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Abstract

This paper gives an overview of state-of-the-art regardhe network-on-chip (NoC) proposals. NoC paradigm reggace
dedicated, design-specific wires with scalable, genengdgae, multi-hop network. Numerous examples from liteeare selected
to highlight the contemporary approaches and reportedemehtation results. The major trends of NoC research aret&sthat
require more investigations are pointed out. A packetaweitl 2-D mesh is the most used and studied topology so faralso a
sort of an average NoC currently. Good results and inter@gtioposals are plenty. However, large differences in émgntation
results, vague documentation, and lack of comparison wereabserved.
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|I. INTRODUCTION

System-on-chip (SoC) architectures are getting commtiaitdoound both from physical wiring and distributed cortgiion
point of view. Wiring delays are becoming dominating ovetegdelays, which favors short links. The larger SoC the more
probably the overall computation is heterogeneous anditechrather than evenly balanced over the chip. These teifs
motivate Network-on-Chip (NoC) that brings the techniqdeseloped for macro-scale, multi-hop networks into a chip.

NoCs have been widely reported in several special issuegimmls, numerous special sessions on conferences amtlyece
also a dedicated NoC symposidmAs an example of increased interest, Fig. 1 shows the hittdoun search “network-on-chip”
in IEEE Xplore document archivé

The early work and basic principles of NoC paradigm wereioed in various seminal articles, for example [99][34][25]
[B1[53][971[91][36] [72][73] and few text books [44][69]]. However, the aforementioned sources do not present many
implementation examples or conclusions about the curreppgsals. This article complements the surveys [12] [87] by
providing a categorized, in-depth literature study of NaGpmsals and their implementation results.

We analyzed well ovel00 peer reviewed NoC publications and created classificatiogeoeral properties. We present
extensive comparisons for three purposes: to show majodsrevhat kind of details has been reported and what we should
conclude for the future of NoC. Furthermore, this paper fifies the aspects calling for further research.

We have made a deliberate choice not to point out what we peras mistakes in others’ work. Instead, we describe the
potential pitfalls in general terms and without pointingtihe sources.

II. COMPARISONCRITERIA

The major goal of communication-centric design and NoC ¢ligra is to achieve greater design productivity and perforcea
by handling the increasing parallelism, manufacturing plaxity, wiring problems, and reliability. The three ccitil challenges
for NoC according to Owenst al. are: power, latency, and CAD compatibility [73]. The keyeasch areas in network-on-chip
design can be summarized, for example [72][12], as

« Communication infrastructure: topology and link optintiea, buffer sizing, floorplanning, clock domains, power

« Communication paradigm: routing, switching, flow contrqliality-of-service, network interfaces

« Benchmarking and traffic characterization for design- amtime optimization

« Application mapping: task mapping/scheduling and IP congmb mapping.

A NoC consists of routers, links, and network interfacesuters direct data over several links (hops). Topology dsfine
their logical lay-out (connections) whereas floorplan defithe physical layout. The function of a network interfaagafpter)
is to decouple computation (the resources) from communitgthe network). Routing decides the path taken from sotwc
the destination whereas switching and flow control polidefine the timing of transfers. Task scheduling refers toattuker
in which the application tasks are executed and task mamefiges which processing element (PE) executes certainlask
mapping, on the other hand, defines how PEs and other resoareeconnected to the NoC. An excellent text book about
network basics in general is [24].

For illustrative purposes, Fig. 2 shows an example SoC witio& and nine heterogeneous IP blocks that are CPUs,
memories, input/output devices, and HW accelerators. Thee &f one resource is, for example, 50-200 kilogates orelarg
This means that tens of resources are possible in a singleaétii modern65 nm processing technology. The good old shared
bus is still very common in practical SoC implementationstss well motivated to have a deeper look at NoC proposals and
figure out what really matters.

Despite vast literature on the topic, most articles do net giear definition what they mean with the teNoC. Sometimes
it seemso mean only packet-switched mesh-like networks, but we atonmake any limitation by topology or switching in
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Fig. 1. Search hits for “network-on-chip” in IEEE Xplore hiee.
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Fig. 2. An example SoC that has a 2-D mesh NoC with 9 resoubtesvork interface is denoted withv 1.

this paper. Unfortunately, many papers give an impresgiaha “NoC” magically improves every design where it is a8li,

but fail to show that or to charactecterize the minimal regmients of a NoC. To avoid such hype, this paper uses a simple,
although loose, definition thamn®twork-on-chip is a communication network that is used bip”c In [8], the network is

the abstraction of the communication among components arsed satisfy quality-of-service requirements, such asabdlty,
performance, and energy bounds.

For comparison, we consider architectural features andeimgntation specific figures of merit as well as the validafior
each paper.

Due to limited space, the focus is on the design and implemtient of network components and only single reference
per NoC. Other aspects like design automation [10][59][7] [45], performance evaluation [75][33][87], encodedreling
[56][43], error detection and correction [67][11] wire optzation [56] [22][70][65], and programming models [7 #eacovered
in more detail in the referenced publications. Intereseatiers are encouraged to study also the NoC-related orekoerces,
especially OCP-IP’s NoC bibliograpthttp://www.ocpip.or g/univer sity/biblio_main. Another bibliography is collected by R.
Mullins, Univ. Cambridge’.

