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(57) Abréegée/Abstract:

A ring network architecture includes multiple communication nodes configured in a ring. Wave pipelining Is used to provide for high
bandwidth and low latency on-chip communications. Each node implements a source-synchronized clocking scheme, such that
there Is no need to build an extensive low skew clock-tree across a large die area. A single reference clock signal is generated
within a root node, and Is routed through each of the nodes of the ring network in a unidirectional manner. Each node includes a
timestamp counter and a color bit register, which store values that enable the node to resolve ordered transaction messages issued
by the other nodes In a precise order, even though the nodes are operating independently, and receive the various transaction
messages In totally different timing orders. Because the control logic Is distributed among the nodes, no centralized controller Is
necessary.
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DISTRIBUTED CONTROL SYNCHRONIZED RING NETWORK ARCHITECTURE

Related Applications

[0001] This application claims priority to U.S. Patent
Application 15/816,235 entitled “Distributed Control

Ssynchronized Ring Network Architecture”, which was filed on

November 17, 2017, and which claims priority to U.S.
Provisional Patent Application 62/425,792, entitled

AN

Distributed Control Synchronized Ring Network Architecture”,

which was filed on November 23, 2016, and 1s 1ncorporated by

reference herein.

Field of the Invention

[0002] The present 1nvention relates to an 1mproved ring

network architecture for achieving high bandwlidth and low

latency on-chip communications.

Related Art
[0003] A conventilional semilconductor chip may 1nclude an
extensive low-skew clock tree that distributes a global clock

pre—— pre——

signal to each of a plurality of circult blocks fabricated on

—
e

the chip. The clock tree 1s designed to ensure that each of

—

the plurality of circult blocks receives the same 1nput clock

pre——

signal as each of the other circuit blocks. Implementing such

a global clock tree reqguires extensive layout (die) area and a
relatively complex 1nterconnect structure (to enable polnt-to-
polnt communication, broadcast communication, arbitration and

synchronization). Pilpeline stages are 1ncluded along the

lnterconnect structure to mailntalin a minimum delay. In

addition, a centralized controller 1s required to establish
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pre——

and control the global clock tree. As a result of these

structures, the global clock tree consumes a significant

pre——

amount of power.

[0004 ] Desplite the above-described controls, clock skew may

eventually degrade the performance of the global clock tree.

pre——

The variance of the physical distance among all the

communication agents makes eliminating this clock skew

difficult.

[0005] It would therefore be desirable to have an i1mproved

method and structure for i1mplementing clock synchronilization on

a semlconductor chip. It would be desirable for this improved

—

method and structure to be capable of providing high

frequency, low latency operation on a semlconductor chip,

wlthout requlring a centralized controller. It would further

be desirable for this Improved method and structure to have a

simply physical Implementation, which does not regulre the use

—

of a low-skew, high power consumption clock tree over a large

—

area of the semiconductor chip.

SUMMARY
[0006] Accordingly, the present 1nventilon provides a ring

network architecture, whereln multiple communication nodes are

configured 1n a ring. The ring network architecture uses wave

plpellining to provide for high bandwldth and low latency on-

chip communications. A very high operating frequency can be

pre——

achieved using the ring network architecture of the present

pre——

lnvention. For example, assume each of the communication

pre——

nodes 1ncludes node logic for forwarding messages on the ring

network, whereln the node logilc 1ncludes less than 12 levels

— —
-

of logic with a fan-out of four (FO4), wilith each logic gate

having a 100 picosecond (ps) gate delay. In this case, the
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pre—— pre——

of providing data transfer
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pre——

che present

frequenciles oO:

considering wire delays between nodes.

[0007] In accordance wlith one embodiment, each of

—

pre——

PCT/US2017/062627

invention 1s

capable

o GHz or more, even

—

the nodes

of the ring network Implements a source-synchronized clocking

scheme, such that there 1s no need to build an extensive low

skew clock—-tree across a large die area.

logic 1s distributed among the nodes,

controller 1s necessary.

The required control

such that no centralized

The clocking and control schemes

pre——

1mplemented by the ring network architecture of the present

invention significantly simpli:

—

of the network, while allowlng

"y the physilical i1mplementation

for very high speed operation.

[0008] In accordance with one embodiment, a reference clock

signal 1s generated within a root

This reference clock signal 1s routed through each of

pre——

pre——

node o:

che ring ne

pre——

CWOrk.

the

nodes of the ring network 1n a uni-directilonal manner.

Messages are transmlitted between the nodes with the reference

clock signal, whereln each message received by a node 1s

clocked 1nto the node using the corresponding received

reference clock signal.

pre——

Fach node of the ring network

includes a timestamp counter and a color bit register. The

pre——

tilmestamp counter of each node 1s updated using the received

reference clock signal each time a node generates and

transmits an origilnal ordered message,

and each time a node

recelves an ordered message that 1t did not originally

generate. A pulse message continuously cycles through the

pre——

nodes of the ring network,

pre——

the color bit register o:

1s recelved by the node.

Fach of

—

whereln the pulse message toggles

= a node each time the pulse message

the timestamp counters and

color bit registers 1s 1nitialized prior to normal operatilion,

such that each timestamp counter stores an 1dentical tlmestamp
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value and each color bit reglster stores an 1ldentical color
bi1t value. The tilmestamp values and color bit values enable
cach node to resolve the transaction messages 1ssued by the

other nodes 1n a preclse order, even though the nodes are

operating 1ndependently, and receive the various transaction

pre——

messages 1n totally different timing orders. Thils capabillity

provides a powerful instrument for arbiltration and

synchronization.

[0009] In one embodiment, each node appends a timestamp

value from 1ts timestamp counter to each ordered message

generated. FEach node further includes a message snooper that
stores the ordered messages received on the ring network.

When the color bit 1s toggled within a node, the node analvyzes

che ordered messages stored 1n 1ts message snooper, and awards
priority to the ordered message having the oldest timestamp
value.

—
e

[0010] The ring network architecture of the present

invention can be used, for example, to i1mplement a MOSE

(Modified Owned Shared Exclusive Invalid) cache coherence

protocol memory bus or a communicatlion network on a massive

parallel processor.

[0011] The present invention will be more fully understood

—

1n view of the following description and drawilngs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Fig. 1 1s a block diagram of a distributed control

B

synchronized ring network 1n accordance with one embodiment of

the present i1nvention.

— —

[0013] Fig. 2 1s a block diagram of a root node of the

—

distributed control synchronilized ring network of Fig. 1 1n

pre——

accordance with one embodiment of the present 1nvention.
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pre——

[0014] Fig. 3 1s a block diagram of a branch node of the

pre——

distributed control synchronilized ring network of Fig. 1 1n

pre——

accordance with one embodiment of the present 1nvention.

—
e

[0015] FFig. 4 1s a block diagram 1llustrating portions of

— —

the root node of Fig. 2 and the branch node of Fi1g. 3 as used

pre——

for the source synchronous transmilission of messages with a

pre——

clock signal 1n accordance with one embodiment of the present

invention.

[0016] Fig. 5 1s a waveform diagram 1llustrating the source

pre—— pre——
—

syvnchronous timing of various signals of Fig. 4, 1n accordance

—

wlth one embodiment of the present i1nvention.

—
-

[0017] Fig. ©6 1s flow diagram i1llustrating a method of

pre——

lnitializing the ring network of Fig. 1 1n accordance with one

pre——

embodiment of the present i1invention.

B

[0018] Fig. 7 is flow diagram illustrating a method of

pre——

implementing a node 1nitlalization process the method of Fig.

—

6 1n accordance with one embodiment of the present 1nvention.

[0019] Fi1gs. 8A, 8B, 8C, 8D, 8E, 8F, 8G, 8H and 81 are

pre——

tables that 1llustrate the status of the ring network during

pre——

the transmission of a point-to-polnt ordered message 1n

pre——

accordance with one embodiment of the present 1nvention.

