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(57) ABSTRACT 

A shared memory is described having a plurality of receive 
ports and a plurality of transmit ports characterized by a first 
data rate. A memory includes a plurality of memory banks 
organized in rows and columns. Operation of the memory 
array is characterized by a second data rate. Non-blocking 
receive crossbar circuitry is operable to connect any of the 
receive ports with any of the memory banks. Non-blocking 
transmit crossbar circuitry is operable to connect any of the 
memory banks with any of the transmit ports. Buffering is 
operable to decouple operation of the receive and transmit 
ports at the first data rate from operation of the memory array 
at the second data rate. Scheduling circuitry is configured to 
control interaction of the ports, crossbar circuitry, and 
memory array to effect storage and retrieval of frames of data 
in the shared memory by sequentially querying the plurality 
of ports for the frames of data, and arbitrating among a Subset 
of the ports having the frames of data to assign starting loca 
tions in the memory banks such that the shared memory is 
fully provisioned for all of the ports simultaneously operating 
at the maximum port data rate. 
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SHARED-MEMORY SWITCH FABRIC 
ARCHITECTURE 

RELATED APPLICATION DATA 

0001. The present application is a continuation of and 
claims priority under 35 U.S.C. 120 to U.S. patent application 
Ser. No. 11/208.451 for SHARED-MEMORY SWITCH 
FABRICARCHITECTURE filedon Aug. 18, 2005 (Attorney 
Docket No. FULCP011), which claims priority under 35 
U.S.C. 119(e) to U.S. Provisional Patent Application No. 
60/643,794 filed on Jan. 12, 2005 (Attorney Docket No. 
FULCP011P), the entire disclosures of both of which are 
incorporated herein by reference for all purposes. 

BACKGROUND OF THE INVENTION 

0002 The present invention relates to a switch fabric 
architecture. More specifically, the present invention pro 
vides a shared memory switch architecture which may be 
employed to Switch frames or packets of arbitrary lengths 
between any of its ports with Sustained high speed through 
puts. 
0003 Shared memory architectures are advantageous for 
high speed Switches with many ports because they make more 
efficient use of memory. That is, if the memory resides in the 
ports themselves, the memory in idle ports sits unused while 
the memory in active ports may be overworked, particularly 
where the transmission protocol allows very large packets. In 
addition, where the transmission protocol for which the 
Switch is designed has multicast requirements (e.g., Ether 
net), shared memory only requires that that a multicast packet 
be written to memory once. The multiple ports for which the 
multicast packet is intended then read the same memory 
location, an operation which requires no more overhead than 
if the ports were reading different memory locations. Because 
of this suitability, shared memory architectures are particu 
larly popular for implementing Ethernet Switches. 
0004 Conventional approaches to designing Such archi 
tectures employ synchronous circuits and design flows which 
face significant obstacles, particularly as both the number of 
ports and the required speed of each port continue to increase. 
It is therefore desirable to provide alternatives to such 
approaches which can keep pace with the increasing demands 
for performance. 

SUMMARY OF THE INVENTION 

0005 According to the present invention, a shared 
memory architecture is provided which enables a high port 
count despite a modest maximum memory speed. According 
to a specific embodiment, a shared memory is provided hav 
ing a plurality of receive ports and a plurality of transmit ports 
characterized by a first data rate. A memory includes a plu 
rality of memory banks organized in rows and columns. 
Operation of the memory array is characterized by a second 
data rate. Non-blocking receive crossbar circuitry is operable 
to connect any of the receive ports with any of the memory 
banks. Non-blocking transmit crossbar circuitry is operable 
to connect any of the memory banks with any of the transmit 
ports. Buffering is operable to decouple operation of the 
receive and transmit ports at the first data rate from operation 
of the memory array at the second data rate. Scheduling 
circuitry is operable to control interaction of the ports, cross 
bar circuitry, and memory array to effect storage and retrieval 
of the data segments in the shared memory. The scheduling 
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circuitry is further operable to facilitate striping of each data 
segment of a frame across the memory banks in one of the 
rows, and to facilitate striping of successive data segments of 
the frame across successive rows in the array. 
0006. A further understanding of the nature and advan 
tages of the present invention may be realized by reference to 
the remaining portions of the specification and the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007 FIG. 1 is a block diagram illustrating a multi-ported 
Switch according to a specific embodiment of the invention. 
0008 FIG. 2 is a block diagram illustrating portions of a 
datapath for use with specific embodiments of the invention. 
0009 FIG. 3 is a block diagram illustrating portions of a 
datapath for use with specific embodiments of the invention. 
0010 FIG. 4 is a more detailed block diagram illustrating 
portions of a datapath for use with specific embodiments of 
the invention. 
0011 FIGS. 5A and 5B are block diagrams illustrating 
distribution of control in a datapath for use with specific 
embodiments of the invention. 
0012 FIG. 6 is a more detailed block diagram illustrating 
distribution of control in a datapath for use with specific 
embodiments of the invention. 
0013 FIG. 7 is a block diagram illustrating the receive 
portion of a port for a multi-ported Switch according to a 
specific embodiment of the invention. 
0014 FIG. 8 is a block diagram illustrating the transmit 
portion of a port for a multi-ported Switch according to a 
specific embodiment of the invention. 
0015 FIG. 9 is a block diagram illustrating operation of a 
scheduler according to a specific embodiment of the inven 
tion. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

0016 Reference will now be made in detail to specific 
embodiments of the invention including the best modes con 
templated by the inventors for carrying out the invention. 
Examples of these specific embodiments are illustrated in the 
accompanying drawings. While the invention is described in 
conjunction with these specific embodiments, it will be 
understood that it is not intended to limit the invention to the 
described embodiments. On the contrary, it is intended to 
cover alternatives, modifications, and equivalents as may be 
included within the spirit and scope of the invention as 
defined by the appended claims. In the following description, 
specific details are set forth in order to provide a thorough 
understanding of the present invention. The present invention 
may be practiced without some or all of these specific details. 
In addition, well known features may not have been described 
in detail to avoid unnecessarily obscuring the invention. 
0017 Various embodiments will be described in which 
Some portions of the architecture are implemented according 
to an asynchronous, delay-insensitive or quasi-delay-insen 
sitive design flow. Asynchronous VLSI is an active area of 
research and development in digital circuit design. It refers to 
all forms of digital circuit design in which there is no global 
clock synchronization signal. Delay-insensitive asynchro 
nous designs, by their very nature are insensitive to the signal 
propagation delays which have become the single greatest 
obstacle to the advancement of traditional design paradigms. 
That is, delay-insensitive circuit design maintains the prop 



