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A NETWORK, A SYSTEM AND A NODE FOR USE IN THE NETWORK OR SYSTEM

The present invention relates to a network comprising a number of nodes interconnected by
links, and in particular to a network which may be provided on a single chip to interconnect
individual applications or circuits on that chip.

Technologies of this type may be seen in: “Automatic hardware-efficient SoC integration by
QoS network on chip”, Electronics, Circuits and systems, 2004, ICECS 2004, Proceedings on
the 2004 11" IEEE international conference on Tel Aviv, Israel, Dec. 13-15, 2004,
Piscataway, NJ, USA, IEEE, pp 479-482, “Virtual channel designs for guaranteeing bandwidth
in asynchronous network-on-chip”, Bjerregaard T et al, Norchip conference, 2004,
proceedings, Oslo, Norway, 8-9 Nov. 2004, Piscataway, NJ, USA, IEEE, pp 269-272, “Trade-
offs in the design of a router with both guaranteed and best-effort services for networks on
chip — DATEO3", IEE proceedings E. Computers & Digital Techniques, Institution of electrical
engineers, Stevenage, GB, vol. 150, No. 5, 22 September-2003, pp 294-302, as well as in “A
channel library for asynchronous circuit design supporting mixed-mode modelling”,
Bjerregaard T et al, proceedings on the 14™ international workshop on power and timing
modelling optimization and simulation (PATMOS 2004), September 2004, pp 301-310.

Due to the effects of scaling micro-chip technologies, it has become unavoidably necessary to
differentiate between local and global on-chip communication. The concept of
communication-centric design derives from the fact that global communication is becoming
more and more costly, in relation to processing power. Physical issues of deep submicron
technologies as well as design complexity issues make current, poorly scalable solutions for
global on-chip communication, such as busses, unsuited for future large scale system-on-chip
(SoC) designs. There is a general consensus that shared, segmented interconnection
networks, so called networks-on-chip (NoC), constitute a viable solution space to the
problems faced today.

NoC facilitates a truly modular and scalable design approach in which IP reuse is an integral
part. This is called upon in order to make efficient use of the exploding amount of resources
available to chip designers, and so within the constraints of ever shortening design cycles.
Chip-wide synchronous operation is becoming prohibitively difficult to achieve in large, high
performance chips. Possible solutions are in the direction of the globally asynchronous locally
synchronous (GALS) concept, by which a chip consists of synchronous islands which
communicate asynchronously. Since a NoC spans the entire chip, it seems natural not to
attempt a globally synchronous implementation but instead use a GALS approach or even a
fully asynchronous, i.e. clockless, realization. This is illustrated in Figure 1. The very nature
of a clockless NoC also makes the integration of cores with different timing characteristics an
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integral part of the design flow, promoting the concept of modularity. Clockless circuits have
a number of advantages over clocked ones. Since they make use of self-timed, data-driven
control they operate at the maximum speed possible, and they have zero dynamic power
consumption when idle. These advantages make them ideal for implementing NoC.

The present network, however, is useful independently on the choice of clocking of the chip
or parts thereof, as well as the network. In addition, the present network may additionally be
used not as a NoC, but as a more macroscopic network between individual, physically
separate elements.

In a first aspect, the invention relates to a network comprising a number of nodes

interconnected by links, wherein:

each node:

has a number of inputs and a number of outputs, each output comprising a
-number of output buffers, each input and each output being adapted to receive

and transmit data with a predetermined data rate, and

has a forwarding element adapted to forward data, from the inputs thereof to
the output buffers, at a rate being at least the combined rate with which the

inputs are adapted to receive data,

a number of “data channels” are each defined as a plurality of serially interconnected nodes,
for each node in a channel, an output buffer is defined of an output interconnected to an
input of an other node of the channel,

each node in the channel having an input interconnected to another node of the channel
further being adapted to inform the other node when the output buffer of the node and of the
channel is not full, and

each node in the channel having an output interconnected to another node of the channel
further being adapted to transmit data from the output buffer of the node and of the channel
to the other node when the other node informs the node that the output buffer of the other
node and of the channel is not full.
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The overall functionality of the network is that one or more channels are defined along which
data is transmitted. A channel normally is a series — or string - of nodes transmitting the
data from a first node, via a number of intermediate nodes, to a last node. A channel may be
defined as a series of output buffers, one output buffer in each of the nodes of the channel.
Thus, a node may be a part of a number of channels, but preferably an output buffer is only
a part of one channel.

According to the invention, a receiving node is adapted to inform a transmitting node in the
same channel that the buffer is not full. Thus, a hop-by-hop backpressure may be provided in
which data is only transmitted from a transmitting node to a next, receiving node, along the
channel, when the receiving node has space for the data on the pertaining output buffer of

the receiving node. As a consequence thereof, lossless data transport may be obtained.