DETAILED DESCRIPTION

—

[0020] Fi1g. 1 1s a block diagram of a distributed control

svnchronlized ring network 100 1n accordance with one

pre——

embodiment of the present 1nvention. Ring network 100

includes root node NO and branch nodes N1-Nb, which are
connected 1n a ring. Although six communication nodes NO-Nb5
are 1ncluded 1n the described examples, 1t 1s understood that

—

oLther numbers of nodes can be 1ncluded 1n other embodiments.

However, each ring network will include one root node and one
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or more branch nodes. FEach of the nodes NO-NbL receives a
correspondlng clock 1nput signal and correspondlng message
lnput signals, and transmits a correspondlng clock output

signal and correspondling message output signals. The signals

—

of the ring network 100 are unidirectional. In the

11llustrated embodiments, the signals of ring network 100 are

routed 1n a clockwise manner (although this 1s not necessary).

pre——

Fach of the nodes NO-Nb5 has a transmilitting neilghbor and a

recelving neighbor. For example, branch node N3 1ncludes
transmitting neighbor NZ, and receiving neighbor N4. Nodes
NO, N1, N2, N3, N4 and N5 transmit clock signals CLK 01,

CLK 12, CLK 23, CLK 34, CLK 45 and CLK 50, respectively, and

correspondlng output messages MSG 01, MSG 12, MSG 23, MSG 34,

MSG 45, and MSG 50, respectilively, to recelving neilghbors N1,
N2, N3, N4, NbL and NO, respectively. The clock signals
CLK 01, CLK 12, CLK 23, CLK 34, CLK 45 and CLK 50 are

transmitted on a clock path 101 of the ring network 100, and

the messages MSG 01, MSG 12, MSG 23, MSG 34, MSG 45, and

MSG 50 are transmitted on a messadge bus 102 of the ring

network 100.

[0021] Fig. 2 1s a block diagram 1llustrating root node NO

1n more detaill 1n accordance with one embodiment of the

present 1nvention. Root node NO includes master clock
generator 201, delay line 202, resynchronizer 205, node logic

210, synchronizer 220, message snooper 230, recelve filrst 1n

first out (FIFO) memory 231, transmit FIFO memory 232, cllent

logic 240, node 1dentifier (ID) memory 250, color bit regilster

251, time stamp (TS) counter 255, message assembler 260 and

multiplexer 265.

[0022] In general, root node NO i1ncludes circultry that

operates 1n two clock domains, 1ncluding a ring network clock
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domain (specified by reference clock CK REF) and a client

logic clock domain (specified by local clock signal CKO). The

divilision between these clock domalns 1s 1llustrated by dashed

line 270 1in Fig. 2. Thus, client logic 240 and transfers

between clilient logic 240 and color bilt regilster 251, node 1ID

reglster 250, tlmestamp counter 255, messagdge snooper 230,

recelve FIFO 231 and transmit FIFO 232 are performed 1n the

client logic clock domain. Clock generator 201, delay line

202, resynchronizer 205, node logic 210, node 1dentifier (ID)

memory 250, color bit register 251, time stamp (TS) counter

255, message assembler 260 and multilplexer 265 operate 1n the

ring network clock domain. In additilon, wrlte operations to

message snooper 230 and receive FIFO 231 and read operations

from transmit FIFO 232 are performed 1n the ring network clock

domain. In accordance with one embodlment, synchronization

circult 220 (which receilves the reference clock signal CK REF

and the local clock signal CKO) performs the synchronization

between the ring network clock domain and the client logic

clock domaln using resynchronization methods known in the art.

pre——

The requlrements of the ring network clock domaln and the

client loglc clock domaln are described 1n more detall below.

pre——

[0023] Master clock generator 201 of root node NO generates

the reference clock signal CK REF of the ring network 100.

Conventional clock generation circuitry (e.g., a phase locked

loop circult) can be used to generate the reference clock

L]

signal CK REF. In the described embodiments, the reference

pre——

clock signal CK REF has a frequency of about 5 GHz or more.

However, 1t 1s understood that the reference clock signal

CK REF can have other frequencies 1n other embodiliments. The

—

frequency and voltage of the reference clock signal CK REF can

be scaled based on the bandwidth demands and power
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pre——

optimlzation of the ring network architecture. Note that a

setup process (described below) can be performed at a lower

reference clock frequency than normal operation, so that the

wlre delay between nodes NO-N5 has no 1mpact on the setup

process. Note that root node NO 1s the only node that
1includes a master clock generator 201. As described 1n more

detail below, each of the branch nodes N1, N2, N3, N4 and Nb

operate 1n response to the corresponding clock signals CLK 01,

CLK 12, CLK 23, CLK 34 and CLK 45 sent by thelir transmitting

neighbors NO, N1, N2, N3 and N4. That 1s, the reference clock

—

signal CK REF 1s effectively transmitted through branch nodes

NO-N5 1n seriles.

L]
3

[0024 ] Root node NO uses the reference clock signal CK R

Co synchronize the i1ncoming message MSG 50 (sent by

transmitting neighbor Nb along with i1ncoming clock signal

CLK 50). More specifically, the i1ncoming message MSG 50 was

—

lnitlially synchronlized to the network clock domain of the

transmitting neighbor Nb5. As a result, clock domain crossing

synchronization 1s necessary within the root node NO (i1.e.,

the message MSG 50 recelved from the transmitting neighbor NS

must be resynchronized with the reference clock signal CK REF

within root node NO). In one embodliment, resynchronilzation

circult 205 performs thils resynchroniziling operation by

latching the i1ncomling message MSG 50 into a first flip-flop 1n

response to the incoming clock signal CLK 50. The message

MSG 50 provided at the output of the first flip-flop 1s then

latched 1into a second flip flop 1n response to the reference

clock signal CK REF. The second flip-flop provides the
synchronized message MSG 0, which 1s provided to node logic

210. Thils synchronized message MSG 0 1s stored 1n node logic

210 1n response to the reference clock signal CK REF.
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a block diagram 1llustrating branch node

In the described embodliments, branch nodes

N2-N5 are substantially 1dentical to branch node N1 (although

these nodes may 1mplement di

—

"erent clilent logic). Branch

node N1 1ncludes clock delay line 302, node logic 310,

synchronization circuit 320, message snooper 330, receive FIFO

memory 331, transmit FIFO memory 332, client logic 340, node

ldentifler (ID) memory 350, color bit register 351, time stamp

(TS) counter 355, message assembler 36060 and multiliplexer 365.

Note that the above

simlilar to the simi

—

client logic 340 of

node clock domailin s

pre——

boundary of the loc

clock domain (CK RE

provides for commun

that branch node N1

the master clock ge

pre——

—]listed elements of branch node N1 are

—

larly named elements of root node NO. The

node N1 operates 1n response to a local

1gnal CK1l. Dashed line 370 designates the

al clock domain (CKl) and the ring network
F'), whereln synchronilization circult 320
1cations across these clock domains. Note

does not 1nclude cilrcults eqgqulvalent to

—
-

nerator 201 or the resynchronizer 205 o:

root node NO. That 1s, root node NO i1ncludes the only master

clock generator 201

[0026] The timing of the source synchronous transmission of

messages and clock

pre——

of ring network 100.

B

signals from root node NO to branch node N1

wlll now be described. Note that transmission between other

nodes 1s performed

node NO To node N1.

1n The same manner as LTransmission from

[0027] Fig. 4 1s a block diagram 1llustrating relevant

pre——

portions of nodes NO and N1 for the transmission of messages

and clock signals from node NO to N1, i1ncluding node logic

210, delay line 202, message assembler 260, multiplexer 265,

ring network clock

102 and node logic

signal path 101, ring network message bus

310. Fl1g. 5 1s a waveform dlagram
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pre——

11llustrating the source synchronous timing of various signals

pre—— pre——

of Fig. 4, 1n accordance with one embodiment of the present

lnvention.