US 2010/0325370 A1 

erty that any transition in the digital circuit could have an 
unbounded delay and the circuit will still behave correctly. 
The circuits enforce sequencing but not absolute timing. This 
design style avoids design and Verification difficulties that 
arise from timing assumptions, glitches, or race conditions. 
0018 For background information regarding delay-insen 
sitive asynchronous digital design, please refer to the follow 
ing papers: A. J. Martin, "Compiling Communicating Pro 
cesses into Delay-Insensitive Circuits.” Distributed 
Computing, Vol. 1, No. 4, pp. 226-234, 1986; U. V. Cum 
mings, A. M. Lines, A. J. Martin, 'An Asynchronous Pipe 
lined Lattice Structure Filter.” Advanced Research in Asyn 
chronous Circuits and Systems, IEEE Computer Society 
Press, 1994; A. J. Martin, A. M. Lines, et al., “The Design of 
an Asynchronous MIPS R3000 Microprocessor.” Proceed 
ings of the 17th Conference on Advanced Research in VLSI, 
IEEE Computer Society Press, 1997; and A. M. Lines, “Pipe 
lined Asynchronous Circuits.” Caltech Computer Science 
Technical Report CS-TR-95-21, Caltech, 1995; the entire 
disclosure of each of which is incorporated herein by refer 
ence for all purposes. 
0019. See also U.S. Pat. No. 5,752,070 for “Asynchronous 
Processors” issued May 12, 1998, and No. 6,038,656 for 
“Pipelined Completion for Asynchronous Communication' 
issued on Mar. 14, 2000, the entire disclosure of each of 
which is incorporated herein by reference for all purposes. 
0020. At the outset, it should be noted that many of the 
techniques and circuits described in the present application 
are described and implemented as delay-insensitive asyn 
chronous VLSI. However it will be understood that many of 
the principles and techniques of the invention may be used in 
other contexts such as, for example, non-delay insensitive 
asynchronous VLSI and synchronous VLSI. 
0021. It should also be understood that the various 
embodiments of the invention may be implemented in a wide 
variety of ways without departing from the scope of the 
invention. That is, the asynchronous processes and circuits 
described herein may be represented (without limitation) in 
Software (object code or machine code), in varying stages of 
compilation, as one or more netlists, in a simulation language, 
in a hardware description language, by a set of semiconductor 
processing masks, and as partially or completely realized 
semiconductor devices. The various alternatives for each of 
the foregoing as understood by those of skill in the art are also 
within the scope of the invention. For example, the various 
types of computer-readable media, Software languages (e.g., 
Verilog, VHDL), simulatable representations (e.g., SPICE 
netlist), semiconductor processes (e.g., CMOS, GaAs, SiGe. 
etc.), and device types (e.g., FPGAS) Suitable for designing 
and manufacturing the processes and circuits described 
herein are within the scope of the invention. 
0022. In addition, specific ones of these embodiments will 
be described with reference to the switching of 10-Gigabit 
Ethernet data. However, it should be noted at the outset that 
the basic principles of the present invention may be applied in 
a variety of contexts and that, therefore, the invention should 
not be limited by reference to such embodiments. 
0023 Referring now to the block diagram of FIG. 1, por 
tions of a multi-ported switch are shown. A receive (RX) 
crossbar 102 Switches incoming data from any of a plurality 
of RX ports 104 to any of a plurality of banks of memory in 
memory array 106. The data in memory array 106 are 
switched to any of a plurality of transmit (Tx) ports 108 via TX 
crossbar 110. According to a specific embodiment, each RX 
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port 104 and a corresponding one of Tx ports 108 correspond 
to an Ethernet port. It will be understood that only single Rx 
and TX ports are shown for the sake of simplicity. In addition, 
embodiments of the invention are discussed below with ref 
erence to specific numbers of ports, e.g., 20, 24, 32, etc. It will 
be understood, however, that these numbers are merely exem 
plary and should not be used to limit the scope of the inven 
tion. 
0024. When data are received by an RX port 104, a portion 
of the data, e.g., a frame or packet header, is copied and sent 
to frame control block 112, and all of the data, i.e., including 
the copied portion and the payload, are sent to memory array 
106 for storage. Frame control 112 is a pipelined unit which 
provides frame control information to scheduler 114 to facili 
tate storage of the payload in memory. Frame control 112 
makes decisions on a per frame basis including, for example, 
whether to modify the frame, or whether to discard it. Frame 
control 112 then sends its decision to scheduler 114 which is 
responsible for generating the controls which move and store 
the data. 
0025. According to a specific embodiment, crossbars 102 
and 110, memory array 106, scheduler 114, a portion of each 
of ports 104 and 108, and a portion of frame control 112 (all 
enclosed within the dashed line) are implemented according 
to the asynchronous design style mentioned above. The 
remaining portions of the ports and the frame control are 
implemented using any of a variety of conventional synchro 
nous design techniques. According to an Ethernet implemen 
tation, the synchronous portions of the ports present the 
expected external interfaces expected by the system(s) to 
which the switch is connected. The synchronous portion of 
the frame control is implemented according to a synchronous 
design style, e.g., Verilog, at least in part because it comprises 
complex but relatively straightforward logic for which such 
design styles are well Suited. The details and advantages of 
this approach will become more apparent with reference to 
the discussion below. 
0026. According to specific implementations, the inter 
faces between synchronous and asynchronous portions of the 
architecture may be implemented according to the techniques 
described in U.S. Patent Publication No. 20030159078 for 
Techniques For Facilitating Conversion Between Asynchro 
nous and Synchronous Domains published on Aug. 21, 2003 
(Attorney Docket No. FULCP002), the entire disclosure of 
which is incorporated herein by reference for all purposes. 
0027. As mentioned above, the switch architecture of the 
present invention is operable to Switch frames or packets of 
arbitrary length between its ports. As will be described, 
memory in the array is allocated in fixed-size blocks referred 
to herein as “segments. However, according to specific 
embodiments, data are moved through the switch fabric in 
smaller fixed-size blocks referred to herein as “subsegments.” 
Some exemplary numbers which assume the Switch architec 
ture is embodied as an Ethernet switch will be instructive. 
Notwithstanding the following discussion, implementations 
in which the terms segment and Sub-segment refer to the same 
size unit of data are contemplated. 
0028. It is a significant design challenge to accommodate 
frames which have a wide range of length, e.g., from a mini 
mum length of 64 bytes to a maximum length of about 10 
kilobytes. As will be understood by those of skill in the art, the 
allowance of Such extremely long frames is problematic for 
cut-through and multicast applications. According to a spe 
cific embodiment of the invention, memory is allocated in 256 



US 2010/0325370 A1 

byte segments. This length keeps segment processing over 
head manageable, e.g., keeps the number of memory pointers 
within reason. However, data are moved through the switch 
fabric using Subsegments of 64 bytes to reduce latency. It 
should be noted that the terms “frame' and “packet' may be 
used interchangeably and refer to the variable length native 
data unit in the protocol associated with the system in which 
the various embodiments of the invention are implemented. 
0029. An exemplary configuration of a data path suitable 
for implementing various embodiments of the invention will 
now be described with reference to FIG. 2. Rx crossbar 202 is 
shown as an N channelx64 channel crossbar, and TX crossbar 
204 is shown as a 64xN crossbar. According to various 
embodiments, N may take on any of a wide range of values. In 
the embodiments described below, the specific architecture 
described is physically configured to handle up to 32 ports. 
However, much of the performance discussion assumes that 
the architecture is provisioned for some number less than 32 
ports, e.g., 20 or 24. It should be understood that N may also 
take on values greater than 32, although ultimately, N is 
limited by and scales with the speed of the memory for which 
the design is to be fully provisioned. It will also be understood 
that each channel comprises a multi-bit data path, e.g., a 
32-bit data path. 
0030 Memory array 206 may be thought of as an array of 
4,096 segments of 256 bytes each, each segment correspond 
ing to four Sub-segments of 64 bytes each. The array is 
divided into 6416 kB banks 208 of SRAM, one bank for each 
of the 64 Rx and Tx crossbar channels, i.e., the write channel 
for each bank being connected to one of the Rx crossbar 
output channels, and the read channel being connected to one 
of the TX crossbar input channels. Although the exemplary 
array of FIG. 2 is shown having 16 columns and 4 rows, it will 
be understood that the numbers of columns and rows may 
vary significantly for the myriad applications to which the 
invention is Suited. 
0031. As the 64-byte sub-segments of a frame come into 
the memory, each 4-byte word of the Sub-segment is placed in 
incrementing SRAM locations, “striping through the 64 
SRAM banks in a linked list of segments corresponding to the 
frame. According to a specific embodiment, each Subsegment 
is striped through the banks in a particular row, with Succes 
sive Sub-segments in a segment being striped in Successive 
OWS. 

0032. According to some embodiments, successive 
frames starting in a given bank are written beginning at the 
same subsegment. However, this results in the “lower por 
tions of the memory banks being worked very hard while the 
“upper portions are frequently idle. Therefore, according to 
Some embodiments, different Subsegment starting points 
within the bank are selected for Successive frames starting in 
a particular bank. This selection may be done pseudo-ran 
domly or deterministically. According to one embodiment, 
the selection of the starting point for a new frame is respon 
sive to detection of the condition where multiple ports are 
trying to access a particular bank of memory at the same time. 
Such an approach may be used to reduce the likelihood that 
frames will be dropped for embodiments in which the SRAM 
array operates more slowly for a given number of ports than 
the maximum packet rate. Alternatively. Such an approach 
may be used to provide additional margin. 
0033. In addition to rotating banks within a sub-segment 
as described above, embodiments of the invention are con 
templated in which the Sub-segments within a segment are 
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rotated. Selection may again be done pseudo-randomly or 
deterministically. Deterministic selection might, for 
example, employ a linear order. Alternatively, a "score-board 
ing approach might be employed in which selection is based 
on a least-recently-allocated approach. 
0034. Because the data path elements of the switch archi 
tecture of the present invention are implemented asynchro 
nously, a significant advantage is realized with regard to how 
fast the SRAM memory array must run to keep up with the 
port data rates. Where the ports correspond to Ethernet ports, 
each port must be able to handle 15 million frames (264 
bytes) per second with fixed-size 20 byte gaps between suc 
cessive frames (i.e., 10 Gigabit data rate). In order to provide 
a worst case, fully provisioned switch fabric for 24 10 Gb/s 
ports, a synchronous memory must operate at 469 MHZ (i.e., 
the maximum data rate or burst speed) for both reading and 
writing (240 Gb/s/512b stripe=469 MHz). However, because 
the asynchronous SRAM can stall during the 20-byte gaps 
between frames, only the crossbars need to be running fast 
enough to keep up with the burst speed, while the memory can 
be running at the Sustained speed, i.e., the frame rate times the 
number of ports (which is roughly equivalent to 360 MHz for 
a dual-ported SRAM, or 720 MHz for a single-ported 
SRAM), without dropping frames. 
0035. In such an implementation, the maximum data rate 

is handled by the manner in which the data are striped through 
the SRAM. That is, if 24 ports are assumed, a single SRAM 
row is going to receive, at most, twenty-four 64 byte Subseg 
ments before one of two things happens. If the frame being 
received on a given port is complete, the SRAM bank will go 
idle. If, on the other hand, any of the 24 frames has additional 
subsegments, the data will shift to the next row of SRAM 
banks, (which has been sitting idle and ready to go) and 
continue striping through the SRAM. Thus, because of the 
inter-frame gaps, the asynchronous SRAM never has to oper 
ate faster than the maximum frame rate (as opposed to the 
maximum data rate) to be fully provisioned. 
0036. The asynchronous data path takes advantage of this 
slack in the system to Smooth out the burstiness of the incom 
ing data, making a 24-port Switch efficient. By contrast, a 
comparable dual-ported synchronous memory operating at 
360 MHZ could only support 18 ports. In addition and accord 
ing to a specific embodiment, embodiments of the present 
invention may be implemented using a single-ported asyn 
chronous SRAM architecture (which alternates reads and 
writes) described in U.S. patent application Ser. No. 10/890, 
816 for ASYNCHRONOUS STATIC RANDOMACCESS 
MEMORY filed Jul. 13, 2004 (Attorney Docket No. 
FULCP008), the entire disclosure of which is incorporated 
herein by reference for all purposes. That is, such a memory 
can operate at the equivalent 720 MHz rate required by 24 
ports, and yet have the relatively small footprint of a single 
ported architecture. A comparable synchronous system 
would have to resort to the use of a dual-ported architecture 
(which consumes considerably more area), because single 
ported designs for a 24-port Switch would have to operate at 
93.8 MHz, considered too high of a frequency for standard 
synchronous memory implementations in 0.13 um Technol 
Ogy. 