In the present connection, “interconnection” means that the nodes are adapted to transmit
data to each other. Thus, this interconnection may be a physical interconnection, such as by
wires or cables (electrically or radiation conducting), or a wireless interconnection, such as
using radiation or radio waves. Therefore, a link may be formed by a cable or other physical
element or may be a wireless connection between the input and the output in question.

Naturally, the interconnection of the nodes may be adapted to the application and
functionality of the network. This will depend on the number of nodes in the network and the
number of inputs and outputs of the individual nodes. A fully interconnected network, where
all nodes are connected to each other, may be provided, and networks may alternatively be
provided where data may be transmitted between a first and a second node only via one or
more other nodes. In the last situation, a data channel then incorporating buffers in the first

and the second nodes will then also incorporate buffers in the intermediate nodes.

In fact, an input or an output may be adapted to operate at a number of different data rates,
but the overall functionality of the forwarding element is to ensure that the data received or
receivable on the inputs of the node may also be forwarded to the output buffers thereof
without stalling or congestion in the forwarding element, such that a predictable delay
can be determined in the forwarding element. Again, this facilitates data transport without

dropping data due to congestion of collision of data in elements.

Preferably, the forwarding element is adapted to forward data from each input to an output
buffer with at least the data rate with which the individual input is adapted to receive data.
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It is noted that the nodes need only have buffers at the outputs thereof when the
transmitting nodes only transmit, when the buffer to receive the data is not empty. Thus,
data may be forwarded from the output buffer of the transmitting node, via the output of
that node, to the input of the receiving node, and to the relevant output buffer thereof via
the forwarding element without need of buffering.

Returning to the data channels, these may be defined on beforehand in any suitable manner.
Knowing, e.g., the data transfer pattern and requirements of the individual parts
interconnected by the network, the channels may be fully defined before even providing the
network. In this manner, the interconnection between the nodes may be adapted to the
actual requirements only, and interconnections may not be required or provided between all
pairs of nodes.

In general, a data channel may be defined only by the identity of the output buffers of the
nodes of the channel, when each output of the nodes is interconnected to only one (if any)
input of another node. The identity of two output buffers automatically identifies the output
of the transmitting node and the input (even though this need not be required) of the
receiving node having the other buffer.

In one embodiment, all inputs of a node are treated the same, and data received on each
input is treated in the same manner independently on which input the data was received on.
This may be the situation where the data channel is defined by having the nodes determine
the identity of the pertaining output buffer from the data received. Thus, the data received
may comprise a part, such as a header, identifying either the channel or the particular output
buffer for which it is destined in this node. When transmitting the data, this node may then
replace the identifying part with a part for use in the next node for again selecting the correct
buffer.

If the identifying part of the data was to identify the channel (such as an identity number
thereof), the node will hold information identifying the correct buffer on the basis of the
channel identity.

Thus, the node may comprise a memory for holding information for use in identifying the
correct output buffer on the basis of information derived from the data received, and/or the
memory may hold information for adding to the received data (or a part thereof, if a part of

the data has been stripped therefrom) before transmission to the next node in the channel.

In an alternative embodiment, the mere identity of the input of the node receiving the data

may identify the correct output buffer. This, however, reduces the number of channels using
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the node to the number of inputs thereof. Additionally, this puts restraints on the
interconnection or routing of the network.

The information relating to the output buffer being not full may be transmitted continuously
or only when changes occur to this status.

This information may be transmitted to all nodes having an output interconnected to an input
of the present node. In that situation, these nodes preferably are adapted to, from that
information, determine from which of their respective output buffers, data is to be or not to
be transmitted (the identification of the channel to which the full or not full output buffer
relates). Alternatively, the information may be transmitted only to a node from which data is
transmitted to the pertaining output buffer. In that situation, the receiving node (transmitting
the full/not full information) will determine (such as maybe as a part of an initial setting up of
the data channels) to which transmitting node, the information is to be transmitted.

In fact, in this respect, those nodes in a channel that each has an input interconnected to
another node of the channel, further is adapted to inform the other node of an amount of
data receivable in the output buffer of the node. Thus, the transmitting node may be
informed of how much data may be transmitted while being assured that the pertaining
output buffer is able to store it. Naturally, the pertaining buffer may be able to store any
amount of data.

Having now received data into one or more output buffers of an output of a node, this data is
to be forwarded on the link to an input of another node. Consequently, each node preferably
further comprises a scheduler for controlling transmission of data from the output queues of
an output to the link connected to the output. Otherwise, collisions and a resulting loss of
data may occur.

A large number of schedulers exist, such as “fair share”, “fixed bandwidth”, bucket-

controlled, etc. -

Thus, this use of priorities and scheduling will not only provide the hop-by-hop backpressure
but also guaranteed services for the individual channels. Consequently, a network may be
provided which guarantees both delivery of the data and a maximum latency of the data or a
minimum bandwidth over the individual links and thus over the full path or channel.

Even though the present network may be set up of independent, physically separated
elements, it is especially suited as a network being embedded in a single integrated circuit. In

fact, this network may then be used for transporting data between other elements also
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embedded in this circuit. Naturally, this circuit may be any type of circuit, such as a CMOS

integrated circuit, a GaAs integrated circuit and a SiGe integrated circuit.