IIl. NoC ARCHITECTURECOMPARISON

Extensive summary of NoC proposals is listed in Table I. Togg routing, switching scheme, as well as utilized eval-
uation methodology and criteria are given for each NoC. Tagom rows show the number and percentage of the papers
reporting/using the given property. Furthermore, the @etages from another survey, [87], are also given.

Each property is explained in more detail in the followingble lists support of various configurations if the papegieitly
report it. Any unclear or partially applying properties anarked in parentheses.

Although very extensive, Table | cannot be all-inclusivewéver, we argue that the selected publications offer eesepr
tative view of NoC design.

A. Switching policy

Circuit-switching forms a path from source to destinatigiopto transfer by reserving the routers (switches) ankslirAll
data follow that route and path is torn down after the trankBes completed. Packet-switching performs routing pekeg
basis. The upper part of Table | lists thigcuit-switched(c in the table) and lower part shovpacket-switchedp) networks,
both in alphabetical order. Switching policy is not cleasbated in all cases and sometimes both schemes are supported

Packet-switching is more common and it is utilized in abdi#6®f the studied NoCs. Some sources assume packet-swgtchin
as key property of NoCs but we will consider also the circuitteshed networks.

There are three choices how packets are forwarded and sibredters:store-and-forwardcut-through andwormhole as
shown in the next column. Store-and-forwasdl (nethod waits for the whole packet before making routingsiens whereas
cut-through ¢) forwards the packet already when the header informaticavaslable. Both methods need buffering capacity
for one full packet at minimum.

Wormhole switching 4) is the most popular and well suited on chip. It splits thekets into severalflits (flow control
digits). Routing is done as soon as possible, similarly tbtletough, but the buffer space can be smaller (only one flit a
smallest). Therefore, the packet may spread into many catige routers and links like a worm.

Circuit-switching is best suited for predictable transférat are long enough to amortize the setup latency, anchwhguire
performance guarantees. Circuit-switching scheme altdaces the buffering needs at the routers. Packet-switcleéngssitates
buffering and introduces unpredictable latency (jittar) i3 more flexible, especially for small transfers. It is gren research
problem to analyze the break-even point (predictabilitgl daration of transfers) between the two schemes.

Shttp://www.cl.cam.ac.uk/ rdm34/onChipNetBib/browbém
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TABLE |