0037 Referring now to FIG.3, to account for the different 
speeds of operation, burst FIFOs 302 and 304 are provided 
between each memory bank 306 and the corresponding RX 
crossbar output channel and TX crossbar input channel. 
FIFOs 302 and 304 are sufficiently large to handle the worst 
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case bursts from the crossbar channels. That is, the RX and Tx 
crossbars are provisioned to receive and transmit data from 
and to a large number of ports (e.g., 20 or more). This imposes 
an operation speed requirement on the crossbars which is 
difficult to achieve for SRAM bank 306. FIFOs 302 and 304 
allow for SRAM bank 306 to have a more modest operation 
speed while also allowing the Rx and Tx crossbars to receive 
and transmit data in bursts at their respective maximum 
operation speeds. 
0038. As shown in FIG. 1, the Rx and Tx crossbars may 
each be implemented as a single 32x64 or 64x32 crossbar, 
respectively. However, implementing Such large crossbars 
can be electrically inefficient. Therefore, according to a spe 
cific embodiment of the invention illustrated in FIG. 4, the 32 
ports are connected to 64 banks of memory using two 16x16 
crossbars (402-408) for both the receive and transmit sides of 
the ports in combination with 16 2x4 crossbars 410 and 16 
4x2 crossbars 412 to get in and out of the individual memory 
banks 414. That is, for example, each 32-bit output channel of 
crossbar 402 is coupled to one of the two input channels of 
one of crossbars 410. Each of the four output channels of each 
crossbar 410 is coupled to the write channel of one of the four 
associated memory banks 414. The read channel of each of 
memory banks 414 is coupled to one of the four input chan 
nels of the associated one of crossbars 412. Each of the output 
channels of each crossbar 412 is then coupled to one of the 
input channels of one of the crossbars 406 or 408. This dis 
tributed, non-blocking crossbar system connects each of the 
ports (up to 32) to the read and write channels of each of the 
64 banks of SRAM. 
0039. According to a specific embodiment, techniques 
derived from the well known Clos Architecture are applied 
the problem of port scalability. A Clos architecture has two 
requirements, i.e., 1) a CCB (constant cross-sectional band 
width) (2N-1 links through a mid tier of switches); and 2) 
Some mechanism for Scheduling onto the available links. 
According to an embodiment described herein, we use mul 
tiple asynchronous crossbars to create a CCB multi-stage 
Switch. In addition, striping techniques (described below) 
create a non-blocking means of scheduling the segments onto 
the memory elements. This enables Scaling up the port count 
to the fundamental limit of the memory speed without intro 
ducing any blocking According to some embodiments, we 
can scale even further when a higher statistical performance is 
enabled when the memory worst case event rate is addressed 
with the random striping. For additional information relating 
to non-blocking architectures, please refer to A Study of non 
blocking switching networks by Charles Clos, The Bell Sys 
tem Technical Journal, 1953, Vol. 32, no. 2, pages 406-424, 
the entire disclosure of which is incorporated herein in its 
entirety for all purposes. 
0040 Regardless of the size and or combination of cross 
bars, each individual crossbar may be implemented in a vari 
ety of ways. According to one set of embodiments, the cross 
bars may be implemented as described in U.S. Patent 
Publication No. 2003.0146073 A1 for Asynchronous Cross 
bar With Deterministic or Arbitrated Control published on 
Aug. 7, 2003 (Attorney Docket No. FULCP001), the entire 
disclosure of which is incorporated herein by reference for all 
purposes. 

0041 Distribution of control signals to the datapath 
described above will now be discussed with reference to 
FIGS.5A, 5B and 6. In FIG.5A, the Rx and Tx crossbars are 
once again represented as single 32x64 and 64x32 crossbars 
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for simplicity. Both FIGS. 5A and 5B show the control as a 
single block also for simplicity. Additional details regarding 
how the control signals are generated is discussed below with 
reference to Subsequent figures. 
0042. According to a specific implementation, control 502 
receives a single control stream (represented as the "array 
control channel input to control 502) from a scheduler (not 
shown) and generates control channels for Rx crossbar 504, 
SRAM banks 506, and Tx crossbar 508. The SRAM control 
information includes an address and a read/write bit. The 
crossbar control information for each crossbar identifies the 
crossbar input and output channels (i.e., the from/to crossbar 
port combination) and the length of the frame or packet. The 
array control channel includes a read bit, a read address, a 
read port, a read length, a write bit, a write address, a write 
port, and a write length. According to a specific embodiment, 
the read and write lengths represent how many unused words 
in the final 64 byte subsegment of a frame. This enables 
reading and writing to stop when a frame ends rather than 
taking up memory locations with dummy information. 
0043. The array control channel, therefore, simulta 
neously provides information for writing a 64 byte Subseg 
ment to memory and reading a 64 byte Subsegment from 
memory, wherein the two Subsegments may or may not be 
related. With a maximum packet rate of 300 MHz (assuming 
20 ports) and a 64 byte subsegment size, the read and write 
channels may be fully provisioned if each operates at about 
600 MHz. For a fully-provisioned 20 port switch, this trans 
lates to an equivalent data rate of operation for control 502 of 
1.2 GHz. However, by using two independent control streams 
for RX and TX, the actual data rate is just 600 MHz. A lower 
max pipeline speed, or a higher port count could be achieved 
by breaking up the control stream into 4 independent streams 
which follow each of the four crossbars (note: this assumes 
the 4 crossbar example). 
0044 Control 502 translates one command on the array 
control channel to everything that is needed to write one 
64-byte subsegment to the SRAM array and read one 64-byte 
Subsegment from the array. According to a specific embodi 
ment, the manner in which the control information is trans 
mitted to the crossbars and the SRAM array makes it possible 
to begin executing the next command after only the first 
word(s) of the previous command has been written/read. For 
example, on the receive side, word 0 associated with one 
command is transmitted to memory on the cycle following 
word 0 of the previous command (or simultaneously with 
word 1 of the previous command). That is, successive com 
mands are executed out-of-sync by one cycle. 
0045. This “overlapping execution of commands is 
facilitated by the manner in which the control information is 
introduced into the SRAM array. That is, the control infor 
mation is provided to the first “column” of SRAM banks 506 
and then “rippled across the array to the corresponding 
banks in the other columns as indicated by arrows 510. 
Because of the manner in which frames are “striped across 
the SRAM banks, the same start address is used in each 
Successive bank to store the Subsegments of a particular 
frame. Therefore, the address information need only be sent 
from control 502 one time, and then shared among the col 
umns. As the information is rippling across the array, the 
length is decremented so that the write or read stops when 
there are no more data to be stored or read, i.e., the address 
information ripples until the length of the subsegment (16 



US 2010/0325370 A1 

words or less) is reached and then “dies out.” This enables 
efficient variable length transfer without the use of a tail bit in 
the datapath. 
0046. The Rx and Tx crossbars are pipelined and fully 
parallel so that they can start transmitting a Subsegment 
(which can take up to 16 cycles) every cycle. 
0047 Referring now to FIG. 5B, the transmission of the 
control information to the datapath will be described for the 
distributed crossbar architecture discussed above with refer 
ence to FIG. 4. Each of the output channels of two 16x16 RX 
crossbars 552 and 554 is connected to an input channel of a 
2x4 crossbar 556 in each of 16 columns of SRAM banks 558. 
Each of the four output channels of each crossbar 556 is 
connected to one of the four SRAM banks 558. In this way, up 
to 32 Rx input channels may be connected to each of the 64 
banks of SRAM. Similarly, each of the SRAM banks in a 
column is connected to the input channels of the column's 
4x2 crossbar 560. The two output channels of each crossbar 
560 are connected to one input channel of Tx crossbars 562 
and 564, respectively. In this way, each of the 64 SRAM banks 
may be connected to up to 32 TX output channels. 
0048 Control channels are sent by control 502 to the 
crossbars in the datapath. One control channel is sent for each 
of crossbars 552, 554, 562 and 564. One control channel is 
also sent to crossbars 556 and 560 in the first “column of 
SRAM banks. This control information is then rippled across 
the other 16 “columns” (as indicated by arrows 566) such that 
Successive words of the frame are stored in, i.e., striped 
across, successive SRAM banks as described above for the 
SRAM control information. 
0049. The control information for each 16x16 crossbar 
includes 8 bits; 4 bits identifying the input or output channel 
(depending on whetherit is RX or Tx) and 4 bits indicating the 
“length, i.e., the number of words in the subsegment. The 
control information for the 2x4 and 4x2 crossbars includes 7 
bits; 3 bits to encode the input/output channel combination, 
and 4 bits for the subsegment length. The control information 
to each of the four SRAM banks 558 in the first “column of 
the SRAM array includes 17 bits, a 12-bit address (i.e., one of 
4096 possible 256 byte segments in each bank), one read/ 
write bit, and 4 bits for subsegment length. As described 
above, this information is then rippled across the array to the 
corresponding banks in each Successive columns (i.e., until 
the information “dies out”). 
0050 FIG. 6 illustrates how a single stream of 4 bits of 
input channel information and 4 bits of length information 
may be distributed throughout one of the 16x16 Rx crossbars 
Sufficiently quickly to keep up with the required data rate. It 
should be noted that a similar but “mirror image' control path 
is implemented for the 16x16 Tx crossbars. Initially the 8bits 
of information is copied (602) with one stream being used for 
serial “outer control information and the other for parallel 
“inner” control information. That is, as will be described, the 
control for the outer crossbar channels (i.e., inputside for RX 
and output side for Tx) is serialized, while the control for the 
inner crossbar channels (i.e., input side for the TX and output 
side for the RX) is parallelized. 
0051. The outer control information is split 16 ways (604), 