In one embodiment, the inputs and the outputs of the nodes are adapted to transmit and
receive data in accordance with an asynchronous handshake protocol. In this manner, no
global - or even local - clocking is required, and the network may actually provide a faster

data transport than if it was globally clocked.

Thus, the forwarding elements of the nodes may be adapted to operate in the absence of a
common clocking signal. Also, each forwarding element could then comprise a number of
sub-elements, and wherein the sub-elements of each forwarding element are adapted to
operate in the absence of a clocking signal common to all sub-elements of a forwarding
element. Thus, even the individual parts of the node may not require a common clocking
signal. One manner of obtaining this is to have the parts act only in the presence of data. If
no data are present, the sub-elements will be idle.

In another aspect, the invention relates to a system comprising a network as described
previously as well as a data provider interconnected to an input of a first node of a data
channel, and a data receiver, comprising a buffer, interconnected to an output of a second
node of the data channel, wherein:

- the data receiver is adapted to inform the second node when the buffer of the
data receiver is not full, and

- the data provider is adapted to transmit data to the first node when the first
node informs the data provider that its output buffer is not full.

In this situation, the data channel is defined as a number of consecutive nodes starting with
(in the direction of data transport from the provider to the receiver) the first node and ending
with (with any number of intermediary nodes) the second node, which transmits the data to
the receiver.

Naturally, the network may have any number of receivers and transmitters, and any receiver
may receive data from any number of the transmitters, and any transmitter may transmit
data to any number of the receivers.

In this aspect, the transmitter is adapted to respond to the “buffer not full” information in the
same manner as a normal node, and the receiver is adapted to transmit a “buffer not full”

information to the node of the network in order to again ensure no loss of data.
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A third aspect of the invention relates to a node for use in the above-described network or

system, the node:

- having a number of inputs and a number of outputs, each output comprising a
number of output buffers, each input and each output being adapted to receive and transmit
data with a predetermined data rate,

- having a forwarding element adapted to forward data, from the inputs thereof
to the output buffers, at a rate being at least the combined rate with which the inputs are
adapted to receive data,

- being adapted to inform one or more other nodes interconnected to an input of
the node when one or more output buffers of the node is/are not full, and

- being adapted to transmit data from an output buffer thereof, when a node
interconnected to an output of the node informs the node that an output buffer of the other
node is not full.

All the above considerations relating to the nodes are also relevant in this situation.

Thus, the node may further comprise means for obtaining information, such as
predetermined or predefined information, relating to pairs of an output buffer of the node and
an input of the node from which data is to be forwarded to the output buffer; the node being
adapted to, when an output buffer of a pair is not full, inform a node interconnected to the
input accordingly. Thus, the information is provided specifically to the node providing data for
that particular output buffer.

Alternatively, all nodes interconnected to an input of a certain node may be informed of the
full or not-full status of all output buffers of the certain node. Then, the interconnected nodes
themselves will determine whether data can be forwarded from an output buffer thereof to
the certain node.

Also, the information provided need not merely be “not-full” but may actually relate to an
amount of data which may be received in the buffer.

As mentioned above, the node preferably further comprises a scheduler for controlling

transmission of data from the output queues of an output to the link connected to the output.
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One particular manner of providing the forwarding element is one comprising:

- in or at each output of the node, one or more switching elements being adapted
to switch data from any one of X inputs to any one of X outputs, X being an integer, each
output of the switching elements being adapted to provide data into a different one of the
output buffers of the node, and

- in or at each input of the node, an element adapted to provide received data
into one of a plurality of data paths, each data path being adapted to provide data to an input
of a different one of the switching elements of the node.

In this respect, “symmetrical” switching means are used, symmetrical meaning that the
number of inputs and outputs being the same. These switching means have the advantage
that they, lay-out-wise on a chip, are very compact. In this manner, an optimum functionality
is obtained for a given area.

Thus, the internal data transport in the forwarding element is split into two decisions, one
being made in the providing element deciding to which switching element, the data is
provided, and a second decision is made in the switching element identifying the final output
buffer. As mentioned above, these decisions may be made on information provided or
received in a number of manners, such as fixed routing based on where the data is received
from, data in the actual

Preferably, X equals Y-1, where Y is the number of inputs of the node, and wherein the
number of output buffers for each output equals 2*Y. Then, all inputs and outputs of all

switching means are used, optimizing the functionality per area of the forwarding element.

Naturally, fewer output buffers may be used, where all outputs of the switching elements are
then not used. Alternatively, more output buffers may be used, where the additional buffers
may then be used for other traffic or data which is not part of the data channel structure and
addressing structure. Such data may be any type of data, such as connection-oriented data,
source-routed data and/or so-called best effort data traffic.