EXTENSIVE SUMMARY OF NETWORK-ON-CHIP PROPOSALS IN LITERATURE

@ see Table I for topology symbols

(

? number of NoC terminals in largest prototype

Switching Topologies @ Rout. Eval. method Evaluation metrics
ko] w| 5 N 3 z = % =
< = gl g z o 2| 8§ 22 -~ £ g > ¢ = = =
# Network Author Ref. é E % 2 E § E E -": g g E < % ‘«§ R 5 E‘ E % E 'g E E
= = ol 2 E & £ L |< @3 L 2- S &= g = -1 *
1 | AET Valtonen [94] | ¢? X m d | x - X 1 3
2 | aSOC Liang [60] c X m (d) X 5 x| x X 3
3 | Crossroad Chang [18] c - X c (d) X X 5 3 x |x X X X 4
4 | dTDMA Richardson [82] c - x| b d [x x - X X X 2
5 | HIBI Salm., Kulm. | [85,52] | ¢cp (W) x | hb (d) X X x 58 3 x| x x X X X X 6
6 | Hu Hu [40] c - X p (d) X X 1 x [(x) X 1 3
7 | Nexus Lines [60] c - X | x (d) 16 - - |x x (x) x 4
8 | Pnoc Hilton [38] c - X c (d) X x 8 X | x X X 3
9 | ProtoNoc Castells-Rufus [17] c - X m d | x X - - x X 2
10 [ SDM NoC Leroy [58] c - X (m) © (d (x) _x 1 x [ x X X 3
11 | SocBus Wikl., Henr. [98,37] c - X m (d) X X 2 2 x |x X X X 4
12 | Wolkotte Wolkotte [100] c - X m (d) X X - X | x X X 3
13 [ Aethereal Rijpkema [83] [p,(c) w x (m) (¢)| n/a X - - x x 2
14 | Ahmad Ahmad [11 | pec W x t a X (x) - (%) (x) X 3
15 | ANOC Beigne [7] p WX (m) (c) a X -l x X 2
16 | Arteris Arteris [5] P WS - c n/a | x - X | X X X X 4
17 | Bartic Bartic [6] p c - | x mth tr d* X 1 x| x 1
18 | Blackbus Anjo [4] p s ? (m) (c)| any X 7 - 1 1
19 | Bouhraoua Bouhraoua [15] p wo(x) f a X X - - x X 2
20 | Butterfly FT Pande [76] D W ftr a X X - - | x X 2
21 | Carloni Carloni [16] p n/a - p| na |x 1 - (x) 1
22 | CDMA NoC Kim, D. [49] p na - | X sm n/a | x X - - | x 1
23 | CDMA NoC(2) | Xin Wang [101] p na x| x n/a X X - X | x X X 3
24 | Chi, H-C Chi, H-C [19] p s X t, (m) d X 1 - x|x x X 3
25 | Cliche Kumar [53] p n/a - m d X - 1 1
26 | Crossbow Crossbow [23] p n/a x m n/a X X - X X 2
27 | DyAD Hu [41] p woo- m d+a X X 1 x |x X 2
28 | Eclipse Forsell [30] | p? s? - sparse m d? X X 5 x X X 2
29 | Ext. mesh Ogras [71] p woo- em d* X x x 16 2 x| X X X X 4
30 | Faust Lattard [54] p WX m d 23 1 - [ x (x) (x) x x 5
31 | Feero Feero [28] p woo- 3m na | X X X - X | x X X 4
32 | Felicijan Felicijan [29] p WX m d X 1 - X X 1 3
33 | Gezel Ching [20] p woo- (t) (©)| d,(a) X X - X | X X X 3
34 | GDB Hosseinabady [39] p woo- db a X X - x| x x (x) (%) 4
35 | Hermes Moraes [64] p w - m d,a x x 4 - X X X X 4
36 | Kavaldjiev Kavaldjiev [48] p WX m d,a X X 1 X X X 3
37 | Kim,J. Kim, J. [51] p w - m,t a X - X X 2
38 | Lee, H.G. Lee, H.G. [55] p n/a - c.p d X x x 8 1 x| x X X X 5
39 | Lochside Mullins [66] p woo- m d 16 - - |x) x x 3
40 [ Mango Bjerregaard [13] D WX m? d X - - | x x 2
41 | Microspider Evain [27] p WX er d X - x| x x 2
42 | Mocres Janarthanan [42] p c - m d X X - X | X X X 3
43 | Mondinelli Mondinelli [63] p s - ftr d 64 - - X X 2
44 | Nostrum Millberg, Pen. | [62,80] | p s X m a X 1 - X X 2
45 | Octagon Karim [46] | pc n/a x er d X X - X X 2 3
46 | Orion/Luna Soteriou [92] p w,e - em,t,h ftr rer da X X 30 x | x X X 3
47 | Pavlidis Pavlidis [78] p woo- 3m d X X - X X X 2
48 | PMCNOC Wang [96] p * - m d X X - X | X X X X 4
49 | Proteo Sigue., Ahon. [90,2] p c - (1) (c) d X X 1 - |x 1
50 | Qnoc Bolotin, Rost. | [14,84]| p WX m d X X X - X | x X X X 4
51 | Ringroad Samuelsson [88] p s - r n/a X - - X 1
52 | Slim-Spider Lee, K. [56] | pc nla x| x d | x x 9 - x |x x X 3
53 | SNA Lee, S. [57] p na -|x sm n/a X 1 x X 1
54 | SocIn/RaSoc Zeferino [103] p woo- m d X - - x x 2
55 | SPIN Guerr., Andr. | [34,3] p woo- ftr a |(x) x X - X | x X X 3
56 | Star-mesh Cidon [21] p woo- sm d X X - X X 1
57 | TeraFLOPS Vangal [95] p woo- m d,a 80 4 x [x x (X) X 1 5
58 | XGFT Kariniemi [47] p w - ftr a X X X [ x x X X 1 5
59 | Xpipes Bertozzi [10] p woo- c d X X 4 x| x X X 1 4
60 | Xu Xu [102] D na - | x d [x) x x 1 x | x X X X 1 5
# reported 60 60 60 | 50 |28 937 |7 |58 51 |18[43[39] 619 |24 36 |46[30(33|21[15|8[6]10] 60
% reported 100 100 100 | 83 [47[15] 62 [12] 8 [13] 85 [30[72[{65]10]15140] 60 |77]50]55[35[{25[{13[10]17] 100
% in [54] 44 papers - - - - 1721 59 |27]11]27 - 20]82(55[{ 9] 0[30]100[{55]25[41{39])30{57] - [30] -
Notes: " w= wormhole, c=cut-through, s=store-and-forward
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B. Topology

The most common topologies are 2-D mesh and torus which iaatiesbver 60% of cases. Both have connections between
4 neighbor nodes but torus has wraparound links connedtmgddes on network edges and mesh does not. Custom, fat-tree
and crossbar have roughly even proportion followed by biaged topologies. Otherwise similar distribution was olesin
[87] except that buses were used commonly as a referenaadhsf multi-hop topologies. Table Il lists the used topglog
symbols.

A crossbar (or star) is a non-blocking network with high pemiance. However, high implementation cost restricts gega
for local communication only instead of large systems. CDM&Cs [49][101] are here considered as crossbars. Hieaithi
constructed networks, for example Slim-spider (hierara@hstar) [56], star-mesh [21], and SNA [57], differentiédeal and
global topologies. This way the topology better matchesdifferences between local and global communication.