i.e., one for each input port, according to the 4 bits of input 
channel information. This serializes the control to the input 
channels of the Rx crossbars while also allowing the control 
information for Successive Subsegments to be distributed on 
Successive cycles even though Subsegments may take up to 16 
cycles to transmit. The control is repeated (606) to the corre 
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sponding input channel of the crossbar until the length of the 
Subsegment is reached (as determined by decrementing the 
length count). 
0.052 The inner control information is rippled through the 
output channel control of the Rx crossbar (608-0 through 
608-15). Successively connecting the designated input chan 
nel of the Rx crossbar to as many of the 16 output channels as 
are required to transmit the Subsegment to the Successive 
banks of the SRAM array (as indicated by the 4-bit length). 
Thus, the control of the Rx crossbar output channels is par 
allelized. As mentioned above, the control for the 16x16 TX 
crossbars is nearly identical except that it is the control for the 
input channels of the Tx crossbars which is parallelized and 
the control for output channels which is serialized. 
0053 A more detailed description of the nature of some 
exemplary RX and Tx ports for use with the present invention 
(e.g., ports 104 and 108 of FIG. 1) will now be provided with 
reference to FIGS. 7 and 8. As with other portions of the 
description, an Ethernet implementation is assumed for 
exemplary purposes, but should not be used to limit the scope 
of the invention. 
0054 FIG. 7 shows a simplified block diagram of the RX 
portion of a port including RX Ethernet port logic (EPL) 702, 
a synchronous block which presents the expected interface 
characteristics (as defined in the Ethernet specification) to the 
outside of the switch. Rx asynchronous port logic (APL) 704 
is, as the name implies, an asynchronous block which pro 
vides the appropriate portion of the incoming data from RX 
EPL 702 to scheduler 706 (operation of which is described 
below) and the frame control (not shown). For every subseg 
ment to be stored in the SRAM array 708, RX APL 704 
provides 8 bits of subsegment data (RXSS) to scheduler 706, 
6 bits encoding the length of the Subsegment (i.e., 1-64 bytes), 
an end-of-frame (EOF) bit, and an errorbit. The subsegment 
data are placed in FIFO 710 and are then stored in array 708 
in accordance with the control information from scheduler 
706. RX APL 704 also provides the first 16 bytes of every 
frame and the length and error flags (from the end of the 
frame) to the frame control (not shown) for use as will be 
described below. 

0.055 FIFO 710 is a “jitter” FIFO which has a couple of 
benefits. Because the crossbar(s) of the present invention are 
non-blocking, data do not back up into the Switch port logic 
(e.g., RX EPL 702). However, there may be a small wait time 
until arbitration permission is received. FIFO 710 provides 
buffering to absorb this latency. In addition, FIFO 710 allows 
data to be streamed into the shared memory array at the speed 
of the crossbar(s) rather than at the speed of the port logic, i.e., 
it decouples the operating speeds of the port logic and the 
crossbars. According to a specific embodiment, FIFO 710 
(which may be integrated with RX APL 704) can store an 
entire segment, thereby enabling cut-through operation of the 
shared memory. 
0056. It should again be noted that the various specific 
embodiments of the invention may be generalized beyond the 
specific implementation details described herein. For 
example, in the implementation discussed above with refer 
ence to FIG. 7, it should be understood that the asynchronous 
nature of RX APL 704 is not particularly significant. That is, 
RX APL 704 happens to be asynchronous in this particular 
embodiment. Rather, it should be conceptualized as the 
boundary of a generic Switch element designed according to 
the present invention which includes features such as variable 
packet storage, cut-through forwarding, fully provisioned 
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multicast, and egress tagging. By contrast, RX EPL 702 
merely gives an application specific context (i.e., Ethernet), a 
“protocol personality according to which Such a Switch may 
be implemented. Other interconnect technologies, e.g., Serial 
Rapid I/O, Advanced Switching, Infiniband, etc., would pro 
vide a different context which would result in different 
boundary element characteristics. Multiple personalities of a 
particular interconnect technology (e.g., multiple Ethernet 
personalities), as well as higher level processing (e.g., IP 
processing) may also be supported. 
0057 FIG. 8 shows a simplified block diagram of the Tx 
portion of a port. TX APL802 tracks the state of FIFO 804 and 
sends a “ready signal to scheduler 806 when there is room in 
FIFO 804 for another subsegment from SRAM array 808. 
Scheduler 806 provides 8 bits of subsegment data (TXSS) to 
counter 810, 6 bits for the length of the packet, an EOF bit, 
and an error bit. TX APL 802 does not start draining subseg 
ments from FIFO 804 until there are sufficient subsegments 
for the current frame in the FIFO to ensure that it doesn't "run 
dry.” This is ensured using counter 810 which asserts a “go' 
signal to TX APL 802 only after one of two conditions is 
satisfied; either when counter 810 completes its count or 
when the end-of-frame is detected. 
0058 According to a specific embodiment, counter 810 is 
reset for each frame using a programmable value received 
from scheduler 806. It should be noted that a register in the 
scheduler was chosen for architectural convenience. It will be 
understood that this value may be stored in a register any 
where in the system. According to various specific implemen 
tations, the counter value may take any one of a plurality of 
values depending on current or expected System conditions. 
0059. According to a specific embodiment, there are three 
different programmable values used which correspond to 
three different conditions. First, ifa frame is only 64 bytes, the 
counter value is Zero, i.e., the “go signal is asserted and TX 
APL 802 is immediately allowed to start draining FIFO 804 
(i.e., the frame is less than or equal to one Subsegment and 
there is no jitter by definition). Second, if the system is oper 
ating in 'store-and-forward” mode (i.e., transmission of a 
frame begins only after the entire frame has been received), 
the counter value is set such that the 'go' signal is asserted 
when Some number of Subsegments (e.g., four) are in the 
FIFO (e.g., the writing of the frame is one segment (256 
bytes) ahead of the reading). Finally, if the system is operating 
in “cutthrough” mode (i.e., transmission of a frame is allowed 
to begin before the entire frame has been received), the 
counter value is set such to twice the value for the store-and 
forward case as this case experiences the most jitter. Thus, 
because the scheduler has the information to determine 
whethera whole segment is present when it starts Scheduling, 
it can optimize which watermark to use. It will be understood 
that these values are merely exemplary, and any Suitable 
counter value(s) may be employed to tune system operation. 
0060 Counter 810 also receives notification of the end-of 
frame from EOF detector 812 which receives a copy of the 
subsegment data and asserts the EOF signal to counter 810 
when the end-of-frame is detected. In response to the EOF 
signal, counter 810 asserts the “go signal to TX APL 802 
(unless it has already been asserted based on the counter 
value). 
0061 According to a specific implementation, the frame 
control (not shown) also sends frame level information (i.e., 
egress tag packet processing) to TX APL802 (or EPL 816) for 
modifying the frame on its way out of the switch. This frame 
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level information (which may pass through scheduler 806) is 
sideband information required to transmit a frame and typi 
cally commands the TX APL or EPL to modify the frame 
header in Some way. For example, in an Ethernet implemen 
tation, this frame level information could include VLAN tag 
modification information. 

0062. If the RXSS error bit indicates an error, if the error 
can catch up to the frame before it begins transmission, i.e., 
the switch "knows' about the error before transmission 
begins, then the frame is silently discarded. This will always 
happen in Store-and-forward mode. However, in cut-through 
mode, this will only happen under some circumstances, e.g., 
switch congestion or short frames. If the TxSS error bit indi 
cates an error, a corrupted CRC is inserted in the frame (e.g., 
in the EPL). 
0063 As used herein, jitter” refers to any delay between 
Successive operations which is introduced by any of the arbi 
tration, serialization, and banking in the Switch element of the 
present invention. There are two main sources of jitter 
which are smoothed out by various features of the architec 
ture. A first source of jitter is due to the fact that the scheduler 
queries each port in sequence, but the interval between con 
secutive queries of the same port can vary dramatically, e.g., 
0-35 ns. A second and larger source of jitter is due to the fact 
that there is a fair amount of control channel buffering in the 
system to smooth out the “burstiness” of the datapath perfor 
mance. That is, although this buffering has the positive effect 
of smoothing out the system performance relative to such 
bursts, it is possible that this slack, when full, may introduce 
jitter into the system. 
0064. In this implementation, only payload data are kept in 
the shared memory array, while all other control information 
(e.g., headers) is kept in separate arrays in the control path 
(e.g., in the scheduler). One advantage of this approach is that 
the data in the array do not need to have additional parity bits 
because the frames already include a CRC. In addition, 
because the control information is typically manipulated in 
Some way and may vary in size, the exclusion of this infor 
mation from the datapath allows data to be stored in the array 
in a regular and efficient manner. Moreover, in designs which 
mix control and payload data in a shared memory array, it is 
possible, at high speeds, to build up a large back log of data 
before the Switch can determine what to do with the data. With 
at least Some of the designs of the present invention, this is 
avoided because the data and control paths are maintained in 
parallel, i.e., payload data are introduced into the array in 
parallel with parsing the control information. However, 
despite these advantages, embodiments of the invention are 
contemplated in which at least some control information is 
stored in the array with the payload data. For example, some 
level of locking could be implemented in the datapath to 
achieve lower fall through latency. 
0065. As mentioned above, the control signals for the 
datapath are generated from a single control stream (referred 
to herein as the array control channel) by a scheduler. The 
scheduler queries the ports, tracks the traffic through the 
Switch, and issues commands on the array control channel 
such that access to the SRAM array is interleaved fairly for all 
active Switch ports. If any port is given too many turns at 
accessing the array, traffic bottlenecks can develop on other 
ports. Therefore, according to a specific embodiment, the 
scheduler attempts to schedule access to the array in cyclic 
order, e.g., for a 24-port Switch the order would repeat 1-24. 
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As will be discussed, aparticular port may have to skip its turn 
if, for example, it hasn't aggregated Sufficient data to trans 
mit 
0066. A particular implementation of a scheduler for use 
with embodiments of the invention will now be described 
with reference to FIG.9. Scheduler 902 performs three main 
functions. Frame Scheduler 904 maintains and orders queues 
of frames to be transmitted through the datapath. According 
to one implementation, 100 queues (25 each for four priori 
ties) are used. However, this number is scalable and could be 
considerably larger (e.g., 200, 400, etc.) with substantially the 
same architecture. 