In a preferred embodiment, the forwarding element comprises:

- in or at each output of the node, one or more switching elements being adapted
to switch data from any one of X inputs to any one of V outputs, X and V being integers, each
output of the switching elements being adapted to provide data into a different one of the

output buffers of the node, and
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- in or at each input of the node, an element adapted to provide received data
into one of a plurality of data paths, each data path being adapted to provide data to an input

of a different one of the switching elements of the node.

Thus, the data from each input is directed toward an identified one of the switching elements.
Each output has one or more switching elements, and the output buffers thereof are each fed
by an output of a switching element.

Depending on the number of switching elements as well as the number of inputs, outputs and
output buffers of the node, the switching elements may have any suitable number of inputs,
X, and outputs, V.

Preferably, X an V are identical and equal Y-1, where Y is the number of inputs of the node,
and wherein the number of output buffers for each output equals Q*(Y-1), Q being an
integer. In this manner, the switching elements are symmetrical (have the same number of
inputs and outputs) which optimizes the area/performance of the circuit. In addition, each

output may have Q of such symmetrical switching elements.

In one embodiment, the inputs and the outputs of the node are adapted to transmit and
receive data in accordance with an asynchronous handshake protocol, so that the data
transport between nodes may be asynchronous. In addition, each forwarding element may
comprise a number of sub-elements, and wherein the sub-elements are adapted to operate in
the absence of a clocking signal common to all sub-elements of a forwarding element. Thus,
the data forwarding inside the node may also be asynchronous, providing additional
advantages.

In the following, a preferred embodiment of the invention is illustrated with reference to the
drawing, wherein:

- Figure 1 illustrates a shared clockless network connecting independently
clocked IP cores facilitating modularity in large scale SoC designs,

- Figure 2 illustrates the overall concept of a router or node comprising a
preferred node according to the invention,

- Figure 3 illustrates a generic, output buffered virtual channel router
architecture,

- Figure 4 illustrates that the present router or node implements a non-
blocking input to output switching,

- Figure 5 illustrates the input/output port pair of the switching fabric of a 5x5
GS router with 8 VCs/port,
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- Figure 6 illustrates share-based VC control,

- Figure 7 illustrates a BE router/node,

- Figure 8 illustrates the BE router/node integrated into a GS router, using a
subset of the VCs,

- Figure 9 illustrates the 4-phase bundled data handshake protocol, on which
the preferred router is based and

- Figure 10 illustrates how the links of the preferred system are implemented
using a delay insensitive handshake protocol, while the routers themselves
are implemented using a bundled data protocol.

The present implementation is based on clockless circuit techniques. As mentioned in the
introduction, it is getting increasingly difficult to implement a globally spanning, synchronous
clock signal. Though a clockless implementation of the network links and routers effectively
solves many problems, simply by not needing a global clock signal, the basic ideas of the
presented network, relating to the establishment of logically independent data channels on
which guaranteed services can be provided, are not limited to such an implementation. Other
styles of implementation are, without being limited to: a fully synchronous system in which
all routers and links are clocked by a common synchronous clock, mesochronous in which
routers and links are clocked independently by a clock of the same frequency but possibly at
a different phase, asynchronously in which each router is clocked by completely independent
clocks, and handshaked asynchronous or clockless in which all data movement in the system
is handled without the need of a clock common to any sub-element in any part of the system.
This is commonly known as asynchronous handshake flow control. This is the style of
implementation on which the preferred network is based. A data path is separated into
combinatorial regions by pipeline stages. As illustrated in Figure 9, data integrity during
transmission from one pipeline stage to the proceeding one, is ensured by an asynchronous
handshake protocol. In the figure the commonly known 4-phase bundled data protocol is
illustrated, in which the sending stage issues a request signal indicating that data is valid.
The receiving stage issues an acknowledge signal upon latching the data. After this a return-
to-zero phase is commenced during which first the sender withdraws its request, then the
receiver withdraws its acknowledge signal. Other well known handshake protocols may also
be used, such as delay-insensitive ones, or a mix of protocols.

In the following, we present a worm-hole NoC router to be used in MANGO (Message-passing
Asynchronous Network-on-Chip providing Guaranteed services through OCP interfaces). The
present implementation is based on clockless circuit techniques. It has features, area and
performance comparable to a similar class of clocked routers. Additional benefits are an
inherent support for GALS systems and zero dynamic idle power. An interesting feature lies in
the concepts of establishing the GS paths and the application of methods developed into
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implementing non-blocking behaviour amongst several independent streams in the shared
part of the link/router. The network is demonstrated with a 0.12 ym CMOS standard cell
implementation. Presently, the focus will be more on the router architecture and less on
circuit realizations. In Section 1, argumentation for the implementation of GS in NoC is
provided, and in Section 2, an overview of MANGO is given. In Sections 3 and 4, the details
of the router architecture are explained, and it is explained how it is possible to provide GS

via connections. Finally, in Section 5, the present implementation is explained.
1 Background