Unlike general-purpose macronetworks, NoCs can be tail@aerording to the requirement of the application domain.
Application-specific networks can obtain superior perfante while minimizing both area and energy [40][10]. A tamp
can also be extended by systematically adding links betvmeenneighboring nodes [71][46][27]. Few approaches a® cu
tomizable but the results are given for one topology only7i20][58][90]. However, customization is contradicyoto the
early projections of simplified layout and wiring optimiat that are possible with regular topologies [35][25][3Bkegular
structure suites especially well general-purpose chiftipracessors (CMPs) with homogeneous resources [95]olRess in
contemporary SoCs, on the other hand, have often varyimgasid shape, see for example [40][53][10][31], which shdadd
accounted in topology/floorplan analyses.

Physical restrictions in IC layout favor the utilization @fdimensional topologies and all b@tpapers in Table | have
two-dimensional topology. However, Soterietl al. found the 3-D mesh most suitable NoC in many cases [92]. M@0
integrating ICs in 3-D fashion clearly favors 3-D NoCs [Zd]].

It was found in the survey [87] that 3 networks are comparedwarage and the largest studies included 9 [56] and 12
networks [92]. Although 5 network sizes were included onrage, half of the cases considered only one size (number of
terminals). Hence, more disciplined evaluation is called|t is worth noting no single fixed topology categoricallytperforms
all others. The properties of basic topologies are quitd-kredwn but customization and IP mapping emphasize the itapoe
of efficient design automation tools, application modeliagd further research.

C. Routing

With deterministicrouting ( in the table), all packets follow the same route betweenrgs@urce-destination pair. With
adaptiveschemes «) the route can vary. They reduce congestion and increadetéerance but require special attention
to avoid deadlocks. The studied circuit-switched NoCs db aoonmonly discuss how the circuits are setup. However, the
transmitted data remains in-order since the circuit stayect throughout the transfer, hence the notafidn

Packet-switched networks mostly utilize deterministiatiog (about 70 %) but adaptivity or some means for reprognarg
the routing policy is necessary for fault-tolerance. Hesraepports selection of the scheme at design time [64]. ipglédte
routing tables at runtime which allows adaptivity eventugb the routing is deterministic (market) [6][71]. DyAD [41]
switches automatically between deterministic and adapditvruntime and guarantees freedom from deadlock and dikelo
Deflection routing forwards packets every cycle and usegtadamisrouting (other than minimal path) in case that ¢arg

s o o e s o
STooo ooom

p=point-to-point b=bus hb=hierarchical bus r=ring

|
==

X=crossbar ft=fat-tree t=2-D torus c=custom

Fig. 3. Some basic network topologies. All examples haver@iteals and bidirectional links.
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TABLE Il
THE TOPOLOGY SYMBOLS USED IN OTHER TABLES

Symbol Topology
b, hb (single shared) bus, hierarchical bus
X crossbar
m, t 2-D mesh, 2-D torus
em, sm 2-D extended mesh, 2-D star-mesh
3m, h 3-D mesh, 3-D hypercube (i.e. torus)
tr, ftr tree, fat-tree
I, er ring, extended ring
Y custom
(c) custom, but only 1 topol. is reported
D point-to-point
db de Bruijn graph

direction is occupied [62]. An interesting option is to $plie traffic across several paths to reduce congestion daicerea
of the network [10].

Although deadlock is generally avoided, out-of-order mattelivery is problematic with adaptive routing. Many stes
neglect this phenomenon totally and others, for examplg[§2§i assume that network interface or software perforhes t
re-ordering. The cost of reordering in terms of runtime arehaverheads are unfortunately neglected which we find & ma
deficiency.

D. Quality-of-Service

Quality-of-service (QoS) refers to the levels of guarastgwen for data transfers. Guarantees are related to tigmrig.
throughput, max. latency, max. latency jitter), integ(ityax. error rate, max. packet loss), and packet deliverpiier or out-
of-order). Over half of the articles promise guaranteesamtentrate mostly on timing aspects. Three methods aréogath
to give timing guarantees: network dimensioning, cirauiftching, and prioritized packet scheduling [61].

a) Best effort(BE) scheme forwards packets as soon as possible but nongeesaare given for latency or throughput in
general case. This is the most common approach nowadayackepinjection to network is restricted by the NI, a (loose)
upper bound can be determined for the network latency butfarothe waiting time at the NI. Prioritizing packets offers
relative guarantees, for example lower latency for higliy packets, but no exact guarantees either.

b) Guaranteed throughpuiGT) scheme can offer minimum level of transfer capabiliyough network. The fundamental
feature of GT is the necessity af priori knowledge about the traffic load conditions. For example, rietwork size (link
width, topology, buffer sizes) is set to tolerate #ntimated worst caseonditions. Similarly, simultaneously activated cirsuit
must be statically determined. Otherwise, the circuit ganay fail at runtime and lead to non-deterministic delayiptd
transfer. Therefore, the complexity of traffic modeling aydtem simulation is high, and no guarantees can be giveevto n
applications [61]. Almost half the articles mention QoS buaty few actually discuss the implementation in detail caleate
its efficiency.

More research is needed to obtain accurate, representedffie models that can be used in benchmarking and in NoC
design. Conservative models are especially critical whesigthing real-time systems. At the same, guaranteed sesrsiwould
coexist with BE and provided with minimal overhead. Most a@Qissues are coupled with routing and flow control policies.

