a row is ninety-six. A block of sixteen slots which is capable
of carrying a single PDU is referred to as a "group”. For each group in the row, 1.5 slots of
bandwidth are required for carrying a forty-eight-bit request element (RE). Figure 3b illustrates
how two REs are inserted into three slots within each of the first twenty-four groups. All the
RE:s should be carried within the row as early as possible in order to allow the REs to ripple
through the multistage switch fabric as soon as possible after the start of a row.

The structure shown in Figure 3b is presently considered to be the optimal format (for
the first link) given system requirements and implementation constraints. It places the REs
early in the row but spaces them out enough to allow for arbitration. According to the presently
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switch TDM traffic with a granularity of a VT1.5 or VT2 channel. Although a VT1.5 channel
only occupies three columns in the SONET SPE, it will still be mapped to the slot format which
is capable of holding four SPE columns. As mentioned above, the format of the contents of the
thirty-six-bit slot carrying TDM traffic is a four-bit tag and a thirty-two bits of payload. The tag
field definitions are shown in Table 1 below.



only time row nunbering matters is when interpreting the contents of the
Link Overhead slots. Wth a finest granularity of one slot per row, the
switch elvoengsoran switch TDM traffic with a m ni nrum of PCT/HR01IM3p® of

swi tching bandwi dth. Since a slot can carry the equivalent of four colums
of traffic froma SONET SPE, it can bf said that the switch el enents

swwtch TDMtraffic with a granularity 3f a VT1.5 or VT2 channel . Al t hough a
VT1.5 channel only occupies three colums in the SONET SPE, it will still
be nmapped to the slot format Whl ch I s capabl e of hol di ng four SPE col ums.
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byt e iﬁIQWs 1'r°83r"e_Ld_L11 V5 byte in bits 7-0 Table 1 The switch el ements
know i

t abl es. BBiag¥cssie i npl emented as an I nput Cross Connect RAM for

I nput  l|ak—The puL 'Lu‘ nunber s the —address Tnto the RAM—white tije
data o 1[5 9 of Vhé’ ﬁlé]n ns the destination output link and slot
nunber . t1on a" canm be Thanged by a centratized System

contr ol Iléb Ngé FFmé’éFﬁzé'igntrol messages to the switch el ements via

ei t her 1 gost—interface port or (2) 1 Nn-band control
rressag lm ch gﬁé’ Eee‘q#%?% the link data channel. Since TDM connecti on
Wil T nge n this relrativery stow control nmessage apprfach
to updal;lzi yg%ﬁk‘c‘ﬁ%et I7t abI es is acceptable. It is the responsibility of
an ext vl € Hoauar € __-—i"_"””'—- comrgure tne conmmectr omn
tables within the switch el enents sucah that no TDM data wll|l be | ost.

The switch elements know whether or not a slot contains TDM data via preconfigured
connection tables. These tables are

implemented as an Input Cross Connect RAM for each input link. The input slot number is the
address into the RAM, while the data output of the RAM contains the destination output link
and slot

number. The connection table can be changed by a centralized system controller which can
send control messages to the switch elements via either of two paths: (1) a host interface port or
(2) in-band control messages which are sent via the link data channel. Since TDM connections
will be changed infrequently, this relatively slow control message approach to update the
connection tables is acceptable. It is the responsibility of an external software module to
determine and configure the connection tables within the switch elements such that no TDM
data will be lost.

Returning now to Figure 1, the receive side SONET interface of the port processor 10
includes the deserializer 12 and framer 14. This interface may be configured as one OC-48, 16-
bits wide at 155 MHz, four OC-12s, serially at 622 MHz, or four OC-3s, serially at 155 MHz.
When configured as one OC-48, the deserializer 12 is not used. When configured as four OC-
12s or one OC-48, the deserializer 12 converts the serial data stream to a sixteen-bit wide
parallel stream. The deserializer 12 includes circuitry to divide the input serial clocks by
sixteen. The inputs to the deserializer include a one-bit serial data input, a one-bit 622 MHz
clock and a one-bit 155 MHz clock. The outputs include a sixteen-bit parallel data output, a
one-bit 38.87 MHz clock and a 9.72 MHz clock.
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The pointer processor uses T pointer (H1, and H3 bytes in the
TOH) Qilljtﬂﬁ‘r/%t!l@‘?\}'ﬂslbi@%% aotthwugh #rt of the payl oad data being carried in
t he SONET envel ope. The SONET pointer identifies the |ocation of byte #1

of the path ﬂ\éegorl]netgrdprogggorpl Iurggsetlile gb‘i{ﬁ-ﬁspmnter (H1, H2 and H3 bytes in the TOH)
to correctly locate the start of the payload data being carried in the SONET envelope. The
SONET pointer identifies the location of byte #1 of the path overhead. The pointer processor
16 is responsible for accommodating pointer justifications that were inserted in order to justify
the frequency difference between the payload data and the SONET envelope. Since there are a
maximum of forty-eight OC-1s, forty-eight pointer processor blocks are mated to the forty-

eight transport overhead termination blocks unless blocks are time-shared. The inputs to the
pointer processor 16 are the same as those to the framer and TOH terminator 14. The outputs
include a sixteen-bit parallel data output, a one-bit start of SPE indicator which coincides with
word 1 of SPE 3, a one-bit SPE valid indicator which gaps out overhead and accommodates
pointer movements, and a one-bit POH valid indicator which indicates when a path overhead

byte is on the output bus.

The POH processor 18 processes the nine bytes of Path Overhead in each of the forty-
eight SONET SPEs. Since there are a maximum of forty-eight SPEs, forty-eight path overhead
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are encapsu are franed using the HDLC protocol.
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VCs. TheDLRdmdrnaperfons HBLUXkdkinklh&fdrivards g PPRIpAcRemdadSFOaffePR4 packet
‘toa Flvlv:l%rg Hggvglts azssembly into PDUs. The framer 20 has an input which includes a sixteen-bit

parallel data input, a six-bit SPE ID, a one-bit SPE valid indicator, and a one-bit PYLD valid

indicator. The output of the framer 20 includes a sixteen-bit data bus, a one-bit start of packet
indicator, and a one-bit end of packet indicator. Further details about packet extraction from

SONET are found in IETF (Internet Engineering Task Force) RFC 1619 (1999) which is

incorporated herein by reference.

The cell delineation block 22 is based on ITU-T G.804, "ATM Cell Mapping into
Plesiochronous Digital Hierarch (PDH)", 1998, the complete disclosure of which is hereby
incorporated herein by reference. The cell delineation block 22 has inputs which include a
sixteen-bit parallel data bus, a six-bit SPE ID, a one-bit SPE valid indicator, and a one-bit POH
valid indicator. The outputs include a sixteen-bit parallel data bus and a one-bit start of cell
indicator. Cells are placed in a FIFO 24 while awaiting assembly into PDUs. Further details
regarding ATM extraction from SONET are found in ITU-T G.804.
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Packets and cells from the FIFOs 24 are merged with the packets and cells from the FIFO 46.