When designing NoCs, much research done in the area of multi computer networks can be
readily built upon. The trade-offs differ however, and while pin count and global wiring have
been the main limiting factors in multi computer networks, NoC designers face constraints on
area and power. Also latency requirements are more stringent in tightly coupled single-chip
systems. As a result, NoC demands simple solutions to ensure high speed and low area.
Traditionally, multi computer networks support best effort (BE) routing. Much NoC research
builds on this by improving BE routing efficiency under the constraints of single-chip system
design. In particular the use of virtual channels (VCs) - logically independent channels
sharing a physical link - is employed. In this implementation, it is proposed to use the VC
routing resources somewhat differently, i.e. for establishing GS connections. While an
improvement of BE routing simply makes better use of existing wires, connection-oriented GS
routing adds explicit new features: packets travel along virtual circuits, avoiding the mutual
influence that BE packets routed on the same logical network may experience. From an
application-level perspective, the predictability that GS incurs promotes system integrity, and
simplifies functional verification since there is less call for taking into account the complex
dynamics of a shared communication structure. At the circuit level, the circuits needed to
implement GS also turn out to be simpler than those needed for BE, since less arbitration is
called for during routing control.

2 The preferred (MANGO) Router

As shown in Figure 1, a MANGO network, as other NoCs has network adapters (NA),
routers/nodes and links. Each IP core is connected to the network through an NA, providing
high level communication services, i.e. OCP transactions, on the basis of primitive services
implemented by the network. Each NA, which also performs the synchronization between the
clocked IP core (if clocked at all) and the clockless network, is connected to a router/node. In
the presently preferred embodiment, the routers are connected by links in a grid type
structure, either homogeneous or heterogeneous. To keep the speed up, long links can be
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implemented as pipelines. Naturally, any type of link structure and interconnection may be
chosen.

Figure 2 shows a conceptual illustration of the preferred MANGO router. The router
implements a number of uni-directional ports. Two of these are local ports which connect to
the local NA. The local ports have a number of physical interfaces. The remaining ports are
network ports which, via point-to-point links, connect the router to neighbouring routers.
Each of these ports implements a number of independently buffered VCs. Network ports and
local ports implement the same type of interface. It is the function of the NA to translate
communication to and from network packet format. Internally, the preferred router has a BE
router, a GS router, output buffers, and link arbiters. The BE and the GS routers are
separately implemented. This is done in order to make the router modular. The BE router
dynamically source-routes connection-less data packets, according to the routing path
defined in the packet header. A subset of the VCs are allocated for BE routing. The GS router
uses the remaining VCs to route header-less data streams on statically programmable
connections. In order to make hard service guarantees, GS connections must be logically
independent of other network traffic. In MANGO, a connection implements a logical point-to-
point circuit between two different local ports in the network, by reserving a sequence of
independently buffered VCs. The GS router provides non-blocking switching between the
input ports and the output buffers, therefore GS can be realized purely on the basis of link
access arbitration. This will become clear in the following sections. The GS connections are

set up by programming these into the GS router via the BE router.

In the present implementation, a connection is predefined, and a node may ascertain the
correct VC from information added to the data. However, as is also clear from further above,

a large number of manners exist of providing the information defining the data channels.

In addition, a BE router is implemented in the present implementation in order to provide the
backpressure signals and in order to provide additional, which may be forwarded on the links,
when no GS information (information presently carried on the data channels) is waiting. This
BE router may be used for a large numbef of applications but is not required according to the
invention.
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3 The GS Router

3.1 Overview

In the following description, we address data items in the network as flits (flow control units).
This represents any data item quantification of a number of possible quantifications, i.e. flits,
packets, or other terminology. Figure 3 shows a generic prior art output buffered VC router
with P input and P output ports; a PXP switch is followed by a split module, which splits the
incoming traffic to individual VC buffers at the output ports. Since several input ports may
attempt to access the same output port simultaneously, congestion may occur. This makes

the architecture unsuitable for providing service guarantees.

Figure 4 illustrates the connection-oriented GS router architecture according to the preferred
embodiment. Again, P is the number of ports on each routing node, while V is the number of
VCs on each port. As touched upon in Section 2, a connection is a reserved sequence of VCs
through the network. In the router, incoming flits are guided through the switching module
(Section 3.2) - by way of steering bits which are appended to the flits in the previous router
- to the VC buffer that has been reserved for the given connection. To prevent flits of
different VCs from stalling and blocking each other on the links, VC control is employed. This
ensures that flits will only be transmitted on a link, if there is free buffer space in the target
VC buffer. The VC control module (Section 3.3) establishes a VC control channel from the VC
buffers back to the VC buffers in the previous router; a step back on a given connection. For
each connection, a router thus stores the steering bits needed to guide flits to the VC buffer
reserved for the connection in the next router, as well as control channel bits used to
establish a VC control channel back to the VC buffer in the previous router. This information
is programmed into the router using BE packets (via the programming interface, Figure 2).
As seen, the setup information for each hop on a connection is stored in two places: one for
the flit forward path, and one for the VC control reverse path. This overhead was accepted
because it facilitates very simple circuits. The switching module is non-blocking. This means
that the latency from the time that a fiit is granted access to a link, until it arrives at the
designated VC buffer in the following router, is constant. In order to provide hard GS for a
connection there is thus only call for link access arbitration. The link arbiter (Section 4.4) is
the key element in providing GS. It arbitrates amongst the VCs contending for access to the

link, implementing the type of GS that is provided.
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3.2 The Switching Module