[0028] In general, node NO can transmlt output messages on
two paths. In the first path, the message MSG 0 recelved by

node logilic 210 1s forwarded to node logic N1. 1In this case,

node logic 210 determines that the received message MSG O

should be forwarded (e.g., determines that the received

message MSG 0 does not address node NO), and forwards the
message to multiplexer 205. Multiplexer 205 1s controlled to
route thils message as the output message MSG 01 (whilich 1s

designated as MSG 0Oliy 1n Figs. 4 and 5). Node logic 210 and

multiplexer 205 1ntroduce a node delay Dyg With respect to the

reference clock signal CK REF.

[0029] In the second path, a message MSG O, provided by

client logic 240 1s routed through transmit FIFO 232 and

provided to message assembler 260 (1n response to the

reference clock signal CK REF). Message assembler 260

provides requlred information (e.g., a tilmestamp value from

tilmestamp counter 250 and the node ID value from node ID
memory 350) to the message MSG O¢y, and provides the resulting
message to multiplexer 205. Multiplexer 205 1s controlled to
route this message as the output message MSG 01 (which 1is

designated as MSG Oliy 1n Figs. 4 and 5). Message assembler

200 and multiplexer 2605 i1ntroduce the node delay Dyo to the

message MSG O¢,, with respect to the reference clock signal

CK REF. In one embodlment, message assembler 260 and node
logic 210 are desilgned such that these circults 1ntroduce the

same (or a simlilar) delay to the received messages MSG 0O¢p and

MSG 0, respectively, with respect to the reference clock

signal CK REF. Fig. 5 1llustrates the node delay Dyo that

10
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exlsts between

message MSG Oliy
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Che

Cransmi

Ve

Ced

for either the message MSG 0 or the message

MSG Ocr.

[0030] Although the messages MSG 0 and MSG O¢y, are described
generically 1n the example of Figs. 4 and 5, the details of
these messages (and assoclated message ‘types’, 1ncluding

broadcast messages,

unordered messages and polint-to-polnt ordered messages)

described 1n more detail below.

[0031]

read-modlfy-write messages,

polnt—-to-point

dar e

Because the transmitted message MSG 0l;y 1s delayed

with respect to the reference clock signal CK REF, delay line

202 1s used to add a delay

CK REF, thereby creating the output clock signal CLK 01 of

node NO

root

The delay

D,g>» 1ntroduced by delay line 202 1s selected to

pre——

Do TO the reference clock signal

(shown as clock signal CLK 0Ol;y 1in Figs. 4 and 5).

ensure that the clock signal CLK 0l;y has a proper setup and

hold time wilth respect to the message MSG Ol;y transmitted

—
-

the de.

node NO. In one embodiment, ay Dogs O

1s equallzed to the node delay

de._

ay

Dno described above.

pr—

rom
l1ne 202
That 1s,

the transmitted message MSG Ol;y 1s synchronized to the output

clock signal CLK 0Ol:y using the known internal delays o

the delay

node NO. In accordance with one embodiment,

adjustable (e.qg.,

—

under the control otf

[0032]

Note that the structures 101D and 1

pr—

02D used to

can be lengthened or shorted as desired

the

Dsgo 1S

node logic 210 and/or client logic 240).

1mplement the clock signal path 101 and the message bus 102

between nodes NO and N1 may exhibit significant delays

but

"er delavys) .

structure 101D and the message bus structure

deslignated as delavys Dig1 and Digz, respectivel

102D are

Y.

Thus,

(e.qg.,

the

clock signal CLK Olgyr received by node N1 1s delayed by

11

The delays 1ntroduced by clock signal line

D1g1
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with respect to the clock signal CLK 0Ol;y transmitted by node

NO. Similarly, the message MSG Olgyr recelved by node N1 1s

delayed by Dip2 with respect to the message MSG 0Ol;y transmitted

by node NO. This relationship 1s shown 1n Fig. 5. In order

to maintailn the desilred setup and hold times established by

node NO (when generating CLK Ol;y and MSG 0Ol:y), the delays Dio:

and Djg2 must be the same. It 1s therefore very 1mportant that

pre——

the wilres and buffers used to Implement the clock signal line

structure 101D and the message bus structure 102D are highly

equalized and balanced 1n order to minimilize setup and hold

time loss. That 1s, the clock path structure 101D and message

bus structure 102D should provide substantially 1dentical

transmission characteristics between nodes NO and N1, such

chat the relative phases of the transmitted clock signal
CLK 0O0l;y and the transmitted message MSG 0Ol;y are malntalned at
the receiving node N1 by received clock signal CLK Olgyr and

recelved message MSG Olgyr.

[0033] In accordance with the above-described example, the

clock path 101 and the message bus 102 operate as a wave
plpeline system, whereln messages transmitted on the message
bus 102 are latched 1nto the receiving node 1n a source-

syvnchronous manner usling the clock signal transmitted on the

clock path 101. In thils manner, messages are transmlitted from

—

node NO to node N1 at the frequency of the reference clock

pre——

signal CK REF, allowling for fast data transfer from node NO to

node N1. Duriling normal operation, the node logic within each

pre——

of the nodes NO-Nb5 latches 1ncoming messages 1n response to

the recelved clock signal (e.g., node logic 210 and 310 latch

the i1ncoming messages MSG 0 and MSG 01, respectively, 1n

response to the received clock signals CK REF and CLK 01,

respectively) .

12
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[0034] Because wave pilpellning 1s 1mplemented, the wire and

pre——

buffer delays Dijg1 and Dig2 0of the clock signal line structure

101D and the message bus structure 102D will not degrade the

—

operating frequency of the ring network 100. Note that the

wave plpelining may allow a transmitting node to send a first

message to a receilving node, and then send a second message to

the receiving node, before the recelving node has received the

pre——

first message. That 1s, there may be a plurality of messages

simultaneously propagating from node NO to node N1 on the

message bus structure 102D. Note that this may occur 1f the

—

period of the reference clock signal CK REF (e.g., 200 ps for

—

a 5 GHz clock) is less than the wire/buffer delay Dig1/Dig»

between the adjacent nodes NO and N1. In accordance with one

pre——

"er delay Dig1/Digr between each pair of

embodiment, the wire/bu

adjacent nodes must be long enough (1.e., exhiblt a minimum

pre——

delay) to ensure that a first plurallity of messages beilng

transmitted from a first node (e.g., node NO) to an adjacent

second node (e.g., node Nl1) do not overtake a second plurality

pre——

of messages being transmitted from the second node (e.g., node

N1) to an adjacent third node (e.g., node N2).

pre——

[0035] In one embodliment, the gate delay of the node logic

B

210 and multiplexer 265 may determine the maximum frequency of

"lclency,

the reference clock signal CK REF. For maximum e

—

the period of the generated reference clock signal CK REF

should be equalilized to the node delay Dyo. In one embodiliment,
the node logic 210 1ncludes sequential logic (e.g., 10 levels

pre——
—

of fan out 4 (FO4) logic), which allows the reference clock

pre——

signal CK REF to have a frequency of 5 GHz or greater.

[0036] Because the node loglc 210 has a relatively simple

—

design, communications between the nodes NO-N5 of the ring

network can be performed at a relatively high frequency.

13
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Client logic 240 typically 1ncludes a more complicated design,

pre——
—

and may operate at a slower frequency than the frequency of

the reference clock signal CK REF. That 1s, while client

logic 240 may recelve messages from the ring network at the

—

frequency of the reference clock signal CK REF, the client

pre——

logic 240 1s not required to respond at the frequency of the

reference clock signal CK REF.

[0037] In an alternate embodlment, the ring network 100 can

also be operated 1n response to a reference clock signal

CK REF having a relatively low frequency, wherein the period

—

of the reference clock signal CK REF 1s greater than the

—

wire/buffer delay Dig1/Dig2 between adjacent nodes. In this

case, each message transmilitted by a node 1s received (and

latched) by the adjacent node before the transmlittling node

pr

sends the next message. In this embodiment, the wire/buffer

delay Dig1/Dige between adjacent nodes has no impact on the

signal pilpeline. In one embodiment, the reference clock

signal CK REF 1s reduced to such a low frequency durilng a

setup phase (described below), but 1s 1ncreased to a high

frequency (e.g., 5GHz or more) during normal operation.