The descriptor constructor 64 determines whether the data is an ATM cell or an IP packet and
generates a corresponding interrupt to trigger the IPF/ATM look-up processor 66 to perform
either IP routing look-up or ATM look-up. IP routing look-up is performed by searching for
the IP destination address for every packet and the IP source address for packets that need
classification. ATM look-up is performed by searching the VPI/VCI fields of the cells.
Outputs of the IPF/ATM look-up processor 66 for both IP packets and ATM cells include a
seventeen-bit flow index, a five-bit QOS index, and an indicator showing whether the IP packet
needs classification. If the IP packet needs classification, the packet is passed to the IP
classification processor 68 for classification; otherwise it is passed to the next stage of packet
processing, the RED/policing processor 70. The RED/Policing processor 70 performs random
early detection and weighted random early detection for IP congestion control, performs leaky
bucket policing for ATM traffic control, and performs early packet and partial packet discard for
controlling ATM traffic which contains packets. The presently preferred embodiment of the
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switch mapper to arrange TDM data, PDUS, and request elements in the frame described above
with reference to Figures 3 and 3a-c.

The switch mapper 52 includes a state machine (not shown) which is associated with the
ATM/IP PDUs. The data link manager 72 writes the PDU’s using a sixty-four-bit interface to
the external FIFO (not shown). The data is transmitted from the external FIFO to the switch
mapper 52 in thirty-two-bit slots with four bits of parity. The state machine associated with the
external PDU FIFO monitors the status of the FIFO and maintains data integrity.

The data link manager 72, arbiter block 56, switch mapper 52, and weighted round robin
scheduler 80, together with memory and other support circuits (not shown in Figure 1) may be
referred to collectively as the "receive switch controller”. As described in detail above, each
incoming ATM cell and packet is processed by performing a lookup based on the ATM
VPI/VCI or on the IP source and destination. This lookup first verifies that the connection is
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through the switch.

As mentioned above, the port processor 10 supports redundancy in order to improve
reliability. Two redundancy schemes are supported. In the first redundancy scheme, the switch
controller supports redundant routing tags and transparent route switch-over. In the second
redundancy scheme, the port processor supports redundant data channels in both input and
output directions.

The redundant data channels connect to two separate switch fabrics. In the Appendices they are
referred to as the A and B data channels. Each control header contains two routing tags, and
each routing tag has a corresponding AB channel tag. This provides for two routes through the
switch for data transmission. If both routing tags have the same channel tag, this allows for two
alternate paths through the same switch fabric. If both routing tags have different channel tags,
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channel, i.e. if the request ID is dequeued from the A reqid_fifo, the FLOWID is written into

the A deqflowid_fifo. The data link manager 72 monitors the deqflowid_fifo and uses the

FLOWID to dequeue data PDUs from external memory and send them to the switch mapper 52

for transmission in the next row time.

An end_of_grants signal is asserted by the grant demapper 62, when no more grants can
be received at the grant demapper. In most switch implementations the end_of_grants signal is
rarely, if ever, asserted. It is only in switches having many stages that the end_of_grants signal
is more likely to be asserted. Once the end_of_grant signal has been received the arbiter 56
begins the process of updating the request control table. If a grant has not been returned for a
routing tag stored in the request control table, the request trial counter is incremented and a new
request is generated using the routing tag. If a routing tag in the request control table has been
sent as a RE a (programmed) maximum number of times, the most significant fifteen bits of the
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particular output port, the data link manager 74 retrieves the Link List/Shaping/Scheduling data

structure for the Flow ID read from the PDU FIFO. (Note that for an IP packet flow, the data
link manager will continue to retrieve PDUs from the Linked List until a PDU with an End of
Packet indicator is found.) The data link manager then initiates a DMA transfer from external
memory to the SONET/UTOPIA FIFOs 30, 48. The data link manager 74 then updates the
Link List/Shaping/Scheduling data structure and writes it back to external memory.

On the transmit side of the port processor 10, the grant framer, deframer, serializer and
deserializer in the grant block 62, the switch demapper 60, the transmit datalink manager 74, and
the transmit scheduler and shaper 76 may be referred to collectively as the transmit (TX) switch
controller. The TX switch controller is responsible for either accepting or rejecting requests that
come into the port processor for output transmission. To do this, the TX switch controller
checks if the queue identified by the output port number of the request can accept a cell
container. These one hundred twenty-eight queues are managed by the TX data link manager
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mode or loop timing mode.

The high order pointer is adjusted by the high order pointer generator 38 through
positive and negative pointer justifications to accommodate timing differences in the clocks used
to generate the SONET frames and the clock used to generate the SONET SPEs.

At initialization, SPE FIFOs are allowed to fill to halfway before data is taken out. The
variations around the center point are monitored to determine if the rate of the SONET envelope
is

greater than or less than the rate of the SPE. If the rate of the SONET envelope is greater than
the rate of the SPE, then the SPE FIFO will gradually approach a more empty state. In this
case, positive pointer movements will be issued in order to give the SPE an opportunity to send
additional data. If the rate of the SONET envelope is less than the rate of the SPE, then the SPE
FIFO will gradually approach a more full state. In this case, negative pointer movements will be
issued in order to give the SPE an opportunity to output an extra byte of data from the FIFO.
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s as required by e1r respective standards. As the SPEs are generated, they are deposited
into SPE FIFOs. For each SPE there is a sixty-four-byte FIFO and these individual SPE
FIFOs are concatenated through SPE concatenation configuration registers. As described

above, the fill status of the SPE FIFOs is used to determine the correct time to perform a

positive or negative pointer justification.

TDM, ATM and packet data are all mapped into SONET SPE:s as specified by their
respective standards. The type of data carried in each of the potential forty-eight SPEs is
configured through the external host processor. Based on this configuration, each SPE
generator is allocated the correct type of mapper. All of this configuration is performed at
initialization and can only be changed when the particular SPE is first disabled. Once the
configuration is complete, there is an isolated set of
functional blocks allocated to each SPE. This set of functional blocks includes one of each of
the following: payload mapper, payload FIFO, POH generator, SPE FIFO and SPE generator.
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the correct type of mapper. Al of this configuration is perforned at
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gener at Rfermafek the deStimitidn BREafERM Riffer 132 memory address. This information is stored

in a demapper RAM (not shown) which is configured by software when TDM connections are

added or torn down. For PDU traffic, the demapper 128 assembles all sixteen slots which make

up the PDU into a single 64-byte PDU word, then forwards this entire PDU word to the row

buffer mapper logic 130. The PDUs are assembled prior to forwarding them to the row buffer

132 so that the row buffer mapper 130 can write the entire PDU to the row buffer 132 in a

single clock cycle. This provides the maximum possible write-side memory bandwidth to the

row buffer 132. It is a significant feature of the switch element that twelve entire PDUs are
written to a single row buffer in six link slot times (twelve core clock cycles). For request
elements, the demapper 128 assembles the three-slot block of REs into two forty-eight-bit REs
and forwards them to the request parser module 152.