E. Testing and fault-tolerance

Testing aims to detect the errors that occurred during ¢akidn, such as stuck-at-faults or short circuits. Faalkrance
means the ability to operate in the presence of faults, etthed or soft. Link testing must be addressed in addition &&N
routers [31][74]. At the same time, test mechanism must rtteetime, power, coverage, and temperature constraintagUs
already tested routers to deliver test data and exploitiegNoC’s parallelism for simultaneous testing of multipkedes is
presented in [32]. A special self-test mechanism for NoC pr@sented in [47].

There are five key elements to tolerate faults: avoidancecten, containment, isolation, and recovery. Faukitahce
can be achieved via error detection and correction, sttiche@mmunication, adaptive routing, and both temporal spatial
redundancy [32]. Unfortunately, these issues are mostfested in the studied papers, except [60] and [47]. Degrgas
feature size, higher frequencies, and increased procession expose the modern SoC to various faults and courgasores
must be actively sought and studied.

IV. NoC EVALUATION METHODS

Simulationand synthesisare clearly the most popular evaluation methods. One tHitthe studies use analytical methods
and one fourth have presented prototype chips. The simualavidently leads to some simplifications and inaccural@eés



SALMINEN ET AL., SURVEY OF NETWORK-ON-CHIP PROPOSALS, WHHE PAPER,(© OCP-IP, MARCH 2008 7

Such phenomena could be avoided with real prototypes ajthmeasurements are usually more complex than with a siarulat
and the costs are higher. Note that a prototype offers a bduaference point for calibrating the simulation and gl
models.

Some reported prototypes omit the computation resourcessaits from real applications. Two ASIC examples incluue t
network only; SocBus with 2 [37] and Nexus with 16 termind®][ Slim-Spider chip [56] includes the NoC and 9 resources
and the same hierarchical star was used in object recogrstistem [50]. FAUST chip is targeted for baseband procgssin
and it includes 23 IPs and an asynchronous 2-D mesh NoC [54].

Synthesizable traffic generators can be utilized in sinouabut also if the complete system does not fit into (singhef.c
For example, Nostrum NoC was prototyped with 16 traffic gatoes [68] and an ASIC prototype of 64-node fat-tree with
traffic generators was presented in [63]. By far the larges€ Mhip to date is the Intel's TeraFLOPS that has an 80-node
2-D mesh [95]. The chip is fabricated &% nm technology, designed to runs &tz H z, and contains 100 million transistors
occupying275 mm? silicon area.

Modern FPGA devices are large enough for multiprocessor i@g@lementation in the range of million gates and notably
cheaper than ASICs in small series. They also allow speai@are structures such as monitors and traffic generatbish
cannot be included in product ASICs. Two of the reported FPSBAlies use 4 processing elements (PEs) but do not provide
any application results [2][64]. An MPEG-2 encoder in FPGAMW8 hardwired PEs and either custom mesh or point-to-
point network is presented in [55]. An FPGA-based MPEG-4o€elec with multiple Nios Il processors, HW accelerators, and
hierarchical bus has been presented in [85][52]. There eahfoprocessors on a single FPGA and up to 35 processors with
23 other IPs when three FPGA boards are used.

In summary, prototypes are too scarce and lack concretéigdsam real applications. In our experience, FPGA propety
are very valuable to ensure correct functionality of NoGt tee application, and include various overheads. Furtbeg, the
obtained (near) real-time execution of parallel applmadiallows longer runs and better credibility of the resuttsnce, more
effort towards prototyping and standardized evaluatiothads in NoC community is strongly encouraged.

At the first stages, it is essential to perform verificationhwémall systems, such as 4-16 terminals common nowadays.
Nevertheless, NoCs must be utilized in their anticipateddesavhich contains dozens of terminals, to properly aralyem.
Note also that mere FPGA synthesis is not the same as runalhgdplications on the FPGA (which naturally includes
synthesis).

A. Evaluation metrics

The most important metrics for NoCs aa@plication runtime silicon areg power consumptigrandlatency All these are
to be minimized and usually appropriate trade-off is soUghi.

The requiredksilicon areais the most commonly reported value (77%) followedlatency(55%) and maximunoperating
frequency(50%). The other metrics have lower occurrence. Categtingrs denotes metrics that are included only in few
articles, for example, error tolerance, wire length, latejitter, or packet loss. The basics fault-tolerance mstare discussed
in [32] but they were not considered in the papers listed .h8milar observations on utilized metrics were done in [8%)]
shown on the bottom row.

About 3 criteria are reported on average which is inadegftatgood comparison. At least, a comparison based solely on
a single source is very limited. It is necessary to justifg groposals and to show that the results are in accordanbetveit
related work.

Measurement setup and the definition of metrics vary betwesgarch groups and this complicates comparison. Oveohalf
the studies provide some sort of comparison. Comparisonaistipally always done between in-house developed appesac
which are not well documented. Therefore, third-party meffiee points are valuable, as in [59][38][57]. Similarlging a
freely available NoC (simulator), such as Hermes [26], FP®AC*, Noxim®, and Netmaké; as a common reference might
prove beneficial since most NoCs are proprietary and urablailfor public evaluation. Furthermore, researchers rainstfor
wide spectrum of results instead of common practice of tappjust a few, non-related values. For example, measuaieg
with sensitivity analysis over multiple router configuoats.