[0038] The set—-up of the nodes NO-Nb of ring network 100

wlll now be described.

—

[0039] Fig. 6 1s a flow diagram 600 1llustrating a method

—

of 1nitilalizing ring network 100 1n accordance with one

pre——

embodiment of the present i1invention. As 1llustrated by step

001 of Fi1g. 6, a setup process 1s started (e.g., by activating

the R

pre——

SET signal provided to client logic 240 of root node

L]

NO). In response, client logic 240 starts a node

lnitiallzatlon process (Step ©02), whereln the node ID wvalues

—

stored 1n the node ID regilisters of nodes NO-NbLO are

1lnitialized, the color bits stored 1n the color bilt registers

14
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pre——

of nodes NO-Nb are reset to a predetermined value (e.g., ‘07),

and the time stamp values stored by the time stamp counters

pre——

wilithin each of the nodes NO-NbL are reset to a predetermined

—

value (e.g., ‘0’). As 1llustrated by step 003 of Fig. o, a

pulse message, which cvycles through each of the nodes NO-Nb5,

1s 1nitiated (e.g., by activating the PULSE signal provided to

pre—— pre——

client logic 240 of root node NO). Normal operation of the

ring network 100 then begins (Step ©04) .

[0040] Fig. 7 1s a flow diagram 700 1llustrating a method

pre—— pre——

of i1mplementing the node 1nitlalization process of step 602 1n

—

accordance with one embodliment of the present 1nvention. Root

node NO 1s hardwired such that node ID register 250 stores a

node ID value equal to '0’. 1In response to receiving the

L]

activated RESET signal, client logic 240 generates an ID setup

message, which 1s a read-modify-write message (step 701).

This ID setup message 1ncludes an node ID field, which 1s

—

lnitially set to have a value of ‘0’ (based on the node ID

value stored by node ID register 250 of node NO). Client

logic 240 also resets 1ts timestamp counter 255 to store a

pre——

timestamp value of '0’, and also resets 1ts color bit register

251 to store a color bit value of Y0’ (Step 702). Client

logic 240 transmits the ID setup message to adjacent receilving

node N1 (vlia transmit FIFO 232, messadge assembler 260 and

multiplexer 265). Thils ID setup message 1s synchronized with

the reference clock signal CK REF 1n the manner described

above 1n connection with Figs. 4 and 5.

[0041] Node logic 310 receilives the ID setup message (using

the corresponding clock signal CLK 0l1l) withln node N1l. Node

logic 310 sends the ID setup message to the client logic 340

wlithin node N1 (via receive FIFO 331). In response, client

logic 340 increments the ID value 1n the ID field of the

15
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ID setup message by one (Step 703). Client logilic 340 then

logic 340 also resets 1ts

tilmestamp counter 355 to store a timestamp value of '0’, and

also resets 1Ts Co.

pre——

value of

or bit register 351 to store a color bit

‘07 (Step 705). Thus, branch node N1 1s assigned an

node ID value equal to ‘'l’, a timestamp value equal to ‘0’ and

a color bit value equal to ‘'0'.

[0042]

messadge,

adjacent receiliving node N2

The client logic 340 transmits the modified ID setup

which i1ncludes the updated node ID value, to the

(via transmit FIFO 332, message

assembler 360 and multiplexer 365) (Step 700).

[0043]

pre——

(step /07, YES branch), then the

complete

f the downstream receilving node 1s the root node NO

ID setup operation 1s

(step 708). If the downstream receiving node 1s not

the root node NO (step 707, NO branch), then processing

returns to step 703, whereby the

branch node i1ncrements the node

message by one (step 703), stores the i1incremented node ID

client loglc 1n the receiving

ID value 1n the ID setup

value 1n 1ts node ID register (step 704), and resets 1ts

tilmestamp counter and color bit

continues

—

values o:

such that nodes NO to N5 are assigned unigque node ID

0 to 5, respectively.

(step 705). This process

At the end of the ID setup

—

operation, the timestamp counters of nodes NO-Nb all store the

same Timestamp value (e.g., ‘07)

(e.g., ‘YO07).

[0044 ]

and the same color bit value

After the node 1nitialization process 1s complete,

the client logic 240 1n node NO transmits a pulse message on

ring network 100.

In one embodiment, the pulse message 1S

lnitliated by an activated PULSE signal provided to client

logic 240).

16
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lnitiates the pulse message 1n response to recelving the

modlifled ID setup message from transmitting node NS. The

pulse message contlnuously traverses the ring network 100.

The pulse message 1s sequentially provided to the node logic

within nodes NO-NbO. Each time that the node logic within a
node recelves the pulse message, the node logic toggles the

color bit value stored 1n 1ts corresponding color bit

reglster. For example, the first time that node logic 310 1n

node N1 receives the pulse message from node NO, the node

pre——

logic 310 changes the wvalue of the color bit stored 1n color

b1t register 351 from ‘0’ to 'l’. As described 1n more detail

—

below, the color bits are used 1n the arbitration of ordered

messages recelved by the nodes NO-Nb.

[0045] After completing the above-described setup process,

nodes NO-Nb are ready for normal operation. Normal operation

pre—— pre——

of ring network 100 1n accordance with one embodiment of the

present invention will now be described.

—

[0046] The client logic (e.g., client logic 240) of nodes

NO-N5 communilicate by exchanging messages through the message

bus 102. The width and the format of the message bus 102 must

satlisfy the followiling requlrements. Message bus 102 must be

pre——

able to encapsulate all of the message types described 1n more

detall below. Message bus 102 1s also desligned to provide the

requlred bandwidth and timing, whille minimizing the required

pre—— pr—

layout area of the wires/buffers.

[0047 ] In one embodiment, four message tTypes are

1mplemented on message bus 102, 1ncluding: 1) broadcast

messages, 2) read-modify-write messages, 3) polnt—-to-poilnt

unordered messages and 4) point-to-point ordered messages.

—

Most of these messages are generated by the client logic

17
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wilthlin the nodes NO-Nb5, which may i1nclude, for example, a

central processing unit (CPU) or a memory controller.

[0048] In a broadcast message, the client logic of the

transmitting node (e.g., client logic 240 of node NO) sends

the broadcast message to 1ts receiliving neighbor (e.g., node

N1, via transmit FIFO 232, message assembler 260 and
multiplexer 2605). The node loglc within the receiving

nelghbor (e.g., node logic 310) recelves the broadcast

message. In response, thilis node logic routes the broadcast

message to 1ts correspondlng client loglic (e.g., client logic

340, via 1ts correspondilng receive FIFO 331). Thils node logic

also forwards the broadcast message to 1ts receiving neighbor

(e.g., node N2, vilia multiplexer 365.) The forwardilng 1s

stopped when the original transmitting node (e.g., node NO)

recelves the broadcast message from 1ts transmltting neighbor
(e.g., node Nb). For example, a cache line 1nvalildation

request may be transmitted as a broadcast message.

B

[0049] In a read-modify-write message, the client logic o1

the transmitting node (e.g., client logic 240 of node NO)

sends a message to 1ts recelving neighbor (e.g., node N1, via

transmit FIFO 232, message assembler 2060 and multiplexer 265).

The node logic wilithilin the receiving neighbor (e.g., node logic

310) receives the read-modify-write message, and forwards this

message to 1ts correspondiling client logic (e.g., client logic

340, via 1ts correspondlng receive FIFO 331). This client

pre——

logic may modify the message, 1f necessary. The client logic

subsequently forwards the read-modify-write message to 1ts

recelving neighbor (e.g., node N2, vilia transmit FIFO 332,

message assembler 360 and multiplexer 305). Note that the

client logic will forward the read-modify-write message at 1ts

own discretion (e.g., usiling corresponding flow control and

18



CA 030446772 2015-0b-22

WO 2018/098084 PCT/US2017/062627

pre——

bandwilidth allocation logic), which may be some number of

pre——

cycles (of the local clock signal) after receiving the read-

modify-write message. Thils forwarding process 1s repeated by

—

cach of the nodes, until the read-modify-wrilite message 1S

returned to the original transmitting node (e.g., node NO) by

1ts transmitting neighbor (e.g., node Nb). The original

transmitting node processes the received read-modify-write,

pre——

and stops the propagation of the read-modify-write messadge.