The row buffer mapper 130 is responsible for mapping traffic which is received from
the data stream demapper 128 into the row buffer 132. The mapper 130 provides FIFO buffers
for the TDM traffic as it is received from the data stream demapper 128, then writes it to the row
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parser nodul e 152. The row buffer mapper 130 is responsible for mapping

traffic whi Cl@eqlugstrar 1trat10ndut1ilze%mwo components: a centralized request parser module 152

and a request arbitration module 134 for each of the output links. Request elements are
extracted from the input slot stream by the data stream demapper 128 and are forwarded to the
request parser 152. The request parser 152 forwards the forty-eight-bit request elements to the
appropriate request arbitration module 134 via two request buses (part of the input link bus
120). Each request bus may contain a new request element each core clock cycle. This timing
allows the request arbitration logic to process thirteen request sources in less than eight core
clock cycles. The thirteen request sources are the twelve input data streams and the internal
multicast and in-band control messaging module 156. The request arbitration module 134
monitors the two request element buses and reads in all request elements which are targeted for
output links the request arbitration module is implementing. According to the presently
preferred embodiment, the request arbitration module 134 provides buffering for up to twenty-
four request elements. When a new request element is received, it is stored in a free RE buffer
(not shown). If there are not any free RE buffers, then the lowest priority RE which is already
stored in a buffer is replaced with the new RE if the new RE is a higher priority. If the new RE



t he data stream demapper 128 into the row buffer 132. The mapper 130
provides FIFO buffers for the TDMtraffic as it is received fromthe data
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t he demapper RAM (not shown) within %ge data stream demapper nodul e 128.
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the TDM sl ot data. The mapper 130 also wites PDU traffic fromthe data

st r eamis equap toeor lawer in priptity thanalbiES @xrentd g stopddn gheri betders fisn shediedsBEW t hi n

E Ee IOV EHHrﬁéd J@lfth@?)‘ﬁ tﬁtéé: vHEPtheValal s ujé?n}[ﬂri]dpbéﬁﬂodulg B&is @éaﬁy‘ﬁffe%:éﬁﬂ into
e row buffers starti at . a n every si n-sl ot address
boundartie ngxi &Fe Hetrequesy asb ‘FBUQW@O&FE‘H%J %rﬂ? ﬁ@ﬁ’l‘%@sehﬂﬁ)ﬂ fhighis tﬂﬁecfjiesses
for thentiRrE uﬁffa@ td 81 data Blrearn eappatiniiulel38. bt RBtuffcheare omptyythesan nenor y

el enment, the presently preferred enbodi nent, it provides
doubl e ﬁ@llFAgE %dggorage which allows one row buffer to be witten

during row N vvhlle the row data which was witten during row N-1 is being

read out by t §§5@} @p%gﬁ%ﬁﬁﬂe Efflmeﬁ gdaéafah&rfeq[uést%ﬁaawﬁn@f

storing 1536 s ots o] 0 store ninety-six
PDUs orthe setgoinpretal dew ligks. aTlis sludas linalPng)Pf %lﬁeuftpubhftl?%fftﬁ pesed pp&e  Request

el enent&tﬁﬂ@lot hitkb&@ 6 itedElnSif MeStra¥iCisNDMSPDU, fequéshelefmeilv, obxudtinafficl 3the
Therefo e the row . bu oes not need to be sized to accommbdate the

entire nal“ﬁb&?t aP"r‘L‘PP@FS‘PIgen Yccording to the presently preferred
enbodi nEnhe mapyser RAMIgnétishowi). iFoe TRM traffe, th]:ﬁré@fﬁmﬂi’ﬁnbmbsf atidckss &nd i t

t t f
et | Fiincat{psARiopePRAN, Phich ¥ ittt o7 st RATDR dygBliontiatd | N9 ©
arbit raetddeﬂhoumm doves FmPEUm@fmmeglat@tr@@rmmwpprzbﬁ fﬁ@i\;u?é@ts lopatrastitpe fredul e
152 ange v&Sﬁlﬂﬁ‘sltﬂafﬂﬂb}éﬁbh@é}lﬂ@ﬂ&&%d&%ésﬁor each of the output Iinks.

Request el ements are _extrac t slot {.reaﬁﬁ}/ t he data

st r eam $ERGEpEE Mepper VRS W@Warlgg‘]ﬂ t‘%réett 15094 ﬁ%lé‘f ! YSSZI.‘OtThe
r equestwifdnOthat bdv boffarasdtion terifgahé preeioghiovbiime), egh ﬁﬁatmquentﬁﬁ tsan?mits he f
appr opr | uest Itrati,on 134 S part o
The. | e e e g8 ordlh gy ensits vl BRALTIU B e bR vARAHES hullhs T L0
el enentregashelermerds, thomkppey edsemblEhile tlnnemslngbloek bIOREs frorm twe@r@smgbﬁ-m t ration
| ogi ¢ tRpPrARass: SO HEWIRRY ARHRR I £36 KA Glrhis, GehMpp&! Ock

cycles Irteen request sources are the twelve input data streams and
t he i ntB6rinserts the appeapsiatedesd PRtEID A theputpe linkdws 447 nEhfﬁﬁéFéF RAMERYS areThe

requestcradikd by éithePthe 186 patRrrl gherator 162 or test interface bus 164 modules.

The data stream mapper supports slot multicasting at the output stage. For example, the
data stream mapper for any output link is able to copy whatever any other output link is sending
out on the current slot time. This copying is controlled via the mapper RAM and allows the
mapper to copy the output data from another output link on a slot-by-slot basis.

The data stream serializer 138 creates the output link serial stream. Data slots are
received via the data stream mapper module 136 and the link overhead is generated internally by
the data stream serializer 138. The serializer 138 also splits the row data stream into two
streams for transmission on the two paths 110, 114.

The grant stream deserializer 140 in each module 102 works in much the same manner
as the data stream deserializer 126. The primary difference is that the grant data only utilizes a
single path, thus eliminating the need for deskewing and deinterleaving to recover a single input
serial stream. Since this serial link is only one'half the data stream rate of the forward link, there



nonitors the two request element buses and reads in all request elenents
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i mpl ementWw@g@2/43ezording to the presently preferred enbodP@®us)/43B® request
arbitration nodule 134 provides buffering for up to twenty- four request

el enents. When a new request el enent b; received, it is stored in a free RE
buffer (not shown). If there are not“any free RE buffers, then the | owest
priority RE which is already stored in a buffer repl aced with the new
RE i f theSeslomper rowatihe.gAstngls FIFO @ot shown) jsaisedin aﬂewf% deskawimg of th

PCT/ USGLHdt 38 g@sﬂré:anﬁqg@m iDlifks. | ower in priority than all REs currently
stored in the lgE fers then the new RE is discarded. On the output side,
when the data stream mapper nodule 138 is ready to receive the next RE,
the request 'ﬂfebg'rirrtatré@maém@b;ieeuﬂﬁé réspowmaﬁ)rbhmduhg tesdatpfrom thet ivicdrRiinghi ch

d h f h
RE buf (e s gk, T PeleSaitaopli of Ao AIRTRAR Hor TR 6 Bl L ) "
mapper s@Guinber tosipensinblitthé onfficiseganteienent ar armther &indexftrafficerilhet s into the
out goi n&t&?ﬁﬂaﬁbn gar;aged <}rﬂjﬁ§ rr%h? of A€ gﬁgﬁ&n@g@ﬂ I@&Npﬂcnoﬁ ﬂf%v@ﬁ)‘t Rl‘:’éor&h%&'ﬂ&) sl ots

based on th eterm traffic_is

requestthe P’@Fﬁé\%’ ,Pfflﬁmtqaﬁéﬁquﬁ&?fﬂl téafﬁq'ﬂféef than an er‘FJ’E“?‘EWS ingt yst defipedn Fohe
cont ent gagfeldnit@sImBReMt R dPhaph &OWZ)asseﬁibllesTlE?!\ﬂhI‘deas‘ldtlquocktdﬁ GBsamolowé f er

menory addr ess, | et rmndfr RAM ch.js configured by
sof t war §§‘g?’bmt§{§? ??%V% Sa{Peén?‘g%ﬁéﬁggagp ?’ﬁ#’ﬁfsafo‘&ﬁ@ I?E§A'PDU traffic, the
data stream mapper 136 reads one slot at a tinme from the row buffer 132.