B. Test cases

Majority of publications use synthetic traffic, such as onifi random traffic, which is a valid approach on the first stefps
design. However, we encourage systematically evaluatilagge set of (representative) traffic parameters. Actupliegtions
give the best accuracy but their traffic profiles are alsocablét For example, the profiles of [10] have been used by many
researchers. Unfortunately, applications are rare used% of cases (mere 30% in [87]).

Test cases can be divided into computation kernels and pgliGations. Examples in the first category include image
binarization, segmentation, and smoothing, IR, FFT, D@t product, vector sum, and matrix multiplication. Untorately

“http://www.da.isy.liu.se/research/soc/fpganoc/
Shttp://noxim.sourceforge.net/
Shttp://www-dyn.cl.cam.ac.uk/ rdm34/wiki/
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these applications are not realistic for a billion trargishulti-processor SoC (MPSoC). In addition, those apfitice represent
too fine grained parallelism which is out of the projected NswOpe.

The latter group of applications includes video encoder2¢B, MPEG-2, MPEG-4) and decoders (motion-JPEG, MPEG-2),
smart camera, OFDM, radar signal analysis, and large deggi@cessing. These give a better view to real NoC perfarean
but are still insufficient alone. Application results fromphysical prototype are given only in [40][52][54][71][9%nd the
others rely on simulation. The largest study includesapplication traces [92] but only.3 cases are used on average. In [87],
most studies used statistical traffic generators and 3 dsoas average.

None has yet reported a NoC running several large applitesamultaneously. This is important step to bring evatrei
closer to expected usage scenario of NoC-based systembe/daime, it necessitates including such aspects as (reg)l-ti
operating system, micronetwork stack [8] and other middieithat have a profound implications on runtime, schegutmd
memory usage. Similarly, the impact of more detailed reswumodels has not been widely explored yet. Standardizeéd tes
case set is currently being defined by OCP-IP NoC Benchmgudgiaup [33].

V. NoC ROUTERIMPLEMENTATION

Table 11l lists examples of reported implementation resfitr NoCs. FPGA results are omitted for brevity. The resaits
given per router or wrapper, but their number in the full retewdepends on the topology. The results are sorted acgptdin
processing technology topology, and then alphabetically.

Network interface (NI) handles the packetization, and ibbgge-ordering or retransmissions. Details about thedeee
network interface are too often omitted. However, intezfatay double the required silicon area, as in [81] and [83g NbC
area in [54], the sum of router and the associated networkG8L interfaces, is 19+10+12=41 kilogates per NoC terminal

Table Il includes also results for networks that are usetfesence in the studies (marked with prdfiaf). Re-implementing
the ideas from in literature is important to obtain fair caripon via direct control over parameters. Table includesreference
implementations synthesized for this paper and targeth@ MHz frequency. The networks are described in [85][86]][26
Reference buses support hierarchical structures andsesel for one wrapper. The reference octagon is implemédatatiis
paper based on [46] but uses packet switching only.

Power consumption is very important issue with NoCs [73] dmitted from the table since it is not a static metric in the
same sense as the area or maximum frequency. Leakage pomprtional to area but dynamic power is related to the
sustainable traffic rate of a NoC and hence application+uéget. Furthermore, the power depends on the used wire model
and required wire length which both require knowledge alteeiiayout. Further analysis of power consumption can bedou
in [10][55][56][80][102]. The lowest frequency that medte application demands may be set at runtime to minimizeuho
power. Estimating and lowering frequency prior to synthesioids over-design, for example large signal drivers.dditaon,
low-leakage logic gates can be opted with less stringerstydebnstraints.

A. Router parameters

For a given topology, the area is mainly defined by the flit tvidhd the buffer size. The flit width refers here to the data
payload alone and the control signals are excluded. The comsimon width is 32 bits which is significantly smaller thar625
bits assumed in [25]. Few approaches use wide flits, for el@®® bits [83], 128 bits [62], and 256 bits [19]. Note that the
flits are used for flow control (reserving buffers and linkd)ereas the phit (physical digit) denotes the number of [edral
wires between the routers. However, they have the same widthost cases.

The reported buffer depths range from 1 flit to 30 flits but alices do not document the buffer sizes. However, several
sources report buffers taking 50-90% of the router area aajdmpart of the power consumption, see for example [48]fEH]
Buffers are usually constructed from flip-flops but using SR& also viable, especially on FPGAs. Special FIFO design ca
offer clear area savings [83].

When specified, the buffer size is listed as a product of nuroborts, virtual channels per port and depth of a buffer
in flits, In other wordsports - VC' - flits , average being = 3 x 6 flits per router. The number of ports is defined by the
topology, mesh being the most popular (5 ports: PE, Nortlst,Esouth, and West). Circuit-switched proposals are often
called “bufferless” but 1-flit buffers at each output arewusmssd for them.