The ID setup message described above 1n connection with the

pre——

setup process 1s an example of a read-modlify-write message.

In accordance with another example, a cache-llne sSnoop

response from a CPU may be transmitted as a read-modify-write

message.

[0050] In a polint—-to—-poilnt unordered message, the client

pre—— pre——

logic of the transmitting node (e.g., client logic 240 of node

NO) sends a message to 1ts receliving neighbor (e.g., node N1,

via transmit FIFO 232, messadge assembler 260 and multiplexer

2605). The point-to-polnt unordered message addresses a

pre——

particular one of the other nodes (e.g., node N2), wherein the

pre——

node ID value of the addressed node 1s 1ncluded 1n the

message. The node loglc within each 1ntermediate node between

the transmitting node and the addressed node forwards the
message to 1ts recelving neilighbor, until the message reaches

the addressed node. For example, the node loglic 310 1n node

N1 may receive a polnt—-to-polnt unordered message from node

NO, compare 1ts node ID wvalue (e.g., ‘l’) with the node ID

value 1ncluded 1n the message (e.g., '27), and 1n response,

determine that the message does not address node N1. In

response, node logic 310 forwards the polnt-to-polnt unordered

message to receiving node N2 (via multiplexer 365). Note that

the node logic 310 does not forward the message to the client

19
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logic 340 within the non-addressed node N1. Upon receliving

the polnt-to—-point unordered message, the node logic withiln

node N2 would then determine that the node ID wvalue 1ncluded

1n the poilnt-to-poilnt unordered message (e.g., ‘2’) 1s equal

to 1ts own node ID wvalue (e.g., ‘2’), and 1n response, provide

the point-to-point unordered message to 1ts correspondilng

cllent logic (via 1ts correspondlng receive FIFO). The polnt-
to-polnt unordered messadge 1s not transmitted bevyvond the

addressed node on the ring network 100 (e.g., node N2 does not

forward the point-to-point unordered message to node N3). In
one embodlment, a data response to a read request may be

transmitted as a polnt—-to-polnt unordered message.

[0051] In a polint—-to—-poilnt ordered message, the client

pre——

- node

logic of the transmitting node (e.g., clilient logic 240 o:

NO) sends a message to 1ts receliving neighbor (e.g., node N1,

via transmit FIFO 232, message assembler 200 and multiplexer

205) . The polnt-to-polnt ordered message addresses a

—

particular one of the other nodes (e.g., node N2), wherein the

pre——

node ID value of the addressed node 1s 1ncluded 1n the

message. The transmitting node also attaches 1ts own unigue

node ID value from 1ts own node ID regilster (e.g., node ID

value ‘0’ from node ID register 250) and a current time stamp

value (TS) from 1ts own time stamp counter (e.g., Time stamp
counter 255) to the message. Within the transmitting node
(e.g. node NO), the message assembler 260 1ncrements the time
stamp counter 255 upon transmitting the point-to-point ordered
messadge.

[0052] The node logic withilin each intermediate node (e.qg.,

node N1) between the transmitting node and the addressed node

compares 1ts node ID value (e.g., ‘l’) wilth the addressed node

ID value i1included 1n the point-to-point ordered message (e.dg.,

20
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‘27), and 1n response, determlines that the message does not

address this i1ntermediate node. In response, the node logic

pre——

310 of this 1ntermedlate node N1 forwards the poilnt-to-polint

ordered message to 1ts corresponding receliving node N2 (via

multiplexer 365). Upon receilving the polnt-to-polnt ordered
message, the node loglc 1n each node i1ncrements 1ts
corresponding timestamp counter, and stores the ordered
message 1n 1ts message snooper (e.g., within node N1, node
logic 310 1ncrements 1ts timestamp counter 355 and stores the
ordered message 1n 1ts message snooper 330).

[0053] Upon receiving the point-to-point ordered message,
the node logic withilin the addressed node (e.g., node N2)

lncrements 1ts timestamp counter, and determlines that the

addressed node ID value i1ncluded 1n the point-to-polnt ordered

message 1s edqual to 1ts own node ID wvalue (e.g., ‘27). In
response, the node loglc wilithilin the addressed node N2 causes

the color bit value stored 1n 1ts color bit reglster to be

stored 1n 1ts message snooper, along wilith the point-to-point

ordered message. The node logic within the addressed node N2

then forwards the ordered message to 1ts correspondlng

recelving node (e.g., node N3). This forwarding continues
until the ordered message reaches the original transmitting
node (e.g., node NO), whereln each 1ntermediate node
lncrements 1ts timestamp counter and captures the ordered
message 1nto 1ts message snooper. Upon recelving the ordered
message, the original transmitting node (e.g., node NO) does
not 1ncrement 1ts timestamp counter. At this tilme, the
origlnal transmitting node can determline whether 1ts ordered

message will be awarded priority by the addressed node by

—

examlning the contents of 1ts own message snooper. The

addressed node wailts until the pulse message changes the state
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of the color bit stored 1n 1

CS corresponding color bit

pre——

reglister to resolve the priority of the point-to-point ordered

message. In thils manner, the i1nformation 1n the message

snooper 1n each node provide

1n which messages are 1ssued

pre——

—

S a consistent view of the order

, even though messages are

"erent orders. The 1nformation 1n

recelved by each node 1n di:

the message snoopers will be

resolution 1n a manner descr

[0054] As described above

temporarlly stores each of t

messages 1nto 1ts message sn

and 330 of nodes NO and N1 s

used for arbilitration and conflict
1bed 1n more detail below.

, each of the nodes NO-Nb-

he received polnt-to-poilint ordered
ooper (e.d., message snoopers 230

tore the ordered messages recelved

by node logic 210 and 310, respectively). In the described

pre——

embodiments, each of the mes

the depth of the message snooper FIFO 1s a deslgn parameter of

sage snoopers 1s a FIFO, wherein

B

the ring network 100. In one embodliment, the depth of each

message snooper 1s selected

to provide an appropriate tradeo

1n layout area, operating speed, power consumption and

requlred bandwilidth. As described below, the depth of the

pre——

message snooper limlits the number of point-to-polnt ordered

message requests that can be outstanding on the ring network

100 at any given time.

—

[0055] In accordance with one embodiment, each node of the

—

ring network 100 1s assigned a quota of point-to-point ordered

message requests, wherein this gquota ranges from 0O to a value

pre——

equal to the depth of the message snooper minus one. FEach

pre——

node cannot have a number of outstanding point-to-polnt

ordered messages exceedling 1ts quota, whereln a polint-to-point

ordered message 1s consilidered outstanding until 1t has looped

back to 1ts originating node. The gquota assigned to each node

pre——
h—

does not need to be the same. For example, the gquota of a
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node not capable of sending out polnt-to-point ordered

messages can be set to zero, while

a performance critical node

pre——

(e.g., a CPU) can be assigned a larger quota of polnt-to-polint

—

ordered messages. However, the total number of possible

outstandling poilnt-to-point ordered message requests (e.g., the

pre——

pre——

sum of the gquotas assigned to each of the nodes NO-Nb) must be

pre——

less than the depth of the message

snooper.

[0056] Fach message snooper captures the point-to-point

ordered messages passing through the corresponding node. As

described 1n more detall below, these captured ordered

messages are used to 1dentify the order 1n which the messages

were 1ssued on the ring network 100.

[0057] As described above, each

1n nodes NO-Nb 1s 1nitialized to a
incremented when the corresponding
polnt—-to-polnt ordered message, oOr

ordered message that origlnated 1n

pre——

of the timestamp counters

value of '0’, and each 1s
node transmits an orilgilnal

recelves a polnt—-to-poilnt

another node. FEach of the

Clmestamp counters counts up to a MAX COUNT value. After

reaching the MAX COUNT value, the tilmestamp counters wrap

pre——

around to a value of '0’. In one embodiment, the MAX COUNT

value 1s selected to be at least two times the number of

pre——

entries of each message snooper to

pre——
—

avold counter allasing.