The row buf f Lo ke ﬁf&ﬂ&g&@é Buplfa g&&ﬁ@ﬁlmgﬂerw qus ftware I f

the target witten tot row

buf f er arbitratiordlegiguBtnin thagrasenslyi mgrrmmltqdrmgnt thisapoduleas ieppeal t01 &
transm Ijéguestaa{}bl'n‘%&l RBUd1E! Thd &lgﬂﬂﬁerké)lsemﬁli‘trﬁoéé@ﬁs gharfl dlletheMBih 1he ré\@tse

duplicated wthin witch. Fo assenbl es
the thrRaghigptgad ‘Pfl%‘&?s CIRGALS 1n Omgg@gtg‘%‘hg’ﬁ %ﬁ?dﬁlﬁl:_@amfr? BEIYr e read
f r om t hia ficganerRtuedt dlemems vaich aeibeen dddmed-or test patterns, the mapper 136
inserts the appropriate test pattern fromthe output |ink bus 122. These
test patterns are created by either the test pattern generator 162 or test
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a slot- b fgrty elggt glt %Es The GEs are read from the grant arbitration module 144. For test
patterns, it inserts the appropriate test pattern from the output link bus 122. These test patterns

are created by either the test pattern generator 162 or the test interface bus 164 modules. A
detailed description of the grant stream mapper 146 is provided in Section 7.2.3.2.

The grant stream serializer 148 works in much the same manner as the data stream
serializer 138. The primary difference is that the grant data only utilizes a single path, thus
eliminating the need for interleaving the transmit serial stream across multiple output serial
streams. Since this serial link is only one half the forward data stream rate, there are only 850

slots per row time.

The modules described above (except for the request parser and the grant parser) are
instantiated for each link module 102 of which there are twelve for each switch element 100.

The following modules are instantiated only once for each switch element.
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PDUs. All in-band communications PDUs are forwarded to the Configuration RISC Processor

158 which interprets the messages. The link RISC processor 156 only handles the Req/Grant

processing needed to transmit multicast and in-band communications messages.

The configuration RISC controller 158 processes configuration and status messages
received from an external controller module (not shown) and in-band communication messages
as described above. The system control module 160 handles all the reset inputs and resets the
appropriate internal modules. The configuration RISC controller 158 and the system control
module 160 are preferably implemented with an Xtensa™ processor from Tensilica, Inc., Santa
Clara, CA.

The test pattern generator and analyzer 162 is used for the generation of various test

patterns which can be sent out on
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fabric. It also controls the ranging synchronization on the output |ink
grant streanAd showhn iiMFigurd D1eheo ureakrep dithpat buses @he mpurnlink s 126,ghe sitpge of

the swt f ic..lt also dl.e . i to
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Message@mmmarized in Table 3 below. The significant datapaths of the grant bus are summarized in

Table 4 below.
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or gransigitadu@am out puts|lt| s al|sanm&epaRkie: nahberntkaE frétg || LpUSyslsot S rom
either [the received dath streamar grant stream The test iinterface bhus
mul ti pllgeRreqlOdral | oOws [ [s43ur Ci|Rgquiest alasdmistreceiaddan the aipudiinie | Dac Sedamal
pins a +q Lwgrding datp to| the 1/0 pins. This is used for |Demtpag the
swi tch ment when a port| procegssor is not available. The Myt fPrRehpLL|(166
is used to create the |F clpck ndeded by the unilink nacrOC;:’fll‘Wthi n eafh
uni lindtmacro another PIL multiplies the |F clock upto-the serial¢cloe
rate. Therqddre PLL 168|1s L#Sed t|Regreadtmentaenkdotlused by Likk&ISi t ch l[
el ement}l core logic. In the presently preferred enbodi nent .| ®HE!¢ore cl hck
i s appriQ gly 250 MHzz; The JTAG@@}@{;J@Q&%,{LJO i's used f QRedudddPadf POSES:
(1) boyndary scan testipg of the| switch elenent at the ASIC fab and (2
Debug i fin@ rdra@sa Dt t he ﬁonf47gur gtipsndak] BditRrvea s biodestinalkg g Mewltrdam Fi gufle
2, therfe. are Elhree dat apat h| buseg r¢« bvéferigddpst | i nk bus 120, |Dkeappgimede | (| nk
bus 123, "and-the grant pus [124) vhich are used to nove swi tfﬁE‘HhP‘P‘é{ffl c
fromt input links tp the output links. These buses are o used to
carry tlfakfris_awdkd_ctrd S Srur ced or| Dettiantion napue tnk (né. apwaiiffey) wi| Dhaialtrdane swi fch
el ement .il.n]('t'[gm%ii%ghfi cant daf apat hddegffiet he i nput |ink bus aPemappgmadilezefl in
Tabl e 4 berow The sign|ficant ddtapaths of the output Iinkf%ﬁ%ché‘P‘é
sumarifzed in Table 3 bplow The [significant datapaths of | 2K grant buslare
sunmar i mel _pdin 0 thk@bl e 4 pel ops12 WO |@diaid 6£2byRADUUSAN SER:ED EsmatlklamamQ:y dth
Descri dSCﬂ,II’CG i sl pt_num 1 1 kssEnbleddrom theipaominglslos nunbe ehappert r af f i
from Li nk é’ module for each
input
link
ilink_pdu_flag_0 thru 12 13 Each flag is asserted for each destination Data Stream
ilink pdu flag 11 which the current PDU is addressed. Total Demapper
Hink_pdu_tiag— destinations = 12 output links plus the !nOd“]e for each
internal MC & In-band Comm Controller i?{?l?t
lcl_pdu 1 64 Bus used to transport locally generated Link RISC
PDUs to the Data Controller
Stream Demappers

Table 2



ilink req_ O thru 12 48 Request el enents received on the input |link Data
Stream ilink _req_11 Demapper nodule for each input link Ilcl _req 0 1 48
Request aVenemi3s2 generated locally Link RISC Controller penjyusgl/43sem b 2 48
Par sed request elenents Request Parser ilink tdmdata O thru 12 47 TDM
data, 36-bit data + 11 bit destinatiop Data Stream ilink_re _11 row buffer
address Denmapper nodule g for each i nggt link. ilink tdmdlink O thru 12
4 Destination output Iink (i.e. . rowbuffer) Data Streamilink tdmdlin

i dent i fll\gh, Demapper % ®iar | DebBpticgach input  Tink 1T1nk]|Rgy.0 thru 1
ete 64-byte whi ch has been Data Stream ilink| du 11 asse
slbtN@@M Ng sllat's Demapp&uren: canghtdi@ ninber oaeilfic desitpdifor | ILinkkSync &