The switching module makes it possible for all input ports to route flits to any combination of
VC buffers. It is made entirely without any form of arbitration necessary, making its
performance highly predictable, and simplifying its design, saving both area and routing
latency. Since a VC buffer is part of only one connection, no congestion will occur as only one
input will attempt to route to one VC buffer at any given time. Figure 5 shows an
input/output port pair in a 5X5 port router with eight VCs on each port. This configuration will
form the basis for the implementation being used as an example of the architecture. The
diagram indicates how the remaining ports are connected. An input port needs only connect
to four output ports as it is not useful to route flits back in the direction they came from. The
diagram also indicates how a total of five steering bits are used in this embodiment. The first
three bits are used by a split module, which directs the flit to one of two 4X4 switches at each
output port. At each switch, two more steering bits are used to direct the flit to one of four
VC buffers. At each stage, the steering bits used are stripped, as they are no longer needed.
The switching module, which constitutes a considerable part of the total router area, scales
linearly with the number of VCs, and thus with the number of connections supported.

3.3 The VC Control Module

In the present embodiment, share-based VC control is employed, which we have described in
[5]. The scheme, illustrated in Figure 6, uses a single wire per VC to implement non-blocking
access to a shared media, e.g. a link. When admitting a flit to the media, the sharebox locks,
not allowing further flits to pass. The flit passes across the media, to the unsharebox at the
far side. The unsharebox implements a latch, into which the flit is accepted. When the flit in
turn leaves the unsharebox, the unlock control wire toggles. This unlocks the sharebox,
admitting another flit to the media. As long as the media is deadlock free, no flit will stall
within it. In the MANGO router, the link and the switching module constitute the shared
media. Even if the link cycle for each flit transmitted on a VC is long, the full link bandwidth is
exploited by the unlock handshake of different VCs overlapping.

A single VC can normally not utilize the full link bandwidth. However with an appropriate link
access scheme, the goal to provide well defined worst case guarantees, can be met. The
cycle time of the VC link is sensitive to the forward latency of the flits. In this regard,
clockless circuits are advantageous, since they make possible a very short forward latency
per pipeline stage. An advantage of the share-based VC control scheme is that it is much

cheaper, both area and power wise, than the commonly used credit-based VC control
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scheme. As shown in [5], the two schemes can be used together, controlling access to the

same link. This is useful when the same link is used for both GS and BE routing.

During BE routing it is clearly an advantage to use credit based VC control to improve the
average case performance. As indicated in Figure 4, each input port of the router implements
an output unlock wire for each VC, likewise each output port implements an input unlock wire
per VC. Under the share-based VC control scheme, the VC control module establishes control
channels between arbitrary VC buffers and the inputs, simply by circuit switching theé unlock
wires, originating in the VC buffers, unto the VC control outputs at the input ports. Thus the
VC control module implements a non-blocking (P*V)X(P*V) switch. The control channel bits
stored in the router map‘ the VC buffers to the appropriate input VC wires, according to the
connection path. In our 5X5, 8 VC router we simply use 5*8 instantiations of a (5-1)*8-input
multiplexer. For larger number of VCs, it might prove worthwhile to implement a more
complex switch structure, e.g. a Clos network, which scales better. The mapping between
input and output VCs can be considered static during connection usage.

3.4 Link Access

The MANGO router implements output buffers. Since a connection is a reserved sequence of
VCs, the target VC buffer of a flit entering the router is deterministic. There is no need for
arbitrating amongst VCs on different output ports. Placing the VC buffers at the output
simplifies the link access arbitration scheme. Thus simple, fast, and low area circuits can be
used to implement access schemes. Since the path across the link, through the switching
module, to the target VC buffer is fully deterministic and congestion free, by way of the non-
blocking switching module described in section 3.2, the link access is the only critical point on
a connection, with regard to congestion. If guarantees can be made for link access,
guarantees can be made for the entire connection. Thus link access arbitration is what
facilitates GS in MANGO.

The link arbiter shown in Figures 2, 4, 5 and 8 implements the arbitration scheme. According
to the arbitration amongst contending VCs, the flits are merged onto the shared link, which
connects to the neighbouring router. The steering bits, which indicate the destination of the
flit, are appended before the flit is transmitted. In the router implementation presented
herein, a demonstration is given of the general architecture implemented a fair-share access
scheme, by which each of 8 VCs are guaranteed a minimum of one 8th of the total link
bandwidth. To keep the area down, the present output buffers are a single flit deep plus one
flit in the unsharebox. This is enough to ensure the fair-share scheme to function over a
sequence of links, providing a hard lower bound on the throughput of a connection. If a VC
does not use its allocated bandwidth, the link is automatically used by another contending
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VC. It is seen how the GS routing functionality is decoupled from the switching functionality

in he router. This makes it an easy and modular task to instantiate new GS schemes.