Multiple virtual channels (VCs) may be associated with epbkisical port. Each VC has a separate buffer which reduces
blocking and hence improves performance. They are needezbiftgin routing algorithms ensure correct operation witho
deadlock. Virtual channels are omitted in most current angntations. However, Mango supports 8 VCs [13] and circuit
switched SDM up to 32 VCs per port [58]. Virtual channels aezessary in adaptive routing schemes to avoid deadlocks.
Higher VC count also increases performance up to 4-8 VCs[i6t.

"Note that some feature sizes are grouped together, for dgatipvm and 100 nm.
8L eakage is also application-dependent if power supplyngas applied.
9Ref. mesh on the bottom has two buffers for PE, one for tx aedother for rx.
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TABLE Il
IMPLEMENTATION RESULT EXAMPLES OFNOC ROUTERS

4 Network Author Ref. Top. Flit indth Buffering ' Tech. | Min. lat. Router area Freq. | Detail

[bit] ports VC flits | [nm] |[cycle] [ns] [mm2] [keates] | [MHz] | level'”

1 | Orion/Luna Soteriou [92] m 64 5 4 16 50 7 0.7 0.11 - 10000 pred.
2 | TeraFLOPS Vangal [95] m 32 4 2 16 65 5 1.2 0.34 53 4270 C

3 | Xpipes Bertozzi [10] c 32 4 1 ? 100 7 - 0.1 - - | pred.

4 | Example NoC Dally [25] t 256 5 8 4 100 3? - 0.59 - 200-2000 | pred.
5 | GDB Hosseinaba [39] db 227 n/a 90 - - 0.1-0.15 - 510-590 S
6 | HIBIv.2, rom Salminen [85] | b,(hb) 32 2 1 2,8 | 130 4 9.2 1 0.03, 0,05 4,8 435 R
7 | Ref. octagon Salminen this er 32 4 1 2.8 130 4 9.2 | 0.04, 0.09 6,15 435 R
8 | Mondinelli Mondinelli [63] ftr 16 8 1 8+1 | 130 - - <0.29 <21 200 C
9 | SPIN Andriah. [3] ftr 32 8 1 4?2 130 - - 0.24 - 200 L
10 | XGFT Kariniemi [47] ftr 32 3.6 1 7 130 - - 0.16,0.25 16,21 400 R
11 | Aethereal router | Rijpkema [83] m 3x32 5 1 8 120 - - 0.26 - 500 L
12 | Aethereal NI Radulescu [81] |m(NI)| 3x32 4-8 1 8/3 130 4 8.0 [ 0.17-0.25 - 500 L
13 | Anoc Beigne [7] m 32 n/a 130 - 225 0.25 20 250 L
14 | Faust Lattard [54] m 32 5 2 ? 130 - 0.6 ~0.6 19 async. C
15 | Kavaldjiev Kavaldjiev [48] m 16? 5 4 4? 130 - - 0.18 - 500 S
16 | Mango Bjerreg. [13] m 32 5 8 1 130 - - 0.19 - 795 R
17 | Ref. 2-D mesh Salminen [86] m 32 6 1 2,8 130 4 9.2 1 0.08,0.14 13,24 435 R
18 | Ref. Hermes de Mello |[26, this]| m 32 5 1 2,8 | 130 10 23.0 | 0.05,0.11 9,18 435 R
19 | SDM NoC Leroy [58] m 32 5132 1 130 - - 0.03-0.14 - 2270 L
20 | Wolk., circ, pkt | Wolkotte [100] m 16 55 14 141 130 - - 0.05.0.18 - 1075507 R
21 | Ref. seg. bus Chang [18] b 69 n/a 180 - 32 0.18 - - R
22 | SocBus Sathe [89] c 16 3 1 1 180 6  setup| 0.04-0.08 - 1200 R
23 | Asoc Liang [59] m 32 4 1 2 180 - - 0.07 - 400 L
24 | Crossroad Chang [18] m 69 5 1 1 180 - 3.5 0.06 - - R
25 | DyAD mesh Hu [41] m 32 5 1 8 160 - - - 26 333 C
26 | Lochside Mullins [66] m 64 5 4 4 180 1 4.0 0.5 - 250 C
27 | Ref. pkt mesh Chang [18] m 69 5 1 8 180 - 29.7 0.65 - - R
28 | Proteo Siguenz. [90] r 8 3 1 7 180 - - 0.20 - - R
29 | Slim-spider Lee, K. [56] | x,¢c 8 n/a 180 - - - - 1600 C
30 | Chi Chi [19] | myt 256 5 4 4 250 - - 2.89 - 150 C
31 | Chain Rostislav [84] b - n/a 350 - - - 4.75 async. R
32 | AET Valtonen [94] m 16 n/a 350 3 26.3 0.8 15 114 L
33 | Hermes Moraes [64] m 32 5 1 5-30| 350 10 - - 10-49 (25) R
34 | Qnoc, async Rostislav [84] m - n/a 350 - 4-9 | 0.09-0.47 2-12 async. R
35 | Onoc, sync Rostislav [84] m - n/a 350 1 3.7 0.2-0.96 4-18 | 270-303 R
# reported 35 35 35 32 27 35 14 170 31 15 30 35

% reported 100 100 100 91 77 100 40 49 89 43 86 | 100
AVG (all) 50.1 48 3.1 6411699 | 52 92 - 17.9 - R
AVG (130 nm) 57.4 - - 55 123 0.14 14.9 596 -
AVG (180 nm) 41.9 - - [ 35 101] o022 26.0 3282 | -

 pred =predicted, C=chip, L=layout, R=RTL @ 756.6 MHz including [891[561

B. Minimum latency

The minimum header latency induced by a router is given imrool Min. lat., in clock cycles and/or nanoseconds. The
shown values are for the optimum case without contentiorceGhe header has been forwarded, the payload is transmitted
(usually) at the rate of one phit per clock cycle.