i 1ink u flag 0 thrlu 12{ 13 Edale dulpatdinks asserted for each |désibg Galt i on ta
Stream rg)ulf_giéﬁt quﬁi‘trT I g 91%1 ié’m ' g '&m’i Qa?ﬂ &lﬁ)&lr t?o'ﬂ’t théD Q\V bhf?er.acrdr €SS q’(‘ow-gg{ge@kor each
Demapp estinatigns =12 output links plus the nodul e far,eac I nt eflnal
MC & | nphdertddnm Cantrol ler ijnput link Icl_pdu 1 64 Bus Upedinko transport
| ocal | nmergted Lk RISCRQUS . To The Data Controffer Stre DeTa rs
Tabl e 3" Mo b943302 |RCT/ |01/ 4387 4utiesied address ‘gr:wwm “pber
each output link.
test_srcl, test_src2, |3 36 Test traffic sources. Test Pattern
3 Generator, Test
test_src Interface Bus
idle_ptrn 1 36 Idle pattern which is transmitted when no valid Data Stream
PDU data is available. Demapper module
for each input link.
olink_req_0 thru 12 48 Request elements for each output link. Req Arbitration
. modules.
olink_req_11
omap_data_0 thru 12 36 Link output after the mapping multiplexers. All | Data Stream Mapper
data 11 12 outputs are fed back into each of the Data for each output link
omap_data_ Stream Mappers so that TDM multicasting can
be done.
Table 3
Name Qty | Width | Description Source
olink_gntslot_num 1 10 Current input slot number for traffic from | Link Sync &
the Grant Stream Deserializers. Timing Ctrl

olink_gnt_0 thru 12 48 Grant elements received on the grant Grant Stream

olink_gnt_11 E::;(nver which is associated with the output | Demapper.

olink_gntslot_0 thru 12 36 Demapped slots from the received grant Grant Stream

stream. These are slots which are not Demapper.

olink_gndslot_I1 carrying grant elements.

gnt_a, gnt_b 2 48 Parsed grant elements Grant Parser

Table 4

According to the presently preferred embodiments, each switch element includes a
multicast controller and a separate multicast PDU buffer. Two alternate embodiments are
provided for multicasting. The first embodiment requires fewer gates and is best suited for an
environment where multicasting is not a major portion of the traffic. The second embodiment

requires many more gates to implement. However, it is better suited in an environment where
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multicast controller sources a number of request messages which are handled in the same

manner as unicast requests. The process repeats with the sequence of send request, receive

grant, transmit PDU. Le, before each multicast PDU is transmitted, a request and a grant must

traverse the switch. This arrangement may be considered a "store and forward" arrangement.

Such an arrangement introduces some latency with regard to the multicast data. In order to

ameliorate some of this latency, the multicast PDUs include a multicast cache tag

(McCacheTag), a 4-bit tag which identifies the multicast cache entry to use when duplicating the
PDU. The multicast controller compares the McCacheTag to a McCache (a subset of the
routing table) before copying the PDU for multicasting. If there is no entry in the McCache
which matches the McCacheTag, the PDU is discarded. The cache entries are loaded via a

multicast parameter PDU (similar to a Request Element). The first embodiment of multicasting
supports up to 16,000 active multicast flows. The latency for each MC packet is two row times.

According to the second embodiment, a multicast path is reserved for a period of time by
sending multiple requests (one for each hop) until all hops have been granted. Once the path is
set up in this manner, PDUs are multicast one after the other with no latency until the reserved
time expires or there are no more PDUs to transmit. Rather than "store and forward", the
second embodiment implements a "bandwidth pre-allocation" mechanism. A multicast path
(tree) is reserved for a period of time measured in "row times". The latency of this embodiment
is all in the set-up of the path which requires one row time for each hop through the switch. The
multicast PDU of this embodiment does not include a cache tag, but is in other respects the
same as the PDU of the first embodiment. The parameter PDU comprises slots 0-3. Slot 0 is
the same as in a unicast request element. Slots 1 and 2 include a routing tag for one destination
as well as other information for arbitrating link bandwidth. Slot 3 includes an indication of the
duration requested for the multicast session. The duration indication is 16-bits. The longest
duration which can be requested is therefore 64,000 row times. As mentioned above, nine row

times equals one SONET frame time. The second multicasting embodiment permits up to



Tabl e 4 According to the presently preferred enbodi nents, each switch

el ement includes a nulticast controller and a separate nulticast PDU
buffer. Woozhizer nate enbodi nents are provided for nultiepaswsoig33Phe fir st
enbodi ment requires fewer gates and is best suited for an environnment
where nulticasting is not a ngjor por%'on of the traffic. The second

enbodi nent requires nmany nore gates i npl enrent. However, it is better
suited in an environment where WO 02/ 43302 PCT/US01/43379 31 nulticasting
i s a frl280ennctiveamgoing malscastdiase nibe datenshitof thepacandenhodinang isdfthrovh setti ng
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t he nessage needs to be multicast, the hop-by-hop field s bit code for
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mul ticagdimDU is transmtted, a request and a grant nust traverse the
switch. This arrangenment nay be considered a "store and forward"
arrangenment. Such an arrangenent introduces sone latency with regard to
the nulticast data. In order to aneliorate sone of this |atency, the
mul ticast PDUs include a multicast cache tag (MCacheTag), a 4-bit tag
which identifies the multicast cache entry to use when duplicating the
PDU. The nulticast controller conpares the McCacheTag to a McCache (a
subset of the routing table) before copying the PDU for nulticasting. If
there is no entry in the McCache which matches the McCacheTag, the PDU is
di scarded. The cache entries are |oaded via a nulticast paraneter PDU
(simlar to a Request Elenent). The first enbodi ment of nulticasting
supports up to 16,000 active nmulticast flows. The latency for each MC
packet is two row tinmes. According to the second enbodi nent, a mnulticast
path is reserved for a period of tinme by sending multiple requests (one
for each hop) until all hops have been granted. Once the path is set up in
this manner, PDUs are nulticast one after the other with no | atency until
t he reserved



time expires or there are no nore PDUs to transmt. Rather than "store and
forward", the second enbodi nent inplenents a "bandw dth pre-allocation”
mechani siwo A/m3bt i cast path (tree) is reserved for a perpPOTVUSH1/43BTRR
measured in "row tinmes". The |atency of this enbodinent is all in the
set-up of the path which requires one_row tinme for each hop through the
swtch. The nulticast PDU of this en%%di ment does not include a cache tag,
but is in other respects the sanme as the PDU of the first enbodi nent. The
par amet@ainB®pU conprises slots 0-3. Slot 0 is the same as in a unicast
request elenment. Slots 1 and 2 incl ude a routi ng tag for one destination
as well as other information fo | i nk bandwi dth. .Sl.ot 3

i ncl udels Amethodif E%t%"YIE?HmeAWeTD&[I &\ P BE"[“@ asinele ommLNiGaions ¢

sessi OI’};.WlehEgamﬁ@hd)d)(fbmp’tﬁlrtgatl on is 16- b| ts. The Iongest durati on which

can be requested is ther fore 64, 000 ni ne

r ow ﬁgg enctAiRe & ?ﬂ?&t ﬁ%""ﬁ ﬁ;%{"ﬁ]h} Of(gé{gs {}i as{iim%bdoaé i ment
permi ts;almphltymf‘ﬁbtsfz)Zl 43302 PCT/ USO01/ 43379 32 128,000 active ongoi ng

mul ti caz)t) Pru% ngtgrotsl AteS xopfofmefrmpmggl ment is N+1 row tinmes to

set up ere I's the nunber of stages of the switch, and
N r ow twb,ﬂgﬁnmg)agg)ysas(yaﬁi)@ tqwr&@gﬁf%wélrswetrew, There have been described and
i1 ust r af) geli iRdEPDUS RYATH dRARRTpARAdaalasel dheinviBbikrationécheiehi ch support s
tdm atm and ip traffic. Wiile particular enbodi nents of the invention
have been described, it is not intended that the invention be limted

t heret @. mme'tﬁodiaSCdrmhgmiﬂﬂntha\therdime i nvention be as broad in scope as the
art wll al I I

t herefore be app ecic g‘?&cﬁr@%él gpaglg %an&glﬁuc{e g&g?t%dgkﬁ%\{rg@eefbo \A\Qeé

nodi f i cmicraseeondgoul d be nade to the provided i nvention without deviating
fromits spi rit and scope as so clai med. WO 02/ 43302 PCT/US01/ 43379 33