0067 Frame scheduler 904 tracks information on a per 
frame basis regardless of the size of the frames. Once a frame 
has been scheduled by Frame Scheduler 904, Subsegment 
Scheduler 906 schedules the individual subsegments within 
each frame. Memory Allocation block 908 takes care of 
memory allocation, i.e., determining where to start storing 
each frame in the shared memory array 910. 
0068 Scheduler 902 receives frame control information 
for a particular frame from frame control 912 on the Forward 
channel. A portion of the frame control information is written 
into Head Storage 914, and the rest of which proceeds down 
the pipeline shown to the right of Head Storage 914. Head 
storage 914 is not required in all implementations, but is used 
in this implementation to temporarily store portions of the 
frame control information which are not required to effect the 
scheduling functions of frame scheduler 904 (e.g., VLAN 
tagging data). This temporarily stored information is “picked 
up' again later prior to the functions in which it is utilized. 
This results in a savings in the sizes of the SRAM arrays in 
each of the blocks of the Frame Scheduler pipeline. That is, if 
all the data were copied into blocks 916, 922, etc., it would 
require more total storage. 
0069 Memory Allocation block 908 maintains a “free” 

list of each of the 4096 256 byte segments in shared memory 
array 910 which are not currently in use. In response to input 
from Memory Allocation block908, Head Storage914 places 
its portion of the frame control information in one of 4096 
slots in its own SRAM array (not shown), each slot corre 
sponding to one of the 4096 segments in shared memory array 
910. The designated slot corresponds to the location in the 
shared memory array in which the first segment of a frame is 
to be stored. If a frame is longer than one segment, Memory 
Allocation 908 provides a linked list of any additional seg 
ments required directly to Subsegment Scheduler 906. 
0070. The address of the frame “head” segment is the 
unique identifier for each frame in the system. The individual 
SRAM arrays (not shown) in each of RX Queues 916, Error 
Storage 918, and Subsegment Scheduler 906 also have 4096 
slots which have the same one-to-one correspondence with 
the 4096 segments in shared memory array 910. 
(0071. After Head Storage 914 receives the address from 
Memory Allocation block 908, the frame control information 
not stored in the Head Storage array propagates along the 
Frame Scheduler pipeline along with the address informa 
tion. If the frame is being transmitted in store-and-forward 
mode, the frame control information sits in a slot in Waiting 
Room 920 until notification is received that the entire frame 
has gotten into array 910 (e.g., as indicated by an EOF com 
municated from Subsegment Scheduler 906 via Error Storage 
918), at which point, the frame control information is for 
warded to RX Queues 916. Waiting room has one such slot for 
each RX port. If, on the other hand, the frame is being trans 
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mitted in cut-through mode, the frame control information 
proceeds to RX Queues 916 without being stored in Waiting 
Room 920. 

(0072 Rx Queues 916 and Tx Queues 922 include sets of 
queues in which the frame control information for each frame 
(referred to from this point forward simply as a “frame’) is 
queued up to await its turn for transmission to the designated 
Tx port(s). The queued up frames in RX Queues 916 include 
a destination mask which indicates to which port(s) the frame 
is to be transmitted. RX Queues 916 is fully provisioned in that 
it has a slot for each of the 4096 segments in array 910, 
including the destination mask information. 
0073 Tx Queues 922 is maintained separate from RX 
Queues 916 to facilitate multicast of frames, i.e., transmission 
of a frame from one Rx port to multiple Tx ports. Depending 
upon the approach to multicast replication chosen, different 
issues arise. For example, if replication occurs only after a 
frame reaches the head of RX Queues 916, there is no guar 
antee that all of the designated Tx ports will be available. On 
the other hand, if replication occurs in RX Queues, the queue 
array would need to be undesirably large in order to ensure 
that the queue is fully provisioned. Therefore, according to a 
specific embodiment of the invention, Tx Queues 922 is only 
fully provisioned for unicast. However, as will be discussed, 
this is more than sufficient to be able to handle a reasonable 
multicast requirement. 
0074 According to this embodiment, each frame in RX 
Queues 916 is copied into a slot in Tx Queues 922, with 
multicast frames being replicated for every port to which they 
are to be transmitted. Each entry in Tx Queues 922 indicates 
the single Tx port to which the frame is to be transmitted. To 
fully provision Tx Queues 922 for unicast, 4096 slots are 
provided to correspond with the maximum number of frames 
which can be stored in array910 at any given time. Unlike the 
array in RX Queues 916, these 4096 slots are not indexed to 
the segments in array 910. As a result, Tx Queues employs its 
own free list to allocate its slots to incoming frames. Main 
taining this free list separate from the Memory Allocation 
Block free list allows the multicast to be more efficient with 
memory. That is, only a small percentage of the frames in 
array 910 are likely to be multicast, so creating the second list 
allows a memory storage on the order of the actual multicast 
and not the worst case multicast. 

(0075. The 4096 slots in Tx Queues 922, although only 
fully provisioned for unicast, actually provide sufficient 
space to Support a significant multicast requirement because 
of the fact that the average frame is larger than the 256 bytes 
segment size in array 910. As a result, there will virtually 
always be many fewer than 4096 frames stored in the array at 
any given time. This means that a correspondingly large num 
ber of the 4096 slots in Rx Queues 916 are unused at any given 
time; a sufficiently high number Such that even if a significant 
number of the frames in Rx Queues 916 need to be replicated 
for multicast, the 4096 slots in Tx Queues are sufficient to 
hold them all. 
0076 According to a specific implementation, there is a 
credit based flow control mechanism between RX queues and 
Tx queues for the 4 fabric priorities. This allows Tx queues to 
reserve Some space (in the corner case where we would run 
out of space for TX queues because TX queues is not fully 
provisioned) for higher priority multi-cast. If TX queues were 
to fill up completely, then it would not result in packet drop, 
but the forwarding from Tx queues to RX queues would back 
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up, leading to a small amount of HOL blocking on multicast. 
This priority mechanism prevents HOL blocking of higher 
priority in that corner case. 
0077 According to a particular 24 port implementation 
(with an additional 25" port for the CPU), frames are trans 
mitted according to four different priorities, and Rx Queues 
916 has 100 queues organized by RX port and priority, i.e., one 
queue for each RX port per priority. Tx Queues 922 also has 
100 queues, but organized by Tx port and priority. Thus, for 
example, if Tx Queues 922 runs out of space for a given 
priority, multicast frames for a different priority can still be 
forwarded. 