[0058] In one embodlment, 1nitializing (or wrapplng around)

the Timestamp counter also 1nverts

—

a s1gn bit of the tlmestamp

counter value. As described 1n more detail below, the nodes

NO-N5 use the timestamp value (and

pre——

the sign bit) to determine

the order of point-to-point ordered messages recelved on the

message bus 102.

—

—

[0059] In general, 1f the sign bits of the timestamp values

assoclated with two polnt-to-poilint ordered messages are equal,

then the polnt-to-point ordered message with a lower timestamp
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value 1s older (and therefore has priority). che sign bits

pre——

of the tilmestamp values assoclated with two point-to-point

pre——

ordered messages are different, then the poilnt-to-poilint

ordered message with a higher timestamp value 1s older (and

—

therefore has priority). If the sign bits and tlmestamp

values assoclated with two polnt-to-point ordered messages are
equal, Tthen the two polnt-to-poilnt ordered messages were sent
at the same time. Under these condilitions, a ‘tie-breaker’ 1s

necessary to provide a resolution. For example, an address

hashing function may be applied to each poilnt-to-polnt ordered
message to generate a random value. The polnt-to-polnt
ordered message assoclated with the larger value may be

designated as the older message and awarded priority. Other

methods can also be used to provide a prilority resolution

under these conditions.

pre——

[0060] The manner 1n which the priority of point-to-poilnt

ordered messages 1s determlined 1n accordance wlth one

—

embodiment of the present i1nvention will now be described 1n

more detall, using a specilfic example. In this example, the

pre——

client logic 240 of root node NO includes a first CPU (e.qg.,

pre——

CPU 0), the client logic of branch node N3 includes a second

pre——

CPU (e.g., CPU 1), and the client logic of branch node N5

includes a system memory. Both CPU 0O (node NO) and CPU 1

(node N3) attempt an excluslve access to the same cache line

‘A’ 1n the system memory of node Nb. In the described

pre——

example, 1t 1s assumed that the timestamp counter of each of

1

pre——

the nodes NO-N5 1nitially has a value of ‘0’.

[0061] Fig. 8A 1s a table 800 that 1llustrates the status

—

of the ring network 100 at time TO, 1ncludiling: the actions

performed by nodes NO-Nb5, the output messages provided on the

message bus 102 by nodes NO-NbO, and the contents of the
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pre——

message snoopers of nodes NO-Nb5, the values of the Timestamp

pre—— pre——

counters of nodes NO-Nb5, the values of the color bits of nodes

pre——

NO-Nb, and the location of the pulse message that continuously

travels around the ring network 100. At time TO, the CPU 0 of

root node NO transmits a message M*0 5(0) on the message bus

102 (e.g., as MSG 01). In the examples described herein, a

pre——

message bus notation of M*X Y (Z) 1s used, whereln M* specifies

a polnt—-to-polnt ordered message, X speclfies the source node

pre—— pre——

ID (1.e., the contents of the node ID register 250 of the node

NO that origlnates the message), Y corresponds with the

—

destination node ID (1.e., the contents of the node ID

—

reglster of the node N5 to receive the point-to-point ordered

messadge), and Z corresponds wilith the timestamp value of the

origilnating node NO (at the time the message 1s 1nitially

sent). Thus, message M*0 5(0) specifies a polnt-to-polint

ordered message transmitted from node NO to node Nb, 1nitiated

— —

when the timestamp counter of node NO has a value of 0. In

the described example, message M*0 5(0) 1ncludes additiona.

information (not shown) that 1ndicates that the transaction 1s

an access to a cache line ‘A’ 1n the system memory of node Nb.

Upon transmitting the polnt-to-point ordered message M*0 5(0)

pre——

on the message bus 102, the CPU 0 of node NO increments 1ts

—

timestamp counter 255 from a value of 0 to a value of 1. The

—

message snooper 230 of node NO stores the message M*0 5(0).

[0062] Also at time TO, the node NZ transmits an ordered

polnt-to-point message M*2 4(0) on the message bus 102 (e.qg.,

as MSG 23). In accordance with the nomenclature defined

above, message M*2 4(0) specifies a point-to-point ordered

message transmitted from node NZ to node N4, 1nitlated when

— —

the timestamp counter of node NZ has a value of 0. Upon

Cransmitting the point-to-point ordered message M*2 4(0) on
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che node N2 1ncrements 1ts timestamp

Che message bus 102,

from a value of 0 to a value of 1. The message

counter
- node NZ stores the message M*2 4(0).

snooper of
[0063] Note that at time TO, nodes N1 and N3-N5 do not

(or provide any messages on the message

- nodes N1 and N3-Nb5 are

lnitlate any actions

bus 102) and the message snoopers Oo:

empty. Because none of these nodes N1 and N3-Nb has received

or transmitted a polnt-to-point ordered message,

the timestamp

counters of these nodes remaln unchanged.

[0064] In the 1llustrated example, the pulse message

—
e

reaches node N4 at time TO, thereby causing the color bit of

value to a ‘Yl’ wvalue. Note

node N4 to transition from a ‘0O

that the color bit values and the pulse location are

crarlly selected for the present example.

arbi

[0065] Fig. 8B 1s a table 801 that 1llustrates the status

of the ring network 100 during the next cycle Tl. At this
The

time, none of the nodes NO-N5 transmlt any new messades.

1s recelved by node N1, and this node N-:

message M*0 o5 (0)

1n 1ts message snooper. Because
node N1

stores the message M*0 5(0)

node N1 has received a polint-to-point ordered messadge,
from O to 1. The node logic

lncrements 1ts timestamp counter

310 within node N1 then transmilits the point-to-point ordered

message M*0 5(0) to node NZ2Z.
the polnt-to-point ordered message

[0066] In addition,

M*2 4(0) 1s recelved by node N3, and thils node N3 stores the

Because node N3 has

message M*2 4(0) 1n 1ts message snooper.

recelved a polnt—-to-polnt ordered message, node N3 1ncrements

The node logic withiln node

1ts tilmestamp counter from 0 to 1.

N3 then transmits the point-to-point ordered message M*2 4 (0)

to node N4.
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[0067] The pulse message reaches node NS during cycle T1,

pre——

thereby causing the color bit of node N5 to toggle from a ‘0’

value to a 'Y1l’ wvalue.

[0068] Fig. 8C 1s a table 802 that 1llustrates the status

—

of the ring network 100 during the next cycle TZ. During this

cycle T2, the CPU 1 of node N3 transmits a message M*3 5(1) on
the message bus 102 (e.g., as MSG 34) and stores thils message

M*3 5(1) 1n 1ts message snooper. As descrilbed above, message

M*3 5(1) specifies a polnt-to-point ordered message from node

N3 to node Nb. Note that the timestamp value of node N3 1s

‘17 at the time the message M*3 5(1) 1s generated. In the

described example, message M*3 5(1) 1includes additional

information (not shown) that i1ndicates that the transaction 1s

an access to a cache line ‘A’ 1n the system memory of node Nb.

Because node N3 has transmitted an ordered message M*3 5(1),

pre——

the timestamp counter of node N3 1s i1ncremented, from 1 to 2.

Note that nodes NO-NZ and N4-N5 do not 1nitiate any new

actions during cycle T2.
[0069] Also during cycle T2, the point-to-polnt ordered
message M*0 5(0) 1s received by node N2, and thils node N2

stores the message M*0 5(0) 1n 1ts message snooper. Because

node NZ has received an ordered message, node N2 i1ncrements

1ts tilmestamp counter from 1 to 2. The node logic within node

N2 then transmits the polnt-to-point ordered message M*0 5(0)
to node N3.