Naturally, other types of scheduling may be used. Different schedulers have different
advantages and disadvantages. The present network/router is basically indifferent as to the
type of scheduling used.

A particular advantage of the present network/router is that it is indifferent to the type of
scheduling used, and because of the non-blocking forwarding element (the switching module)
within the router, this scheduling determines the type of guaranteed services provided on the
data channels.)

Global communication will incur an increasing part of the total power budget in future
microchip technologies. Also the delay uncertainty of globally propagated signals forces
circuit designers to allocate progressively safe timing margins for these, at the expense of
performance. For these reasons we choose to implement our inter-router links using a 1-of-4
coded delay insensitive (DI) 4-phase asynchronous signaling protocol. Figure 10 illustrates
how the routers themselves are implemented using area efficient bundled data control.
Within the relatively limited physical extent of a router, wire delays can be considered small
compared with gate delays, and it is thus possible to make use of speed independent control
circuits. On the long global inter-router links, DI signaling is employed. In particular, 1-of-4
DI encoding ensures a balanced trade-off between power consumption and area usage. Four
wires are needed for each 2 bits communicated, plus one wire for the acknowledge signal.
Because data validity is encoded into the data itself, DI signaling eliminates timing problems
caused by delay differences between data and control signal propagation. This is a highly
desirable property on long global links such as inter-router pipelines, and helps in obtaining a
modularized system design flow.

In the current version of MANGO, we implement 4-phase signaling. For each transaction we
thus need 2 global wire toggles for each 2 bits communicated, plus 2 toggles of the
acknowledge wire. As the power cost of toggling global wires increase in future technologies,
relative to that of processing logic, it will prove worthwhile to implement 2-phase signaling on
the inter-router links. This would reduce the amount of toggling of global wires to 1 toggle for
each 2 bits plus 1 toggle for the acknowledge. The overhead in implementing 2-phase
pipelines lies in the encoding and decoding front-end circuits at the router ports, and in the
completion detection in each pipeline stage.
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4 The BE Router

As mentioned above, the BE router is introduced as a manner of providing the back pressure
signals between the nodes an in order to take up any excess bandwidth on the links. In
addition, this router may be used for traffic which does not progress along the data channels
defined. The BE router may be any type of router in that it merely uses the links and
interconnections of the nodes. The determination, in a node, of the pertinent output of

received data, and even the type of data, may be selected independently of the GS traffic.

The BE router, shown in Figure 7, implements a simple source routing scheme. The first flit of
a packet is the header fiit. The two MSBs of the header indicate one of four output ports.
Choosing a direction back to where it came from, the packet is routed to the local port. The
header is then rotated two bits, positioning the header bits for the next hop. With 32-bit flits,
a packet can make a total of 15 hops. The packets are of variable length; a control bit is used
to indicate the last flit. The outputs arbitrate fairly between input ports contending for access.
Once an input port has gained access, it will retain this until the last flit has been routed,
thus keeping packet coherency. The interface used to program GS connections into the GS
router, is implemented as an extension on port 0, the local port. Figure 8 is an illustration of
the router, indicating how the BE router is integrated into the GS router architecture. To
avoid deadlocks, XY-routing is employed. When a flit enters the BE router, three steering bits
have been stripped, and a total of 34 bits remain (see Figure 5), 32 of which are flit data. Of
the other two, one is the control bit used to indicate the last flit. The remaining bit can be
used to indicate one of two BE VCs. This is not used in the present implementation, but can
be used to extend the BE router to provide more complex deadlock free routing, adaptive VC
allocation, etc. The VC control of the BE channels is handled separately from the VC control
module and can be implemented using a credit-based scheme. The focus of the present
embodiment is means of providing GS by way of the non-blocking GS router. The BE router
has been included for the sake of completeness and holds lots of potential for improvement.
First of all, it could implement credit-based VC control, in order to facilitate improved average
case performance. The modular architecture of the MANGO router makes it easy to plug in a
new BE router.

5 Implementation and Results

A 32-bit MANGO router has been implemented using 0.12 um CMOS standard cells. The
router is designed with 4-phase bundled data clockless control circuits. It is a relatively small
entity, thus internal timing is quite predictable. The links between neighbouring routers are
much longer, and thus more sensitive to timing variations. In order to make assembling a

NoC-based SoC a modular and timing safe exercise, and in order to save power, delay
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insensitive signalling may be used between routers, e.g. 1-of-4 signalling. The router has
local input and output ports providing 5 interfaces each (4 for GS and 1 for BE) and 4 input
and 4 output network ports (each implementing 8 VCs). The router simultaneously supports
connection-less BE routing plus a total of 32 independently buffered GS connections. Each VC
provides one 8th of the bandwidth on a link.