0078. It should be noted that the size of Tx Queues 922 
may be larger or Smaller for various implementations. For 
example, in this implementation a 4096 slot array was chosen 
because it fully provisions unicast. Alternatively, additional 
margin against statistically unlikely events may also be pro 
vided by increasing the number of slots in Tx Queues 922. In 
addition, given that Rx Queues 916 is unlikely to ever be 
completely full, even if Tx Queues 922 becomes full due to a 
burst of multicast traffic, the unused slots in RX Queues 916 
would still make it unlikely that the system would stall. 
0079. When Subsegment Scheduler 906 needs a new 
frame for a particular Tx port, it queries Qcache 924 as to 
whether a frame is available for that port. Qcache 924 returns 
a "yes/no answer. If the answer is “yes,” Qcache 924 also 
transmits to Subsegment Scheduler 906 the frame control 
information stored in Tx Queues 922 along with the addi 
tional information originally left in Head Storage 914 when 
the frame entered Frame Scheduler 904. Qcache 924 is main 
tained separately from Tx Queues 922 in order to be able to 
keep up with the requests from Subsegment Scheduler 906 
which may come in at speeds that Tx Queues 922 might not be 
able to keep up with. 
0080 According to one embodiment, the forwarding of a 
frame involves a request from subsegment scheduler906, and 
then the forwarding of frame information stored in Tx Queues 
and Head storage 914. This interaction must happen at a 
frame rate of 360 MHz in a fully provisioned 24 port switch. 
However, the complexity of the computation and the interac 
tion with large memories in 906, 914, and 922 is hard to 
achieve in 0.13 um CMOS. Therefore, Qcache 924 is intro 
duced to shorten this latency loop. Qcache stores the “top of 
queue' for 100 queues, which equals ports times priorities. 
When Subsegment scheduler queries Qcache, it selects the 
priority (see egress scheduling algorithm) and it furnishes the 
top of queue information to 906. Otherwise, it responds with 
no eligible frames on that queue, and 906 may move on two 
the next port. Once it has sent on this information, that queue 
becomes empty. This state is reported Tx Queues 922 which 
then arranges for the next frame in that port-priority queue to 
be sent to Qcache from Head Storage 914 and Error Storage 
918. This effectively gives two cycles to bring information 
out of 914,918, and 922, instead of just one. 
0081. According to various embodiments, the architecture 
of the present invention Supports strict priority and weighted 
round robin egress Scheduling algorithms. According to a 
specific implementation, QCache determines eligibility from 
Head Storage, i.e., there is a frame to send at the head of any 
of the port-priority queues. It receives port availability infor 
mation from the Subsegment Scheduler. It maintains credit 
information for all of the priorities within a port. It can then 
calculate any of a number of different scheduling algorithms 
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locally and efficiently. The architecture scales for many new 
algorithms to be added by a modest modification to Qcache. 
I0082. According to a specific embodiment, egress sched 
uling is performed in Qcache 924 based on the egress sched 
uling algorithm and information from Subsegment Scheduler 
906 and the per port flow control. If the frame is eligible (i.e., 
it is ready for transmission because the frame is to be for 
warded in cut-through mode and 64 bytes of the frame have 
been stored in shared memory array 910, or the frame is in 
store-and-forward mode and the entire frame has been stored 
in the shared memory array) and the port is not flow con 
trolled, then it enters the egress scheduling algorithm. Sched 
uling is implemented in a loop to increase the efficiency of the 
pipelined circuitry in Qcache 924. A large number of standard 
scheduling algorithms may be implemented efficiently in this 
architecture, for example strict priority and weighted round 
robin. In addition the per port flow control information could 
have priority information in it, enabling the Switch element to 
respond to priority based flow control. 
I0083. According to a specific embodiment, Qcache 924 
has 100 slots, each for storing the frame at the head of each of 
the 100 queues in Tx Queues 922. That is, Qcache 924 can 
store up to four frames for each port, each frame having one 
of the four different priorities. When Subsegment Scheduler 
906 requests a frame for a particular Tx port, Qcache 924 
sends a frame for that port if it has one in one of the four 
queues for that port. When Qcache 924 empties one of its 100 
queues, it sends a request to Tx Queues 922 for the next frame 
in the corresponding one of its 100 queues. This is a particu 
larly scalable aspect of this architecture. 
I0084 Assuming that Tx Queues 922 has a frame in that 
queue, it sends that entry to Qcache 924, but not directly. 
Rather, Tx Queues 922 sends the frame to Head Storage 914 
to pick up the information for that frame stored in Head 
Storage 914 when the frame originally came into the sched 
uler. The complete frame control information is then sent to 
Qcache 924 for storage in the appropriate slot. 
I0085. As discussed above, Subsegment Scheduler oper 
ates in a loop in which it queries the Switch ports in Succession 
as to whether each has something to transmit. According to a 
specific embodiment, Subsegment Scheduler 906 is explic 
itly disallowed to request a new frame for a particular port 
from Qcache 924 on successive passes through the loop. This 
smoothes out the burstiness in Subsegment Scheduler 906 
and SRAM array 910 which would otherwise be associated 
with beginning a new minimum-size (i.e., 64 byte) frame on 
every cycle. This in turn reduces the amount of buffering 
required as well as the jitter caused by Such bursts. 
I0086 According to a specific embodiment, the entry 
stored in Qcache may also include error information for the 
frame received from Error Storage 918. The purpose of Error 
Storage 918 is to facilitate suppression of frames with errors 
when operating in Store-and-forward mode. If a frame has 
come into the array completely, Error Storage 918 stores an 
error bit indicating whether the Rx port by which the frame 
arrived marked it with an error. This mechanism allows the 
error information of a frame to be propagated from the end of 
the frame to the beginning of the frame. This information is 
then used by Subsegment Scheduler 906 to facilitate suppres 
sion of the frame. 
I0087. If, on the other hand, the system is operating in 
cut-through mode, transmission of the frame may already 
begun before the EOF has been received. In such a case, the 
error information received by Subsegment Scheduler 906 (TE 
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in FIG. 9) is simply passed to the Tx port for egress tag 
processing. According to a specific embodiment, if a frame 
being transmitted in cut-through mode is determined to be 
bad, the frame's CRC may or may not be negated depending 
upon the nature of the error. If the error is a result of the CRC 
itself being bad, then the frame is allowed to go out with the 
same CRC. Alternatively, if the error corresponds to some 
thing else in the frame, the CRC is negated before the frame 
goes out, e.g., in the TX port. 
0088. As mentioned above, the error bits stored in Error 
Storage 918 allow the Subsegment Scheduler to facilitate 
frame Suppression in Store-and-forward mode. However, if 
frame transmission begins before the EOF has been received, 
(e.g., as in cut-through mode), the information in Error Stor 
age 918 should be ignored. Therefore, according to a specific 
embodiment, a locking mechanism is provided which detects 
whether Error Storage 918 is being read for a particular frame 
before the error bits for that frame have been written. 
0089. One way to implement such a locking mechanism is 

to provide an error bit and a validity bit in Error Storage 918. 
The validity bit would start out as invalid. When the EOF 
comes in with the error information, the errorbit would be set 
accordingly and the validity bit would be set to valid to 
indicate that the error information is current. Then, when 
Subsegment Scheduler 906 reads a frame from Qcache 924, it 
would look at the validity bit to determine whether or not to 
ignore the error bit. 
0090 However, such an approach requires that the validity 

bit be set and then reset between frames. In the embodiment 
described above in which frames are being written at the 
equivalent of 300 MHz, the error bit is also written at the 
equivalent of 300 MHz and then read at the same rate. Reset 
ting of the validity bit would also need to match this rate, 
posing a difficult design problem. Thus, it is desirable to avoid 
this additional speed requirement. 
0091. According to a particular implementation, the polar 

ity of the validity bit is employed to determine whether the 
associated error information is valid. That is, each time the 
validity bit is used, it is toggled to the opposite state. This is 
then compared with the “polarity” of the frame (actually the 
first segment of the frame) to determine whether the error bit 
is valid. The polarity of the frame is represented by a polarity 
bit in the free list entry in Memory Allocation block 908 
which corresponds to the first segment of the frame. 
0092. The free list entry for each frame also includes a 
second polarity bit which is employed by Subsegment Sched 
uler 906 to ensure that reading of subsegments does not begin 
before they are written to the array. According to one embodi 
ment, the implementation of this is a straight forward locking 
mechanism. If for any of the 4 Subsegments per each segment 
stored in the memory, the locking bits stored in the Subseg 
ment scheduler do not match the same polarity as was 
recorded in the free list, then the data have not yet been 
written into the array, and subsegment scheduler will wait for 
it before scheduling that data. By using this locking mecha 
nism, only a few bits per frame in the Subsegment scheduler 
need to operate at the Subsegment rate. This rate is twice the 
frame rate, and allows the Switch to perform cut-through on 
64 byte Subsegments, leading to a very low latency Switch. 
0093. As mentioned above, Subsegment Scheduler 906 
“loops through all of the switch ports, servicing both the RX 
and TX portions of each port in turn. In a specific implemen 
tation, Subsegment Scheduler 906 includes a 4096 slot 
SRAM which is indexed by the 4096 segments in array 910. 
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The array in Subsegment Scheduler 906 is organized by seg 
ment, storing linked lists of segments, padding information 
which indicates how many bytes are valid in the last Subseg 
ment of a segment, and a reference count, the use of which is 
described below. 
0094. According to some embodiments, while most of the 
SRAM arrays in the switch architecture are implemented as 
single-ported arrays, the SRAM array in Subsegment Sched 
uler 906 is implemented as a dual-ported SRAM to provide 
Sufficient margin for the required read and write speeds. 
According to one such embodiment, the SRAM array in 
Subsegment Scheduler 906 is implemented as a dual-ported 
10T SRAM array as described in U.S. patent application Ser. 
No. 10/890,816 (Attorney Docket No. FULCP008), the entire 
disclosure of which is incorporated herein by reference for all 
purposes. 
0.095 When the first subsegment of a frame comes into 
array 910 it is written at the segment address picked by 
Memory Allocation 908 and HeadStorage914. Because there 
is no constraint on whether the first subsegmentarrives before 
or after the frame control information on the Forward Chan 
nel is available to Scheduler 902, the segment address allo 
cation effected by Memory Allocation 908 and Head Storage 
914 occurs one frame ahead, i.e., is “pre-allocated.” for each 
port. 
0096. That is, when the system is initialized, Memory 
Allocation 908 provides a beginning segment address to Head 
Storage 914 for each port (e.g., 25 different segment 
addresses for the 25 port embodiments discussed above). 
Head Storage 914 then provides these segment address point 
ers to Subsegment Scheduler 906 so that Subsegment Sched 
uler 906 has a starting segment allocated for each port before 
any frames are received. Thus, when the first subsegment for 
a frame is received on a particular RX port, Subsegment 
Scheduler 906 can already read the pre-allocated segment 
address for that Rx port. When Head Storage 914 receives the 
frame control information on the Forward channel and uses 
the pre-allocated address as described above, it also gets 
another pre-allocated address from Memory Allocation 908 
to present to Subsegment Scheduler 906 for that Rx port. 
(0097. Segments in SRAM array 910 are freed for reuse 
(i.e., placed back in the free list in Memory Allocation 908) 
when their data are sent out to a Tx port. However, when 
segments of a particular frame are discarded, they are not sent 
to a TX port, so another mechanism must be provided to free 
those addresses. One such mechanism uses a special discard 
Tx unit which spools the addresses back to the free list as if the 
discarded segments had been transmitted to that "port.” 
0098. According to a second implementation, Head Stor 
age 914 provides a discard bit to Subsegment Scheduler for 
each RX port which indicates whethera frame received on that 
port is going to be discarded. This discard bit is derived from 
the frame control information sent on the Forward channel 
which includes a destination mask of all Zeros. Because the 
first segment for a particular frame has already been allocated 
as described above, the first four subsegments received for a 
frame (regardless of whether or not the frame has been 
marked for discarding) are written to the allocated segment. 
After some number (e.g., 3 or 4) of the Subsegments of the 
first segment have been received (providing Sufficient time to 
allow the discard bit to be set), Subsegment Scheduler 906 
reads the discard bit provided by Head Storage 914 to deter 
mine whether further segments in array 910 should be allo 
cated for this frame. Subsegment Scheduler 906 then 
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acknowledges this discard with a completion signal sent back 
to Head Storage 914. This prevents a future frame from being 
scheduled that would use the same address. The acknowl 
edgement scheme prevents a race condition. 
0099. Also there is a similarlocking issue with the polarity 