[0070] In addition, the point-to-poilnt ordered message
M*2 4(0) 1s received by node N4, and thlis node N4 stores the

message M*2 4(0) 1n 1ts message snooper. Because node N4 has

recelved an ordered message, node N4 1Increments 1ts timestamp

counter from O to 1. The node logic within node N4 then
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cransmits the point-to-polnt ordered message M*2 4(0) to node
N5.
[0071] The pulse message reaches node NO during cycle T2,

—

thereby causing the color bit of node NO to toggle from a ‘1’

value to a ‘0’ wvalue.

[0072] F'ig. 8D 1s a table 803 that 1llustrates the status

pre——

of the ring network 100 during the next cycle T3. At this

pre——

time, none of the nodes NO-NbL transmit any new messages. The

polnt-to-point ordered message M*0 5(0) 1s recelved by node

N3, and this node N3 stores the message M*0 5(0) 1n 1ts

message snooper. Because node N3 has received an ordered

message, node N3 1ncrements 1ts timestamp counter from 2 to 3.

Node logic withilin node N3 then transmits the point-to-poilint

ordered message M*0 5(0) to node N4.

[0073] In addition, the point-to-poilint ordered message
M*2 4(0) 1s recelved by node N5, and thils node N5 stores the

message M*2 4(0) 1n 1ts message snooper. Because node NS has

recelved an ordered message, node Nb 1ncrements 1ts timestamp

counter from 0 to 1. The node logic within node N5 then
Cransmits the point-to-point ordered message M*2 4(0) to node

NO.

[0074] In addition, the point-to-poilnt ordered message
M*3 5(1) 1s received by node N4, and this node N4 stores the

message M*3 5(1) 1n 1ts message snooper. Because node N4 has

recelved an ordered message, node N4 1ncrements 1ts timestamp

counter from 1 to 2. Node logic within node N4 then transmits
the point-to-polint ordered message M*3 5(1) to node Nbo.
[0075] The pulse message reaches node N1 during cycle T3,

—

thereby causing the color bit of node N1 to toggle from a ‘1’

value to a ‘Y0’ wvalue.
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[0076] Fig. 8E 1s a table 804 that 1llustrates the status

pre——

of the ring network 100 during the next cycle T4. At this

pre——

tilme, none of the nodes NO-N5 transmit any new messages. The

polnt-to-point ordered message M*0 5(0) 1s recelved by node

N4, and this node N4 stores the message M*0 5(0) 1n 1ts

message snooper. Because node N4 has received an ordered

message, node N4 1ncrements 1ts timestamp counter from 2 to 3.
The node loglc withilin node N4 then transmits the polnt-to-

polnt ordered message M*0 5(0) to node No.

[0077] In addition, the point-to-poilnt ordered message
M*2 4(0) 1s receilived by node NO, and this node NO stores the

message M*2 4(0) 1n 1ts message snooper. Because node NO has

recelved an ordered message, node NO 1ncrements 1ts timestamp

counter from 1 to 2. The node logic within node NO then

Cransmits the point-to-point ordered message M*2 4(0) to node

N1.

[0078] In addition, the point-to-polnt ordered message

M*3 5(1) 1s receilved by node N5, and thils node NS stores the
message M*3 5(1) 1n 1ts message snooper. Because node NO has

recelved an ordered message, node Nb 1ncrements 1ts timestamp

counter from 1 to 2. Because the polnt-to-point ordered

message M*3 5(1) addresses node N5, node NS determines and

—

stores the state of the color bit (e.g., color bit = 1) at the

Clme the message M*3 5(1) 1s recelved. In one embodiment,

this color bit is stored along with the point-to-point ordered

message M*3 5(1) 1n the message snooper of node N5. To ensure
that node NbO resolves point-to-point ordered messages 1n the
proper order, node NO must walt to resolve the received polnt-

—

to-point ordered message M*3 5(1) until the wvalue of the color

—
-

blt 1s toggled (e.g., the color bilt transitions to a value of

29



CA 030446772 2015-0b-22

WO 2018/098084 PCT/US2017/062627

0 within node N5). The node logic of node NS5 then transmits
the point-to-polint ordered message M*3 5(1) to node NO.
[0079] The pulse message reaches node NZ during cycle T4,

—

thereby causing the color bit of node N2 to toggle from a ‘1’

value to a ‘0’ wvalue.

[0080] F'ig. 8F 1s a table 805 that 1llustrates the status

pre——

of the ring network 100 during the next cycle Tb. At this

pre——

time, none of the nodes NO-NbL transmit any new messages. The

polnt-to-point ordered message M*0 5(0) 1s recelved by node

N5, and this node N> stores the message M*0 5(0) 1n 1ts

message snooper. Because node NbO has received an ordered

message, node NO 1ncrements 1ts timestamp counter from 2 to 3.

Because the polnt-to-point ordered message M*0 5(0) addresses

node N5, node N5 determines and stores the state of the color
bit (e.g., color bit = 1) at the time the message M*0 5(0) 1s
recelved. To ensure that node Nb resolves ordered messages 1n

the proper order, node N5 must walt to resolve the received

polnt-to-point ordered message M*0 5(0) until the value of the

color bit 1s toggled (e.g., the color bit transitions to a

value of 0 withlin node Nb). The node loglic of node Nb then
Cransmits the point-to-point ordered message M*0 5(0) to node

NO.

[0081] In addition, the point-to-polnt ordered message

M*2 4(0) 1s recelved by node N1, and this node N1 stores the

message M*2 4(0) 1n 1ts message snooper. Because node N1 has

recelved an ordered message, node N1 i1ncrements 1ts timestamp

pre——

counter from 1 to 2. The node loglic of node N1 then transmits

the message M*2 4(0) to node NZ.

[0082] In addition, the point-to-polnt ordered message
M*3 5(1) 1s receilved by node NO, and thils node NO stores the

message M*3 5(1) 1n 1ts message snooper. Because node NO has
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recelved an ordered message, node NO 1ncrements 1ts timestamp

pre——

counter from 2 to 3. The node loglic of node NO then transmits

the point-to-polint ordered message M*3 5(1) to node NI.
[0083] The pulse message reaches node N3 during cycle Tb,

—

thereby causing the color bit of node N3 to toggle from a ‘1’

value to a ‘Y0’ wvalue.

[0084] F'ig. 8G 1s a table 806 that 1llustrates the status

pre——

of the ring network 100 during the next cycle Te. At this

pre——

tilme, none of the nodes NO-Nb transmit any new messages. The

polnt-to-point ordered message M*0 5(0) loops back to the

origlnating node NO. In response, node NO stops the

—

propagation of this message M*0 5(0) on ring network 200.

Note that node NO does not 1ncrement 1ts timestamp counter 1n

response to receiving the ordered message that 1t originally
Cransmitted. Upon receilving the message M*0 5(0), node NO
accesses 1ts message snooper, and compares the stored ordered
messages to determlne that 1ts polnt-to-polint ordered message
M*0 5(0) has priority over the other polnt-to-point ordered
message M*3 o (1) that addressed the same node No (because the

message M*0 5(0) has a lower timestamp than the other ordered

message M*3 5(1)). As a result, node NO 1s i1nformed that 1its

polnt-to-point ordered message M*0 5(0) will be awarded

priority by node N5, and will be processed by node Nb5.
[0085] In addition, the point-to-point ordered message
M*2 4(0) loops back to the origlnating node N2. In response,

node N2 stops the propagation of this message M*2 4(0) on ring
network 200. Node N2 does not 1ncrement 1ts timestamp counter
1n response to receliving the ordered message that 1t
originally transmitted. Upon receiving the message M*2 4(0),
node NZ accesses 1ts message snooper, and compares the stored

ordered messages to determine that 1ts message M*2 4(0) has

31



CA 030446772 2015-0b-22

WO 2018/098084 PCT/US2017/062627

priorlty over the other ordered messages stored 1n 1ts message

pre——

snooper (because none of these other messages addresses node

N4). As a result, node N2 1s i1informed that 1ts message

M*2 4(0) will be awarded priority by node N4, and will be

processed by node N4.