Cl ai ns: A met hod for ng. ATM TDM and packet data through a

singl e %G‘ﬁﬁi‘?ﬁ}(’é‘é?‘?%ﬂggt% 1@%“8 met hod conprising: a) generating a
repeati ng dadagh floetin arbammttalafgereabughl to medoninyodate andivWd ,or 8 hsigoal. havi ng a
second plurality of slots; b) pre-assigning slots in every row of the
frame for TDM data; c¢) defining a PDU as a fixed nunber of slots in one

r ow, 4. A method according to claim 1, wherein:

each PDU accommodates a payload of 52 bytes.

5. A method according to claim 4, further comprising:
e) segmenting packets which are larger than 52 bytes into 52 byte chunks.
6. A method according to claim 1, wherein:
said arbitration scheme includes making a request during row N for a PDU in row N+1.

7. A method according to claim 6, wherein:
the request is granted during row N.

8. A method according to claim 6, wherein:
the request includes "hop-by-hop" internal switch routing information and priority level

information.

9. A method according to claim 7, wherein:

the request is granted out-of-band.

10. A method according to claim 6, wherein:
PDUs are configured early in each row and TDM slots are configured late in each row.



d) assigning PDUs to ATM data and packet data based on an arbitration
schenme. 2. A nethod according to claiml1l, wherein: said step of generating
a repeat iwgodaisez frame i ncl udes repeating the frame ever yPAdPBHS01/43379

m croseconds. 3. A nmethod according to claim1, wherein: each slot has a
bandw dt h | arge enough to accommodate_,an E-1 or DS-1 signal. 4. A nethod
according to claiml1, wherein: each accommodat es a payl oad of 52 bytes.
5. A method according to claim4, further conprising: e) segnmenting packets
whi ch alle A methed acsosding® daimels wWheiel: 52 byt e chunks. 6. A nethod according

to claiml, WoshAEMcl&REJ réwRiehdhabiv@anBiMeNEIOORMWIdes making a request
during row N for a PDUin row N#1. 7. A nethod according to claim®,

wherein: the request is granted during row N. 8. A nmethod according to
cl ai m 6}2. wheietod acddiding eplgst 11, wheemes " hop- by- hop" internal switch routing

information an iorit vel i mation. 9. A nethod according to claim
7, wherein: eafﬁ%ﬁg%’gwg%%la%logr'gwgﬁ%lﬂéfd(’jut-of-band. 10. A nethod according to
claim6, wherein: PDUs are configured early in each row and TDM sl ots are

confi gUf?g&ahfdQ&O%ng% 1YQuiR2di3302 PCT/ US01/ 43379 34 11. A nethod

according to claim1, erein: the frame includes 9 rows, each .row
cont ai ni ng 1&783BUdpelpdes 161890ts.4 et hod according to claim 11, wherein: each
slot includes a four-byte payload. 13 A nethod according to claim12,

wher ei n; P i ncl yude 6. slaots. 14. A.nmethod according to claim1,
furt her14cdﬁﬁl'e%9ﬁ cor gg&%@&{’&@qfﬂﬁl@?ﬁ%‘f roma SONET frame at the
i ngr ess ¢ extrdveing WDM data fijorrsa SOPBITIfgand 4t thehipgigsato thesveitchof t he SONET frane

at the if?%ﬁﬁiﬁg bff tﬂ@@-\?w‘b&@?é)f ROSONET frame at the ingress to the switch; and
g) regenerating V1-V4 bytes at the egress from the switch.

15. A method according to claim 1, wherein:
the arbitration scheme includes a method of multicasting PDUs.

16. A method for arbitrating bandwidth in a communications switch, comprising:
a) generating a repeating data frame having a plurality of rows;
b) making requests during row N for space in row N+1; and
c) granting requests through an out-of-band link.

17. A method according to claim 16, wherein:
each request includes through-the-switch routing information and priority level
information.
18. A method according to claim 17, further comprising:
d) buffering the request at each stage of the switch;
e) discarding low priority requests when the buffer reaches a threshold.

19. A method according to claim 18, wherein:
said step of granting requests includes returning requests which have not been discarded

before reaching the egress of the switch.

20. A method according to claim 16, wherein:
each request for space is for a 52-byte chunk of space.



g) regenerating V1-V4 bytes at the egress fromthe switch. 15. A nethod
according to claiml1l, wherein: the arbitration schene includes a nethod of
mul ti castwagzRBus. 16. A nethod for arbitrating bandw dt hp€TvU801/43379
comuni cations switch, conprising: a) generating a repeating data frane
having a plurality of rows; b) making_ requests during row N for space in
row N+1; and c) granting requests th?éugh an out-of-band link. 17. A

met hod according to claim16, wherein: each request includes
t hr ough2k. e nsthiodahcarding kmelaim2Q whexeiroband wiiltpisiagniiratgd pmorg ATMh¢cls @ad i on.  18.

A met h%ﬁﬁﬁ%r%hngackas,%ainsetﬁohfuhhgrtctaﬁl rGAEPrising: d) buffering the

request at eachi stage of the swtch: e), di sc%ﬁl(r}gg %&?I’IO ity requests
when théi)@egm@wng@agmgkeé largerdhan Zgbytesiigto aplprfiysy S4c ?h“ﬁgs'to cl ai m 18,
wherein: said step of granting requests includes returning requests which

have nof, bgen di,scar ded efore reaching the egress of the switch. 20. A
net hod %?ccgmﬂ}?&af?f@%f‘}ﬁq?@%vﬂi‘?f&%: each request for space is for a

52- byt e chunsachtequpa dreluddOib@iph3BO swiRdOWSRlInA8RAdon 88l pibritylenelt hod

accor dii'ﬁ%rﬁlgtiﬂﬁi m 20, wherein bandwidth is arbitrated anmong ATM cel |l s and
vari abl e 1Tength packets, said nmethod further conprising: d) segnmenting each
packet | arger than 52-bytes into a plurality of 52-byte chunks. 22. A

met hod 2% COnHMA akor8in@itdtldi 22Vi@tiRk Bompidky: r equest i ncl udes

t hr ough-sge-swi ttﬁh routi nqgaﬁ#nf or thﬂfll on_and priority level information. 23.
A met hod?) REHENRE G r9aye PLTAGR 8192 91 HRS B onpri sing:  e) buffering the
request fatiseadingdéwgeondy reduests wihes ke Huffedreacts dithrgshotdy priority requests
when the buffer reaches a threshold. 24. A nethod according to claim 23,
wherein: said step of granting requests includes returning requests which
have no24.bkertididsiceardiag to daifros whegihi ng t he egress of the switch.

said step of granting requests includes returning requests which have not been discarded
before reaching the egress of the switch.