bit in Error Storage 918 as represented by the arrows from 
Error Storage 918 to Waiting Room, and then from Waiting 
Room 920 to Head Storage 914. Because the polarity bit 
scheme is challenging in the case of frame discard, it is 
important to ensure that the “wrong polarity is written into 
the pointer data so that on the next frame the polarity is valid. 
These loops and this locking mechanism achieve this result. 
0100. If the discard bit indicates that the frame is to be 
discarded, no further segments are allocated for that frame. 
Rather, the first segment which has already been allocated is 
simply reused with Subsequent Subsegments being written 
over the previously received subsegments for that frame. 
Thus, only a single segment in array 910 gets allocated for a 
frame which is going to be discarded. When the writing to that 
segment for the frame to be discarded is complete, that seg 
ment is used as the pre-allocated segment for that port for the 
next frame. In this way, a separate mechanism for freeing up 
a segment is not required. 
0101. As mentioned above, for frames which are not dis 
carded, the segments in array 910 used to store the subseg 
ments of that frame are freed for reuse as the contents of each 
segment are transmitted to a TX port. However, if a frame is 
being multicast, its segments should not be freed after trans 
mission to a single TX port. That is, the segments should only 
be freed upon transmission to the final Tx port to which the 
frame is being multicast. Therefore, a reference count is 
maintained which tracks whether the frame has been trans 
mitted to the requisite number of Tx ports. 
0102 This count could be determined for each segment 
from, for example, the destination mask received by Head 
Storage 914 via the Forward channel. That is, each time 
Subsegment Scheduler 906 facilitates transmission of a par 
ticular segment to a TX port, it could notify Memory Alloca 
tion 908 which could then decrement the count. When the 
reference count reached Zero, Memory Allocation 908 could 
then return the segment to the free list. 
0103) Given the performance requirements of these cir 
cuits, implementing the reference count in this manner could 
be difficult for much the same reasons as discussed above 
with reference to the error and validity bits. This would be 
particularly true for the unicast case in which the reference 
count would need to be written twice and read once. There 
fore, according to a particular implementation, advantage is 
taken of the fact that whenever a free segment is allocated it is 
known that its current reference count is at Zero, i.e., in order 
for the segment to be on the free list, its reference count must 
be Zero. And instead of bringing the reference count up to the 
ports and then decrementing by one until Zero is reached, this 
embodiment takes advantage of modulo arithmetic and the 
fact that a finite-bit-size counter is employed to reach the 
same result. 
0104 That is, each time the contents of a segment are 
transmitted to a Tx port, a number is added to the reference 
count such that when the port count is reached, the reference 
count wraps back around to zero. The number added to the 
reference count for all but one of the ports to which a segment 
is transmitted is 1. The number representing transmission to 
the remaining port is whatever is needed to get the counter 
back to zero. Thus, when the number for all of the ports have 
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been added to the reference count (i.e., when the segment has 
been transmitted to all of the intended ports), the count wraps 
around to Zero, indicating that the segment may be returned to 
the free list. In the unicast case, the number can either be zero 
or, alternatively, the total count for the counter, e.g., 64 for a 
6-bit counter. 
0105. The numbers to be added to the reference count are 
determined at the time of multicast replication between RX 
Queues 916 and Tx Queues 922. That is, when RX Queues 916 
is doing the multicast replication, it determines the necessary 
reference count contributions with reference to the destina 
tion bit mask, and includes these numbers with the Tx Queues 
entries. So, for each entry in Tx Queues, there is a reference 
count contribution number which is provided to Subsegment 
Scheduler 906 via Qcache 924 as described above, and even 
tually to Memory Allocation 908. 
0106 A second mechanism for discarding frames will 
now be described. The frame discard mechanism described 
above relies on information received from the frame control 
which indicates that a frame is to be discarded. However, 
there are other cases in which a frame may need to be dis 
carded that will not be indicated in the frame control infor 
mation. For example, a frame may have an error as indicated 
by the EOF which typically does not come in before the frame 
control information. As described above, such an erroris only 
made apparent when the frame entry is in Qcache 924. 
0107. In addition, the Ethernet spec imposes a time out 
requirement which specifies a maximum time that a frame is 
allowed to “live' in the switch. When that time is exceeded 
(e.g., as a result of a port asserting the Pause control to Qcache 
924 or bursts of high priority traffic stalling lower priority 
traffic), the frame must be discarded. In a specific embodi 
ment, when a frame comes into Head Storage 914, it receives 
a time stamp which Qcache uses to determine if any of the 
frames in its slots have become stale. 

0108. In any case, when it is determined that a frame in 
Qcache 924 should be discarded, Subsegment Scheduler 906 
discards these frames. 
0109. It should be noted that segments in array 910 are 
typically returned to the free list in Memory Allocation 908 
only after all of the subsegments have been transmitted to the 
Tx port. However, when a frame is discarded by this mecha 
nism, the entire first segment which had been allocated can be 
discarded at once. If successive frames are discarded, this can 
result in segments being freed at a rate faster than that for 
which Memory Allocation 908 is provisioned. Therefore a 
FIFO 926 and throttling mechanism is provided between 
Subsegment Scheduler 906 and Memory Allocation 908 to 
deal with this condition. 
0110. When a token is sent from Subsegment Scheduler 
906 to Memory Allocation 908 as a result of a successfully 
transmitted segment to one or more TX ports, it is inserted into 
FIFO 926 unconditionally. However, when the token is being 
sent because a frame was discarded, Subsegment Scheduler 
906 queries FIFO 926 to determine whether there is room in 
the FIFO to receive the token. If so, the token is transmitted to 
FIFO 926. If not, then Subsegment Scheduler 906 waits until 
the next time through the loop (i.e., the next time it is servic 
ing the port for which the frame was originally intended) to 
query FIFO 926 again. This continues until FIFO 926 has 
room. Eventually, the token reaches Memory Allocation 908 
and the corresponding segment is returned to the free list. 
0111 Memory Allocation 908 reports status information 
on the channel “Status' from the scheduler to frame control 
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912 for the processing of congestion management policies. 
The frame processor may use this information to centralize 
the computation of complex congestion management policies 
in an efficient manner. This further allows the forwarding 
information from 912 to 914 to include the results of the 
congestion management processing. Such processing may 
include, weighted random early discard, tail discard, the gen 
eration of TX (or egress) pause signals to neighboring 
Switches, the generation of explicit congestion notification, 
either forward or backward, and other forms of congestion 
management. While the memory allocation of shared 
memory array 910 uses 256 Byte segments, the status may be 
reported based on any other fundamental segment size. For 
example one implementation uses a 1024 byte segment size to 
reduce the event rate of the status channel. 
0112 According to some implementations, frames are 
associated with multiple logical queues. Each queue does not 
need reserved physical memory, and a frame may be associ 
ated with multiple queues provided that 1) the ingress cross 
bar is non-blocking, 2) the congestion management calcula 
tions are applied while the frames are stored in the shared 
memory, and 3) ordering is maintained for data within a frame 
by the linked list, and 4) for frames within each egress sched 
uling queue by 922 and 924. All of these conditions are 
required to allow multiple queue association in the specific 
implementation shown. 
0113 Associating the frames with multiple queues allows 
a rich set of congestion management processing without any 
replication of data in shared memory 910. In one possible 
implementation, a new frame is associated with an RX Porton 
ingress through the crossbar, a TX port once the forwarding 
information has been received from 912, and with the total 
memory. Frame control 912 may contain many watermarks 
for congestion management processing against which the 
status information is checked. In particular, it may include a 
notion of a private allocation for each port, and then create a 
“shared pool' value as the total memory minus the sum of 
each port's private memory. RX port status above the RX 
private watermark contributes to the shared pool, and then it 
contributes the difference. 
0114. Another implementation could generate status 
information based on the priority with which each frame is 
associated, and use that for congestion management process 
ing based on either port priority or a global priority as well, 
that is the sum of every port's packets of the same priority 
within the switch. 

0115 While the invention has been particularly shown and 
described with reference to specific embodiments thereof, it 
will be understood by those skilled in the art that changes in 
the form and details of the disclosed embodiments may be 
made without departing from the spirit or scope of the inven 
tion. For example, embodiments of the invention have been 
described herein with reference to the Ethernet specification. 
However, it will be understood that the basic principles of the 
invention may be employed to implement switch fabric archi 
tectures in a variety of contexts. That is, the present invention 
may be implemented for virtually any protocol or intercon 
nect technology including, for example, Ethernet, Serial 
Rapid I/O. Advanced Switching, any streaming protocol 
(e.g., TDM, SPI-4), any higher layer protocol (e.g., TCP/IP), 
and any application tunneling one protocol over another (e.g., 
Hypertransport over Ethernet). 
0116. In addition, although various advantages, aspects, 
and objects of the present invention have been discussed 
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herein with reference to various embodiments, it will be 
understood that the scope of the invention should not be 
limited by reference to Such advantages, aspects, and objects. 
Rather, the scope of the invention should be determined with 
reference to the appended claims. 

What is claimed is: 
1. A shared memory, comprising: 
a plurality of receive ports characterized by a maximum 

port data rate; 
a plurality of transmit ports characterized by the maximum 

port data rate; 
a memory array comprising a plurality of memory banks, 

operation of the memory array being characterized by a 
second data rate; 

non-blocking receive crossbar circuitry configured to con 
nect any of the receive ports with any of the memory 
banks; 

non-blocking transmit crossbar circuitry configured to 
connect any of the memory banks with any of the trans 
mit ports; 

buffering configured to decouple operation of the receive 
and transmit ports at the maximum port data rate from 
operation of the memory array at the second data rate; 
and 

scheduling circuitry configured to control interaction of the 
ports, crossbar circuitry, and memory array to effect 
storage and retrieval of frames of data in the shared 
memory, each of the frames of data comprising one or 
more data segments, wherein the scheduling circuitry is 
configured to sequentially query the plurality of ports for 
the frames of data, and arbitrate among a Subset of the 
ports having the frames of data to assign starting loca 
tions in the memory banks such that the shared memory 
is fully provisioned for all of the ports simultaneously 
operating at the maximum port data rate. 