[0086] In addition, the point-to-point ordered message

M*3 5(1) 1s receilived by node N1, and thilis node N1 stores the

message M*3 5(1) 1n 1ts message snooper. Because node N1 has

recelved an ordered message, node N1 1ncrements 1ts timestamp

pre——

counter from 2 to 3. The node loglc of node N1 then transmits

the point-to-point ordered message M*3 5(1) to node NZ.
[0087] The pulse message reaches node N4 during cycle To,

pre——

thereby causing the color bit of node N4 to toggle from a ‘1’

value to a 'O’ wvalue. Note that node N4 resolves the priority

pre——

of the ordered messages stored 1n 1ts message snooper 1n

pre——

response to the toggling of 1ts color bit. As described

above, node N4 awards priority to the only ordered message

M*2 4(0) 1n 1ts message buffer that addressed node N4.

[0088] Fi1g. 8H 1s a table 807 that 1llustrates the status

of the ring network 100 during the next cycle T7. At this

tilme, none of the nodes NO-Nb transmit any new messages. The

pulse message reaches node N5 during cycle T7, thereby causing

the color bit of node NbL to toggle from a ‘1’ wvalue to a ‘0

value. In response to the toggling of this color bit, node Nb

pre——

performs arbltration of the ordered messages stored 1n 1ts

1

message snooper while the color bit had the previous value of
‘1”7 . Thus, node NbO determines that point-to-point ordered
message M*0 5(0) has priority over other point-to-point

ordered message M*3 o5(1), because the message M*0 5(0) has a

lower timestamp value than the other message M*3 5(1). In

response, node NS wlll access the data requested by message
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pre——

M*0 5(0) 1n cache line ‘A’ of the system memory. Note that

node N5 will generate a separate message (not shown)

transmitting thils requested data to node NO. Further note
that node NbL 1gnores the point-to-point ordered message
M*2 4(0) stored 1n 1ts message snooper, because this message

does not address node Nb.

[0089] In addition, the point-to-point ordered message

M*3 5(1) 1s receilved by node N2, and thils node NZ stores the

message M*3 5(1) 1n 1ts message snooper. Because node N2Z has

recelved an ordered message, node N2 1ncrements 1ts timestamp

—

counter from 2 to 3. The node logic of node N2 then transmits

the point-to-point ordered message M*3 5(1) to node N3.

[0090] Fig. 81 1s a table 808 that 1llustrates the status
of the ring network 100 during the next cycle T8. At this
tilme, none of the nodes NO-Nb transmit any new messages. The

polnt-to-point ordered message M*3 5(1) loops back to the

origlnating node N3. In response, node N3 stops the

propagation of this message M*3 5(1) on ring network 200.

Node N3 does not 1ncrement 1ts timestamp counter 1n response
to receiliving the polnt-to-point ordered message that 1t
originally transmitted. Upon receiving the message M*3 5(1),
node N3 accesses 1ts message snooper, and compares the stored
ordered messages to determine that the point-to-point ordered
message M*0 5(0) transmitted by node NO has priority over 1ts
own polint-to-polnt ordered message M*3 5(1) (because message

M*0 5(0) has a lower timestamp value than message M*3 5(1)).

As a result, node N3 1s informed that 1ts message M*3 5(1)

wlill not be awarded priority by node N5, and will be not be

processed by node Nb. In response, node N3 may determine that

the message M*3 5(1) should be retransmitted.
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[0091] In the foregolng manner, polnt-to-polint ordered
messages can be processed by ring network 100 without

requlring a complex centralized control circuit. The requilred

control logilic 1s advantageously distributed among the nodes,

such that no centralilzed controller 1s necessary. Moreover,

it is unnecessary to design/fabricate an extensive low skew

clock tree across a large die area, thereby advantageously

pre——

simplifying the physical i1mplementation of the network. 1In

addlition, the ring network 100 can be operated at a high

frequency with minimal latency.

[0092] As described above, client loglc within nodes NO-Nb5

controls the flow of messages on messade bus 102. Because the

average bandwidth of a ring network 1s 2 (blsectional

bandwidth), bandwidth allocation policies and flow control

pre——

logic are necessarilily i1ncluded within the client logic of each

node. Several well-known technliques, such as round robilin or

credlt-based schemes, can be used by the bandwidth allocation

g —
p—

and ow control circult within each node. In accordance with

the description provided above, the bandwidth allocation and

pre——

flow control logic of each node will operate 1n the client

pre——

"erent

logic clock domain, and therefore can operate at a di

pre——

frequency than the reference clock signal CK REF of the ring

network clock domain.

[0093] Although the i1nvention has been described 1n
connection with several embodiments, 1t 1s understood that
this 1nvention 1s not limited to the embodiments disclosed,

pre——

but 1s capable of various modifications, which would be

apparent to a person skilled 1n the art. Accordingly, the

present 1nvention 1s limlited only by the following claims.
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CLAIMS

1. A ring network comprising:

—
e

a plurality of nodes, 1ncludling a root node and one

Oor more branch nodes, whereilin the root node 1s coupled to

recelve a reference clock signal;

a clrcular clock signal path that routes the

reference clock signal from the root node, through each

pre——
—

of the one or more branch nodes, and back to the root

node,; and
a clrcular message path that extends 1n parallel
wlith the circular clock signal path, wherein the root

node and the one or more branch nodes transmlt messages

on the message path 1n a source synchronous manner with

respect to the reference clock signal on the clock signal

path.

—
-

2 . The ring network of claim 1, whereilin messages are

transmitted on the message path 1n a unidirectional manner.

pre——

3. The ring network of claim 1, wherein the reference

pre——

clock signal 1s the only clock signal used for the

—

syvnchronlization of the transmitted messages on the message

path.

pre——

4, The ring network of claim 1, whereln the messages on

the message path are latched i1nto the nodes 1n response to the

reference clock signal on the clock signal path.

— —

o. The ring network of claim 1, wherein each of the

nodes 1ncludes node loglc that operates 1n a first clock
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domaln defined by the reference clock signal to store messages

transmitted on the ring network.

—

o . The ring network of claim 5, wherein each of the

B

nodes 1ncludes client logic that operates 1n a local clock

domaln defined by a corresponding local clock signal.

pre——

7. The ring network of claim 6, whereln the reference

clock signal has a higher frequency than each local clock

signal.

—

3 . The ring network of claim 6, further comprising

syvnchronlzation cilrcultry that enables communications across

"he first clock domain and the local clock domain within each

pre——

of the nodes.

—

9. The ring network of claim 1, wherein each of the

nodes further 1ncludes a tilmestamp counter.

pre——

10. The ring network of claim 9, further 1ncludling means

pre——

for 1nitializing the timestamp counter 1n each of the nodes.

—

11. The ring network of claim 10, further including

means for 1ncrementing the timestamp counter 1n each node when

the node orilginates an ordered message Or recelves an ordered

messade from another node.

pre—— pre——

12. The ring network of claim 1, wherein each of the

nodes 1ncludes a color bilit register that stores a color bit

value that 1s toggled by a pulse message that continuously

traverses the circular message path.
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whereln each of the

- claim 1,
"lcation reglster that stores a

13. The ring network o1

nodes 1ncludes a node 1denti:
"ler address.

unigque node 1denti:

whereln each of the

- claim 1,

14. The ring network o:
nodes 1ncludes a message snooper that stores ordered messages

recelved by the node on the message bus.

15. The ring network of claim 1, wherein each of the
nodes 1ncludes means for arbitrating the priority of a
plurality of ordered messages received by the node.

- The

whereilin each of

loe. The ring network of claim 1,

nodes 1ncludes a delay lline that introduces a correspondilng

"erence clock signal along the clock signal

delay to the re:
path.

B

- clalm 16, whereln the delay of

17. The ring network o:

cach delay line 1s adjustable.

-~ claim 1, wherein the root node

for resynchronizing

18. The ring network o:

lncludes a resynchronization circult
messages recelved by the root node on the message path with

"erence clock signal.

the re:
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