25. A method according to claim 24, further comprising:
g) discarding requests for all following segments of a packet when a request for one segment
of the packet has been discarded.

26. A method according to claim 16, wherein:
said requests are made in-band.

27. A method according to claim 16, wherein:
said requests are made out-of-band.

28. A method for switching ATM, TDM, and packet data through a single communications
switch, said method comprising:

a) generating a repeating data frame having a first plurality of rows, each row having a second
plurality of slots;

b) pre-assigning some slots in every row of the frame for TDM data; and

c) assigning the remaining slots to ATM and packet data based on an arbitration technique,
wherein

ATM and packet data is transmitted early in each row and TDM data is transmitted late

in each row.



25. A nethod according to claim24, further conprising: g) discarding
requests for all follow ng segnents of a packet when a request for one
segnent wob or/kssopacket has been di scarded. 26. A nethod apCcDUdIIM33190 cl ai m
16, wherein: said requests are nmade in-band. 27. A nethod according to
claim 16, wherein: said requests are de out-of-band. 28. A nethod for
switching ATM TDM and packet data th ough a single communi cati ons

switch, said nethod conprising: a) generating a repeating data frame having
a first2%lAimathod pcavkding tesclaimadfa furthar ¢ampristga second plurality of slots; b)
pre-assi @Jtu&.gtiﬁ TOM LR Frohd'a SOREY £2N¢ RAithd igrebd Bk dwifch] DM data; and c)

assigning the remaining slots to AIM and pac@a,t dat a based on ‘fn
ar bi t r ate) stFiPpiag RHitha ¥ V4 hirtes ef the APNED, fihs Ingeesto e VUGS AR t ed early in
each fOVF)x%g@heﬂﬂ\(gdaﬁ-wiwtebﬁﬁtﬂsegkisefﬁbdxatefswitbm each row. WD 02/43302
PCT/ US01/ 43379 6 29. A nmethod according to claim28, further conprising:
d) extracting TDM data froma SONET franme at the ingress to the switch; e)
st ri ppi3ty Homkthblhaccdrdidg toydam 28f whereinSONET frane at the ingress to the
switch; and e ' 7 tﬁ%%héfr%ﬂ:% g tch. 30.
A nmet hod acCSSifrd)dslterr?g&??)[?"I(:r?[<§';{{lgrhn‘}gr fg‘?au\}/\(gg?glkﬁﬁle%ﬁ g%@géo gener atﬁ}é a
r epeat i migragegoads.r ame i ncl udes repeating the frame every 125 nicroseconds.
31. A nethod according to claim 28, wherein: each slot has a bandw dth
| arge enough to accopmmobdat e E-1 signal. (also DS1) 32. A method
accor diHg AB‘e@PQP‘fﬁoﬁcg},“?W@l%? WBSIE®: arbitrati on techni que includes meking
a request dusatigotiewaNahdwidd latge enoughawadtoinmoda: anfE-wsignet (dscloSti ng t o
claim 32, wherein; t e i anted during row N. 34. A nethod

oy AP Fosoie (aMETs, Wt

accord

said arbitration technique includes making a request during row N for slots in row N+1.

33. A method according to claim 32, wherein:
the request is granted during row N.
34. A method according to claim 33, wherein:
the request includes "hop-by-hop" internal switch routing information and priority level

information.

35. A method according to claim 33, wherein:
the request is granted out-of-band.

36. A method according to claim 28, wherein:
the frame includes 9 rows, each row containing 1700 slots.

37. A method according to claim 36, wherein:
each slot includes a four-byte payload.

38. A method according to claim 28, further comprising
d) defining a PDU as a fixed number of slots in one row;
e) assigning PDUs to ATM data and packet data based on an arbitration scheme.

39. A method according to claim 38, wherein:
each PDU accommodates a payload of 52 bytes.



t he request includes "hop-by-hop" internal switch routing infornmation and
priority level information. 35. A nethod according to claim 33, wherein:

t he requewo 02/¢33g2 ant ed out - of - band. 36. A nethod accor di npcT/osel433m™ 28,
wherein: the frame includes 9 rows, each row containing 1700 slots. 37. A
met hod according to claim36, wherein;_each slot includes a four-byte

payl oad. 38. A nethod according to cl3H m 28, further conprising d)
defining a PDU as a fixed nunmber of slots in one row, e) assigning PDUs to
ATM dat4h). snohethad ketording o daizel®, bthancompsisingat i on schene. 39. A net hod

accor di T r$d Broef A sPBUR GROBIBYRIAINIA. payl oad of 52

byt es. %egglfﬁ%@)@cg%ﬁ'rﬁ%gﬁ43ﬁ9 37 4 .e A net hglg according to cl aim 39,
further conprising: f) segnenting packets which are |arger than 52 bytes
into 521by Me®bd Bérdind b cléimB! Whsleiaccording to claim 38, wherein: said
arbitration schene includes. makin request. during r NSqr.a POY, in row
N o O A OGRS irerties mafine 3o i ing o ot MY it e (s
43. A nethod according to claim38, further conprising: f) extracting TDM
data frgm [ . i ss to the switch; g) stripping off the
V-V4 by ééo‘a%?tgyﬁgccfgi 'gtoﬁé%@e@é%vﬂi&h@' ingress to the switch; and h)

r egener at i ngt RDU-indjudgstlésslals. t he egress fromthe switch. 44. A nethod
according to claim 38, wherein: the arbitrati on schene includes a nmethod of
mul ticasting PDUs. 45. A nethqd_of nulticasting data through a
commni@atﬁ@ﬁ%‘lgg\;ﬁ%‘a?ggb‘?ﬁ‘ﬂm » FtheLSOMRISEZat i ng bandwi dth request

el ement ) ex¢Rcting FONE&4ta frbRMESONET dlaudian thetihgressgb thehsevishi t ch  rout i ng

i nformation an i adi,eat i i i i | ticasting
begi ns: E§gPagETTIE Veys BuieEOnRE s e 2 AOMatd; e SPERE | 220)
transm th) reggnexatpecK biVAdfytesat thewiztebs omaha switfht ag to the switch stage where
mul ticasting

-

44. A method according to claim 38, wherein:
the arbitration scheme includes a method of multicasting PDUs.

45. A method of multicasting data through a communications switch, comprising:

a) generating bandwidth request elements, each request element including through-the-switch
routing information and an indication of at which stage in the switch multicasting begins;

b) granting requests based on the availability of bandwidth;

¢) transmitting a packet of data with a routing tag to the switch stage where multicasting
begins;

d) making copies of the packet of data at the switch stage where multicasting begins; and

e) replacing the routing tags in the copies of the packet of data.

46. A method according to claim 45, further comprising:
f) buffering request elements at each stage of the switch; and
g) replicating request elements at the switch stage where multicasting begins.

