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ABSTRACT

The cost to floorplan size of wire routing is apgebing that of cell area, and therefore
must be considered during interconnect design.

The long wires interconnecting IP cores constraenfglacement of standard cells and
macros. Routing congestion limits the compactnésiseochip floorplan. Design
automation tool vendors have invested heavily mettgping physical synthesis tools that
improve locality and decrease average wire lengdilsvever, the logical design of a
network-on-chip interconnect minimizes the numidewrioes in the first place.

A network-on-chip serializes the transmission afrads, control, and data signals over
links of configurable width. Trade-offs can be ma@éween throughput and latency.
This adds a new dimension for optimizing the desifjimterconnects.

" The work for this paper was sponsored by Arteris, Inc., a vendor of a tool and libraries for the automated
generation of NoC IP and the exploration of the effects of topology on SoC performance.



1 Introduction

The congestion of wires in the place and route (P&tRge of chip design poses an
increasingly significant challenge to creating loest, high performance chip designs.
High congestion requires an increased die sizeare metal mask layers. Congestion
causes long wire routes that create new and urgiaddi critical paths.

As more IP cores are added to each generationijgd,dhe number of routes between
cores grows by a squared ratio. This increaseprtitdem of congestion. Expectedly,
eliminating congestion has become a key conceri ik tool vendors who have
addressed the problem with physical synthesis tools

The capability to easily configure the widths dieirtonnection links enables a trade-off
between data throughput and wires. For a majofiti? anterconnections, this allows a
large reduction in the number of long wires atRid. stage, before synthesis.

This paper presents trends in technology, introsipeeket based network on chip as a
means of enabling configuration link widths, shaxperimental results, and describes
other benefits of packet-based interconnect netsvork
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2 Trends

The highest performance supercomputer, as of thigng, has 18,688 processing nodes
[1]. That's a lot, but it’s still not enough for @ccurate weather forecast. Why can't the
operator simply double the number of nodes in otdé@ncrease the performance? The
answer is: wires. Wires take up space betweenrtheepsing nodes and disks; sending
signals across long wires takes time; driving digioa wires consumes power; and how
to connect processing nodes for the best perforensncomplicated. Solving those
problems is the science of supercomputers. Muki&oCs present analogous problems.

COST

Standard cell sizes are shrinking at a rate ottofaf 2 every 2 years. Wire widths are
growing [2]. The P&R inefficiencyl] in die area usage can be calculated from thé tota
die areaf) and the area of the die with wires and no c&lls (

= W/A 1)

| is increasing. This is causing a trend in thap dlworplans are larger than they could be.
Larger floorplans decrease dies/wafer and incrdagects/die.

One way to decreases to add more metal layers to the fab processnéiease in
layers and their additional masks adds to the nzenwfing expense and increases defect
rates. In short, wires increase the cost of makmps.

SPEED

The drive strengths of transistors are decreasisggf than wire lengths and die sizes. As
a result, signal propagation time along wires gsawing portion of critical path timing.
This limits the potential speed improvements ofcess technology shrinks.

Furthermore, congestion causes some wire routiekéoextra long paths. The increasing
gap between transistor switching time and signap@gation time along unpredictably
routed paths decreases the predictability of thety of arcs in logic synthesis.
Decreased predictability increases the clock skeavthe number of hold time violations
that must be fixed in P&R.

These timing problems can be reduced with moratitar of synthesis and P&R.
However, the eventual tape-out deadline limits ¢hiterations, leaving clock speed on
the table.

TOPOLOGY

To add functionality, an increasing the number s¢ié) are used in chips. Typically, and
with little deviation (anecdotally), about half tbfe interconnectivity of a full crossbar are
used in chip designs. This creates an approximaté® number of logical connections
between cores. Using a traditional slave-side ratieitl crossbar, directly connecting
every master-slave pair that shares a logical atirorewould require an intolerable
number of wires.
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The number of direct connections can be reasorahiyd by creating localized
crossbars with bridges. This adds overhead tortttetactural performance of the chip
and can create bottlenecks that limit performancasdme use cases. Grouping and
bridging requires careful architectural analyseshop performance, which are
significant verification projects.

EDA

Wire routing congestion is the problem of the decft the vendors of logic synthesis
and P&R tools. This is the problem addressed bye@eel Encounter RTL Compiler with
Physicaland_Synopsys Design Compiler Topograph{palysical synthesis) / Design
Compiler Graphica(floorplan exploration on top of DC-Topo) [3][4T.onsideration of
wire routing congestion within EDA tools is essahto minimizing floorplan size and
achieving the best possible performance in advaokgddesigns [5].