2. The shared memory of claim 1 wherein operation of the 
receive and transmit crossbar circuitry is characterized by a 
third data rate, and wherein the buffering includes first buffers 
between each receive port and the receive crossbar circuitry, 
and second buffers between each transmit port and the trans 
mit crossbar circuitry, the first and second buffers being con 
figured to decouple operation of the receive and transmit ports 
at the maximum port data rate from operation of the receive 
and transmit crossbar circuitry at the third data rate. 

3. The shared memory of claim 2 wherein each of the first 
buffers are configured to store an entire segment of a frame. 

4. The shared memory of claim 2 wherein each of the 
second buffers accounts for all jitter through the shared 
memory. 

5. The shared memory of claim 1 wherein operation of the 
receive and transmit crossbar circuitry is characterized by a 
third data rate, and wherein the buffering includes first buffers 
between the receive crossbar circuitry and each of the 
memory banks, and second buffers between the transmit 
crossbar circuitry and each of the memory banks, the first and 
second buffers being configured to decouple operation of the 
memory array at the second data rate from operation of the 
receive and transmit crossbar circuitry at the third data rate. 

6. The shared memory of claim 1 wherein the scheduling 
circuitry is configured to control the receive crossbar circuitry 
to transmit each Successive word of each data segment via 
Successive output ports of the receive crossbar circuitry. 
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7. The shared memory of claim 6 wherein an arbitration 
decision is made by the receive crossbar circuitry only once 
per data segment. 

8. The shared memory of claim 1 wherein the scheduling 
circuitry is configured to control the transmit crossbar cir 
cuitry to receive each Successive word of each data segment 
via Successive input ports of the transmit crossbar circuitry. 

9. The shared memory of claim 8 wherein an arbitration 
decision is made by the transmit crossbar circuitry only once 
per data segment. 

10. The shared memory of claim 1 wherein the scheduling 
circuitry is configured to assign each starting location for 
each frame either pseudo-randomly or deterministically. 

11. The shared memory of claim 10 wherein assigning each 
starting location for each frame is done deterministically, the 
starting locations being selected in a linear order. 

12. The shared memory of claim 10 wherein assigning each 
starting location for each frame is done deterministically, the 
starting locations being selected according to a least-recently 
allocated algorithm. 

13. The shared memory of claim 1 wherein each of the 
receive crossbar circuitry and the transmit crossbar circuitry 
comprises a plurality of crossbars arranged in a plurality of 
Stages. 

14. The shared memory of claim 13 wherein the plurality of 
crossbars of the receive crossbar circuitry comprises a plural 
ity of input crossbars, and wherein each of the receive ports of 
the shared memory is associated with one of the input cross 
bars. 

15. The shared memory of claim 14 wherein the plurality of 
input crossbars comprises two input crossbars of equal size, 
and wherein half of the receive ports is associated with each 
of the input crossbars. 

16. The shared memory of claim 13 wherein the plurality of 
crossbars of the transmit crossbar circuitry comprises a plu 
rality of output crossbars, and wherein each of the transmit 
ports of the shared memory is associated with one of the 
output crossbars. 

17. The shared memory of claim 16 wherein the plurality of 
output crossbars comprises two output crossbars of equal 
size, and wherein half of the transmit ports is associated with 
each of the output crossbars. 

18. The shared memory of claim 13 wherein the receive 
crossbar circuitry comprises at least one input crossbar hav 
ing an input associated with each of the receive ports and an 
output associated with each of a plurality of subsets of the 
memory banks in the memory array, the receive crossbar 
circuitry further comprising a plurality of Subset crossbars, 
each of which is associated with at least one of the subsets of 
memory banks in the memory array and is configured to 
connect at least one of the input crossbar outputs with the 
memory banks in the associated Subset. 

19. The shared memory of claim 13 wherein the transmit 
crossbar circuitry comprises at least one output crossbar hav 
ing an output associated with each of the transmit ports and an 
input associated with each of a plurality of subsets of the 
memory banks in the memory array, the transmit crossbar 
circuitry further comprising a plurality of Subset crossbars, 
each of which is associated with at least one of the subsets of 
memory banks in the memory array and is configured to 
connect at least one of the output crossbar inputs with the 
memory banks in the associated Subset. 

20. The shared memory of claim 1 further comprising 
receive port logic associated with each receive port which is 
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configured to separate control information from the data seg 
ments for use by the scheduling circuitry in effecting storage 
of the data segments in the memory array. 

21. The shared memory of claim 20 further comprising 
transmit port logic associated with each transmit port which is 
configured to recombine the control information with the data 
segments for transmission on the associated transmit port. 

22. The shared memory of claim 20 wherein the control 
information comprises all control information associated 
with the data segments, and wherein only payload data asso 
ciated with the data segments are stored in the memory array. 

23. The shared memory of claim 20 wherein at least some 
of the control information is stored in the memory array along 
with payload data associated with the data segments. 

24. The shared memory of claim 23 wherein the control 
information encodes a length for the associated data segment, 
and includes an end-of-frame bit and an errorbit. 

25. The shared memory of claim 1 further comprising 
frame control circuitry which is configured to provide frame 
level processing for each of the frames, wherein the receive 
and transmit crossbar circuitry, the memory array, at least 
Some of the buffering, the scheduling circuitry, a first portion 
of each of the receive and transmit ports, and a first portion of 
the frame control circuitry comprise asynchronous circuitry 
which operates in an asynchronous domain, and wherein a 
remaining portion of each of the receive and transmit ports, 
and a remaining portion of the frame control circuitry com 
prise synchronous circuitry which operates in a synchronous 
domain. 

26. The shared memory of claim 25 wherein the synchro 
nous circuitry of the shared memory enables the shared 
memory to operate as a synchronous block in a synchronous 
system. 

27. The shared memory of claim 1 wherein each data 
segment comprises one or more Sub-segments, and wherein 
the scheduling circuitry is configured to facilitate egress 
scheduling for the first frame in a cut-through mode of opera 
tion in response to storage of a first Sub-segment of the first 
data segment of the first frame. 

28. The shared memory of claim 27 wherein each data 
segment comprises 256 bytes and each sub-segment com 
prises 64 bytes. 

29. The shared memory of claim 1 wherein the scheduling 
circuitry is configured to facilitate processing of frames of 
variable length. 

30. The shared memory of claim 29 wherein the scheduling 
circuitry is configured to facilitate operation of the shared 
memory in each of a store-and-forward mode and a cut 
through mode. 

31. The shared memory of claim 1 wherein the scheduling 
circuitry is configured to facilitate storage of the first data 
segment to the memory array and retrieval of a second data 
segment from the memory array Substantially simulta 
neously, the first and second data segments being unrelated. 

32. The shared memory of claim 31 wherein the scheduling 
circuitry is configured to generate independent control 
streams for the receive and transmit crossbar circuitry. 

33. The shared memory of claim 32 wherein each of the 
receive and transmit crossbar circuitry comprises two inde 
pendent crossbars, one of the independent control streams 
being associated with each. 

34. The shared memory of claim 1 wherein the receive 
crossbar circuitry comprises a plurality of input channels and 
a plurality of output channels, and wherein the transmit cross 
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bar circuitry comprises a plurality of input channels and a 
plurality of output channels, the scheduling circuitry being 
configured to serialize control data for the input channels of 
the receive crossbar circuitry and the output channels of the 
transmit crossbar circuitry, and to parallelize control data for 
the output channels of the receive crossbar circuitry and the 
input channels of the transmit crossbar circuitry. 

35. The shared memory of claim 1 wherein the buffering 
includes an egress buffer associated with each of the transmit 
ports, each transmit port being configured to wait to receive 
data segments of a second frame from the associated egress 
buffer until a particular number of the data segments of the 
second frame have been stored in the egress buffer. 

36. The shared memory of claim 35 wherein the particular 
number is determined with reference to the maximum port 
data rate. 

37. The shared memory of claim 35 wherein each transmit 
port is also configured to begin receiving the data segments of 
the second frame when one of the data segments stored in the 
associated egress bufferindicates an end of the second frame. 

38. A Switch having a Switching protocol associated there 
with, the Switch comprising a shared memory, the shared 
memory comprising: 

a plurality of receive ports characterized by a maximum 
port data rate; 

a plurality of transmit ports characterized by the maximum 
port data rate; 

Dec. 23, 2010 

a memory array comprising a plurality of memory banks, 
operation of the memory array being characterized by a 
second data rate; 

non-blocking receive crossbar circuitry configured to con 
nect any of the receive ports with any of the memory 
banks; 

non-blocking transmit crossbar circuitry configured to 
connect any of the memory banks with any of the trans 
mit ports; 

buffering which is configured to decouple operation of the 
receive and transmit ports at the maximum port data rate 
from operation of the memory array at the second data 
rate; and 

scheduling circuitry configured to control interaction of the 
ports, crossbar circuitry, and memory array to effect 
storage and retrieval of frames of data in the shared 
memory, each of the frames of data comprising one or 
more data segments, wherein the scheduling circuitry is 
configured to sequentially query the plurality of ports for 
the frames of data, and arbitrate among a Subset of the 
ports having the frames of data to assign starting loca 
tions in the memory banks such that the shared memory 
is fully provisioned for all of the ports simultaneously 
operating at the maximum port data rate. 

39. The switch of claim 38 wherein the switching protocol 
comprises Ethernet. 