47. A method according to claim 45, wherein:
each request element includes an indication of priority.

48. A method according to claim 46, wherein:
each request element includes an indication of priority.



begi ns; d) making copies of the packet of data at the switch stage where
mul ticasting begins; and e) replacing the routing tags in the copies of

t he packavooti4xsera. 46. A nethod according to claim45, fRCTASO1/438TIPr i Si Ng:
f) buffering request elenents at each stage of the switch; and g)
replicating request elenents at the \m%tch stage where nulticasting begins.
47. A nethod according to claimd45, rein: each request el enent includes
an indication of priority. 48. A nethod according to claim 46, wherein:
each r etfles metiod gesording il daiasd& frtheeBRISHE: of priority. WO 02/ 43302

PCT/ USO} 4R348ing 36w Phorid) BRI B AGROfSthAGuERr Fhidh WadBacHed atth@Ehdk@DY i Si Ng:
h) di scarding Igw priority request elenents froma buffer which has reached
a thredmBness ful | ness. 50. A method according to claim45, wherein:

request elenents are transmtted in-band. 51. A nethod according to claim
49, further c rising: i) .refurning. request elenents which have not been
di scarogéic;"{/fnﬁg%gﬁa%‘i?f@ggt-%%ﬂﬂl SPWE?refv%merei n returned request elements are
consi dered trequest gematsare f@nsmdittedindmddaccor ding to clai m 45, further
conprising: f) generating a repeating data franme having a first plurality
of rows. 53. A nethod accordi n? to claimb52, further conprising: g) nmaking
r equest X dumethgd pergrding ks claipudth Tyrther eRMPESINE: and  h) granting requests

t hr ough jpRuekthg Riqubt B meh®d kvhidtthavéndEteb@ dis@ededrda agoudt@f dand Hng vheisier ei n:
said step of génerati ng a respeati ng dadta fra i ncl udes repeating the frame
every 125 ﬁ@?@é‘&‘ﬂﬁ&s‘?erﬁ@t Re RRATISPLIR OB B Ry to clai m 52, wherein: each
row has a second plurality of slots. 56. A nmethod according to claim55,

uher el v, <Rl Abodite b ARFYY, Aidhel 85ffRpUON Lo accommdate an E-1 or

f) generating a repeating data frame having a first plurality of rows.

53. A method according to claim 52, further comprising:
g) making requests during row N for space in row N+1; and
h) granting requests through an out-of-band link.

54. A method according to claim 52, wherein:
said step of generating a repeating data frame includes repeating the frame every 125

microseconds.

55. A method according to claim 52, wherein:
each row has a second plurality of slots.

56. A method according to claim 55, wherein:
each slot has a bandwidth large enough to accommodate an E-1 or DS-1 signal.

57. A method according to claim 52, wherein:
requests made during row N are granted during row N.

58. A method according to claim 55, wherein:
the frame includes 9 rows, each row containing 1700 slots.

59. A method according to claim 55, wherein:
each slot includes a four-byte payload.



57. A nethod according to claimb52, wherein: requests nade during row N are
granted during row N. 58. A nethod according to claimb55, wherein: the
frame i novode$3382 rows, each row containing 1700 slots. 5BCT/ASot3B™d
according to claimb55, wherein: each slot includes a four-byte payl oad. WO
02/ 43302 PCT/ USO01/43379 39 60. A nethod according to claim45, wherein:
said step of generating bandw dth req ®st el enents incl udes generating a
request elenent for each hop in a nmulticast session through the swtch.

61. A ) Hothethod ecadirding tocladfnadSawbereinnher ei n: each request el enent incl udes

a specified r adJ m | QeelPmBntehd t e&heratfd a réyusit hod
accordi ng tosq}cfllsg‘%dngﬁ f?gr\a}mer,ewgwglaliteal;]s&g%%qoigéggﬁ%mgt teirarggggrf)hacket i's not
| .

per f or rédement foreagh) hopyiaadpplEieast session session is pre-allocated.
63. A comunications switch conprising: a) a plurality of port processors,

each having at | east .one net k.interface; and b) a plurality swtch

el ementél; ‘%H’Eh’oﬂﬁ?ﬁoﬁ‘an%mp‘ﬁﬂ%\,ﬂW{)erslfn' ports for coupling to port processors,
wher ei n eacleacli rega¢st eleoent ipclodssispeafididuritionf bamdividddo hel previlloeaied| enent
interfaces for coupling to two ports of a port processor or one port of

each of two processors, each of said port processors having automatic nmeans
for redik demethgd pecording tadaigy Qlawhers: said first or second switch el enent

interfaces igidd§ G\@AmMinga $abkétGindtpriforhRdintiball badwidip fgesd inolicahd. A

communi cat i ons svntch according to claim63, wherein: each of said ports
conpr i s¥8s1eS PEsdliogptefli ks which are interleaved to effectively double the
bandwi dth of a single serial link. 65. A conmunications switch conprising:

of oo &t b Rt s S B RLBITE S LPra Pty of porte: b) aplurality
of secorwlapWiralithobpahpmeessdrareatinbavingss tegsicdne Wetnok fnégsFace; andach of sai d
second b) a plurality switch elements, each having a plurality of ports for coupling to port processors,
wherein .
each of said port processors has first and second switch element interfaces for coupling
to two ports of a port processor or one port of each of two processors,
each of said port processors having automatic means for redirecting traffic to either of
said first or second switch element interfaces in the event of a switch failure or switch

congestion.

64. A communications switch according to claim 63, wherein:
each of said ports comprises two serial links which are interleaved to effectively double

the bandwidth of a single serial link.

65. A communications switch comprising:

a) a plurality of first switch elements forming a first switch fabric, each of said first switch
elements having a plurality of ports;

b) a plurality of second switch elements forming a second switch fabric, each of said second
switch elements having a plurality of ports;

c) a plurality of port processors, each port processor having at least one network interface, a
first switch fabric interface coupled to one of the ports of one of the first switch elements, and a
second switch fabric interface coupled to one of the ports of one of the second switch elements;
and

d) means for automatically redirecting network traffic through either of said first switch fabric
or said second switch fabric in response to a switch failure or switch congestion.



switch elenments having a plurality of ports; c) a plurality of port
processors, each port processor having at | east one network interface, a
first swwah2/4zmbric interface coupled to one of the portsprof/useiet3sfo t he
first swtch elenments, and a second switch fabric interface coupled to one
of the ports of one of the second sw %{gh el ements; and d) neans for
automatically redirecting network traffic through either of said first
switch fabric or said second switch fabric in response to a switch failure
or swit@h A oergesnicaions yWitdracaadms tocimEh whesdyo 40 66. A conmuni cati ons
swi tch accordi-Rgr & sdrdicBBases W6 s&iallinl@amiiciPire SitéikaREd foeffeariely ERiblel WO
serial links which are inter|eaved to effectively double the bandw dth of
a si nglbe badwadthiof aginglssenad ligkpymni cat i ons switch conmprising: a) a
plurality of port processors, each having at |east one network interface;
and b) 7ao‘$i rst s.wittch fﬁ%&i C; asnnd,c) a second switch fabric, wherein each
of sai 06p Fomexggéodllsgw Ccﬁl%f Eand second switch fabric interfaces for
coupl i ng) aplurdity bf pdrt paressdrs,reach bavingsas deastdonswetwsink fnsgsfaceigindeach of sai d
port pr IS, Wrg. .aut omati ¢ neans for redirecting traffic to either of
said fi ?Dgt%%gsgétg%# ngﬁl?ch fabrics in the event of a switch failure or
switch congecond gyitch fabric, wherein

each of said port processors has first and second switch fabric interfaces for coupling to

each of said first and second switch fabrics,
each of said port processors having automatic means for redirecting traffic to either of

said first or second switch fabrics in the event of a switch failure or switch congestion.