As a general rule for any design process, a srffaltt@arlier in the process yields a
better benefit than a large effort later in theqess.

"Upstream tools need to know what's going to hapjmmstream”
"Congestion is the killer of schedules”

- Aart DeGeus, Synposium 2010

In the process of chip design, more can be doimapoove P&R wire congestion by
reducing the number of wires in the IP RTL beforetkesis.
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3 Network on Chip

Reducing P&R congestion from the stage of IP/RTthesraison d'étre of a network on
chip (NoC).

physical synthesis

IP/RTL synthesis P&R

network on chip

W

The AMBA 4 AXI protocol well serves the needs dfaflthe many features of modern
processors as well as a wide range of other IP$.UA%s 272 signals for a bidirectional
64-bit interface.

data width 32| 64| 128
AWID 4 4 4
AWADDR 32| 32| 32
AWLEN 4 4 4
AWSIZE 3 3 3
AWBURST 2 2 2
AWLOCK 2 2 2
AWCACHE 4 4 4
AWPROT 3 3 3
AWVALID 1 1 1
AWREADY 1 1 1
WID 4 4 4
WDATA 32| 64128
WSTRB 4 8| 16
WLAST 1 1 1
WVALID 1 1 1
WREADY 1 1 1
BID 4 4 4
BRESP 2 2 2
BVALID 1 1 1
BREADY 1 1 1
ARID 4 4 4
ARADDR 32| 32| 32
ARLEN 4 4 4
ARSIZE 3 3 3
ARBURST 2 2 2
ARLOCK 2 2 2
ARCACHE 4 4 4
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ARPROT
ARVALID
ARREADY
RID
RDATA 3
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A four cycle AXI burst write transaction uses th&sire write address bus in only ¥4 of
cycles. The read address bus is unused while ifffiedan waits for a read response. Only
rarely does an initiator perform a series of read \&rite requests simultaneously. Even
then they do not happen for a sustained numbeyaés since few target devices,
especially SDRAMs, can sustain that much throughpugct, in most systems most
AXI interface signals are unused for most of tineeti

A NoC encodes the address and control signals ti@naaction into a header and
transports that within a packet that also contdiesdata. A NoC and its transport
protocol are transparent to the initiators anddergvithin a SoC. In other words,
initiators think that they are directly connectedattarget and vice versa. A network
interface unit (NIU) encodes transactions betwé&enspecific IP interfaces using a
generic packet transport protocol.

The packet header is usually smaller than the nuwfteeddress and control signals. This
is true because, for example, the upper addresebit transaction — which determine the
target to which the transaction is directed — a@ded in the packet header as a simple
route ID. The 18 AXI bits for a burst’s length, sjburst type, lock type, cache type, and
protection type can be encoded by the initiator Mith just several bits needed to signal
the packet type to the target NIU.

SERILIZATION

The header and then the data can be transmitteetis on the same wires linking IPs.
Thus, serialization decreases wire count on chips.

Serialization offers the opportunity to trade wifesthroughput and transaction latency.
This gives a degree of freedom not otherwise abigleo the design of interconnects. In
making the trade-offs, four cases of serializabauld be considered.
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In case (a) the data is wide relative to the headdrone cycle of header latency penalty
is added to each cycle. An extra cycle of latescy small consideration in most systems
since SDRAM accesses take tens or, if the CPUsisgiaough, hundreds of cycles. The
throughput penalty of one cycle per transactidielisin a lightly loaded system, in which
case the initiator encounters little traffic to sddhtargets. In heavily loaded systems, the
actual throughput available to each initiator mited by contention at arbiters, and so the
throughput consumed by a header cycle per traseakts no effect.

In case (b) the data width is narrower than thelaesao that two or more penalty cycles
are incurred for each transaction. Such narrow @atths are used on low throughput
connections, especially between distant IPs owligheSince extra cycles will be used for
data transport, the extra cycles of header persaligually insignificant.

For links in which a high throughput of narrow detaequired, multiple cycles of header
penalty are intolerable. Case (c) is used for wcmections. The link width is chosen as
the width of the header to ensure just a singlalpgiycle for the header.

For connections between initiators and targets wetly high throughput or very low
latency requirements, case (d) is appropriatenibidase the header and data are
transported in parallel. This uses the largest rarrobwires and is appropriate between
IP interfaces that are placed very on the die, ikggiine wire lengths short. Despite
having the largest number of wires used in a N@Sedd) will almost always use fewer
wires than the full AXI interface.