The performance in net list simulations using worst-case timing parameters (1.08 V/125 C)
was 515 MHz per port (795 MHz under typical timing conditions). The pre-layout area was
0.188 mm?. The area usage is detailed in Table 1. The switching module and the VC buffers
together account for more than half of the total area. Much area could be saved by using

custom-designed buffers.
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Module Area

Connection table 0.005 mm?
Switching module 0.065 mm?
VC buffers 0.047 mm?
Link access 0.022 mm?
VC control 0.016 mm2
BE router 0.033 mm?
Total 0.188 mm?

Table 1. Area usage in the MANGO router.
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CLAIMS

1. A network comprising a number of nodes interconnected by links, wherein:

each node:

- has a number of inputs and a number of outputs, each output comprising a
number of output buffers, each input and each output being adapted to
receive and transmit data with a predetermined data rate, and

- has a forwarding element adapted to forward data, from the inputs thereof
to the output buffers, at a rate being at least the combined rate with which
the inputs are adapted to receive data,

a number of “data channels” are each defined as a plurality of serially interconnected nodes,
for each node in a channel, an output buffer is defined of an output interconnected to an

input of an other node of the channel,

each node in the channel having an input interconnected to another node of the channel
further being adapted to inform the other node when the output buffer of the node and of the
channel is not full, and

each node in the channel having an output interconnected to another node of the channel
further being adapted to transmit data from the output buffer of the node and of the channel
to the other node when the other node informs the node that the output buffer of the other
node and of the channel is not full.

2. A network according to claim 1, wherein each node further comprises a scheduler for
controlling transmission of data from the output buffers of an output to the link connected to
the output.

3. A network according to any of the preceding claims, wherein those nodes in a channel that
each has an input interconnected to another node of the channel, further is adapted to inform

the other node of an amount of data receivable in the output buffer of the node.

4. A network according to any of the preceding claims, the network being embedded on a
single integrated circuit.
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5. A network according to any of the preceding claims, wherein the inputs and the outputs of
the nodes are adapted to transmit and receive data in accordance with an asynchronous
handshake protocol.

6. A network according to any of the preceding claims, wherein the forwarding elements of

the nodes are adapted to operate in the absence of a common clocking signal.

7. A network according to claim 6, wherein each forwarding element comprises a number of
sub-elements, and wherein the sub-elements of each forwarding element are adapted to
operate in the absence of a clocking signal common to all sub-elements of a forwarding
element.

8. A system comprising a network according to any of the preceding claims as well as a data
provider interconnected to an input of a first node of a data channel, and a data receiver,
comprising a buffer, interconnected to an output of a second node of the data channel,
wherein:

- the data receiver is adapted to inform the second node when the buffer of the
data receiver is not full, and

- the data provider is adapted to transmit data to the first node when the first
node informs the data provider that its output buffer is not full.

9. A node for use in the network according to any of claims 1-7 or the system according to

claim 8, the node:

- having a number of inputs and a number of outputs, each output comprising a
number of output buffers, each input and each output being adapted to receive and transmit
data with a predetermined data rate,

- having a forwarding element adapted to forward data, from the inputs thereof
to the output buffers, at a rate being at least the combined rate with which the inputs are

adapted to receive data,

- being adapted to inform one or more other nodes interconnected to an input of
the node when one or more output buffers of the node is/are not full, and
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- being adapted to transmit data from an output buffer thereof, when a node
interconnected to an output of the node informs the node that an output buffer of the other

node is not full.

10. A node according to claim 10, further comprising means for obtaining information relating
to pairs of an output buffer of the node and an input of the node from which data is to be
forwarded to. the output buffer; the node being adapted to, when an output buffer of a pair is
not full, inform a node interconnected to the input accordingly.

11. A node according to claim 9 or 10, further comprising Aa scheduler for controlling

transmission of data from the output buffers of an output to the link connected to the output.

12. A node according to any of claims 9-11, further being adapted to inform the one or more
nodes interconnected to an input of the node of an amount of data receivable in the output
buffer(s) of the node.

13. A node according to any of claims 9-12, wherein the forwarding element comprises:

- in or at each output of the node, one or more switching elements being adapted
to switch data from any one of X inputs to any one of V outputs, X and V being integers, each
output of the switching elements being adapted to provide data into a different one of the
output buffers of the node, and

- in or at each input of the node, an element adapted to provide received data
into one of a piurality of data paths, each data path being adapted to provide data to an input
of a different one of the switching elements of the node.

14. A node according to claim 13, wherein X an V are identical and equal Y-1, where Y is the
number of inputs of the node, and wherein the number of output buffers for each output

equals Q*(Y-1), Q being an integer,

15. A node according to any of claims 9-14, wherein the inputs and the outputs of the node
are adapted to transmit and receive data in accordance with an asynchronous handshake

protocol.

16. A node according to claim 15, wherein each forwarding element comprises a number of
sub-elements, and wherein the sub-elements are adapted to operate in the absence of a

clocking signal common to all sub-elements of a forwarding element.
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