Wide datapaths that span long distances are plarigiig contributors to congestion
because they comprise a large number of signalsithst all take approximately the
same route. Changing the serialization of dataiwitiie NoC topology allows the data to
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be sent over long distance links with narrower patias. AHB and APB interfaces to and
from 10 devices at the periphery of a chip can twenected to the main CPU block this
way. P&R tools can fit the narrower links throughllvays between obstructions where
it would otherwise be impossible.

Wide busses are also expensive at asynchronousabocain crossings. Serialization in
the faster clock domain reduces the number of 8gmrassing the boundary. In big
prototype boards with multiple FPGAs, serializatairpin boundaries can enable full
interconnectivity of all IPs within the chip. Thigould otherwise be impossible with
large scale integration of IPs.

Changing serialization within an interconnect natwis possible with traditional
interconnects, but the logic to do so is compleat dhly do burst size and length need to
be re-encoded, but partial bursts and write enakefard to handle. Furthermore, single
transactions must sometimes be broken into multiplesactions. That has implications
for the design of slave devices, which can prelemeuse. A NoC benefits from
encoding the transaction protocol within a transpawtocol.
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4 Resaults

A NoC was built using the Arteris® NoC generatardochip with 16 initiators and 16
targets, each with bidirectional AXI interfaces.eTéxperiment was conducted for 32-bit,
64-bit, and 128-bit data widths with and withouatler penalty cycles and without any
link serialization changes in the NoC topology. Tihk widths are shown in the table
below.

data width 32 64 128
AXI 204 272 408

Arteris zero header penalty 146 218 362
Arteris auto header penalty 84 156 300

A small chip layout was done with an AXI-based rotnect generator. Twenty design
blocks with 64-bit bidirectional AXI interfaces weeconnected with a total of 5800
interface signals to the AXI-based design and 30G6@e Arteris NoC. A single cycle
header latency configuration was used in the Naghgéstion was measured in the
layout. The congestion map in the physical chabeelkeen three design blocks is shown
below.

Halving the widths of interfaces in the RTL in orde reduce the number of wires allows
the EDA tools to reduce peak congestion, showedh At the same time, using fewer
wires for the same amount of IP logic, allows catige to be spread more widely.
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5 Packetization

Serialization, as discussed above, reduces P&Rawmimgestion and is the most direct
benefit to chip size reduction from packetizatidnother benefit of transporting
initiator-target transaction as packets is thatatster mux logic, which makes up the
switch topology within the interconnect networksispler and smaller. All of the
complexity of describing a transaction and choosirgstination route is done in the
initiator NIU. The initiator NIU is placed close tbe initiator IP. The complexity of
turning transaction packets into the wiggling witleat tickle the target is done in the
target NIU. That target NIU is placed close to ténget IP. All demuxing and muxing of
routed packets throughout the chip is a simpleenaftselecting a connection for the
packet header and maintaining it until the lasteyt the packet. That uses just a few
gates and flip flops of control logic at every sshihg point in a NoC topology.

Flow control within a NoC is likewise simplifiedaBket transmission through a NoC can
be controlled by a simple ready-valid handshalevaty link point without decoding any
other control signals. Mux arbitration within a N@&no different than arbitration in any
other type of interconnect network. Any arbitratsmheme can be used with any input
prioritization at any point within the NoC topology

Another benefit of the simplicity of the link pratol in a packet-based NoC is the simple
insertion of pipeline stages. The busses withinitiles of a NoC are entirely untyped.
They can carry header information in once cycle @atd in another. Neither the links
nor the switches within the NoC topology know orecabout the transport protocol. As a
result, pipeline stages can be inserted anywhesieNaC as a simple register stage.

The NIU logic and all links can be completely cordiorial for low transaction latency
in a small chip when low clock speed is requireat. liigh clock speed designs any
number of pipeline stages can be inserted witherNbC datapaths. A NoC supports
arbitrarily high clock speed. This might includ@eaters on long cross-chip wires. The
easy insertion of pipeline stages allows anothgrekeof freedom in exploring the trade-
offs between clock speed and transaction latency.
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6 Conclusion

The advantages of a packet based NoC, particidarlglization, are achieved more
easily and to a greater extent than with other@gghes to interconnection networks. The
easy configuration of the link widths allows a &aaff between throughput and wire
congestion. This provides a new degree of freedothe multidimensional problem of
optimizing chip layouts.

The use of a simple transport protocol within a Nsi@plifies routing and flow control
within the topology. The use of untyped wires sirfigd critical path optimization
through the insertion, moving, and removal of pipektages.

Overall, the use of a packet-based NoC betweewnr€sqroduces a more nearly optimal
chip design, in terms of cost and performance, withorter design time.
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