Latency depends on the level of pipelining being about 5icloecles on average but details are not usually available. A
basic 5-cycle router pipeline has the following stagesutrquffering, virtual channel handling, routing, outpubigiration, and
switching. Detailed analysis of router pipelining is pnetsel in [79].

A novel design of router allows single-cycle latency [66Hdaook-ahead mechanism that performs routing decisionHer t
next router is presented in [19]. SoCBus [89] reports a 8eclatency for circuit-setup whereas the latency for daaagfer
is most likely one cycle. A combined latency of 10 cycles foe two network interfaces (sending and receiving ends) was
reported in [10]. The latency of Aethereal NI 4s— 10 cycles whereas SW implementation of packetization takesin&0
cycles [81]. In [54], both NI and GALS interface introduce @uthle latency compared to a single route? (s vs. 6 ns). The
reported HW latencies are low enough in our opinion, esfigaihen the overheads regarding the middleware and network
stack are included. Minimizing the latency and memory oeathof micronetwork stack that still enables simple reusznis
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open research problem.

C. Area

The router area is given imm? or kilogates. These values are meant only for coarse-lemlparison since the router
parameters or inclusion/exclusion of wiring area in ressale not always stated. This is rather counterintuitivedi® thecause
the area is the most often reported metric (cf. Table ).

The reported gate count per router is aroursdkilogates which is reasonably low for large MPSoCs. Repbeeerage
area at 130 nm technology 14mm?. Circuit-switching allows even smaller routers due to alsseof buffers, see for
example [58][59][100]. Sylvester and Keutzer [93] havereated PEs with complexity of abo&® — 100 kilogates will allow
dependable design and verification also in the future. Hemgeaverage routerl§ — 18 kilogates) would impose a notable
overhead in chip area, roughlyp — 36% even without NIs. Area overheads in the rarige 45% were reported in [75]. The
overhead gets larger if separate wiring channels are reddov the signals between the routers. Hence, NoC area iaption
is encouraged when NoCs are used with modest-sized IPs.

Many sources assume quite large blocks to be connected V@3 fdo examplel — 9mm?, which would clearly diminish
the relative area overhead. For example, TeraFLOPS3hasn? tiles and 53-kilogate routers account abdats of the
transistors. Large tiles consist of few hundred kilogatesich is large enough to necessitate a local network, fomgta bus
(for area-optimization) or crossbar/point-to-point fleemance optimization). This is a natural spot for the hielnéal NoCs.

D. Operating frequency

The next column shows the reported operating frequencieslas to the area, wiring has notable impact on the fregyenc
in deep sub-micron technologies. The results are for theeranly assuming that the link delays do not affect. Few Nafgs
asynchronous [7][13][29][54][60] [84][101]. Most NoCsaisynchronous components that may be asynchronous withatesp
to each other (globally asynchronous, locally synchron@#&LS). GALS paradigm is crucial in deep submicron techgae
[8] due to difficulties in clock distribution and to enablevper saving. It requires synchronization logic that affdatency in
addition to area. These penalties, as well as synchroaizédilures, must be accounted in evaluation.

The average frequency is about 600 MHz for 130 nm technolobictwseems adequate for cost-optimized, medium-
performance devices. However, few very fast NoCs [58][liB0fease to the average value notably.

There are great differences between the fastest and theestlawsults; ovedlx with 130 nm and 6x with 180 nm
technology. An order of magnitude difference is so large theeader cannot assume anything about the NoC's perfoenanc
unless it is explicitly given. This emphasizes the impotgnf contrasting results proposals to the existing onesanwding
commentary if large deviations from the average perforradacel are observed. At the same time, the synthesis setind
silicon conditions must be documented.

The last column shows the detail level. Most implementatsults are obtained from synthesis tool but good resuéts ar
obtained also in real silicon implementatioris6é GH z for Slim-Spider at180 nm [56], 1.35 GHz for Nexus at130 nm
[60], and astonishing.27 — 5.67 GH z for TeraFLOPS ab5 nm.

VI. DISCUSSION

The most remarkable observation is the lack of standardie@ benchmarks, anecdotal nature and limited number of
results, and lack of comparison. However, more and more-igility papers are published continuously as the research
matures. Most studies cited here originate from acadentia lgrowing interest is observed also in the industry.

The main concepts for benchmarking NoCs in a systematic amdparable way are currently addressed by OCP-IP
workgroup [33]. The group is formalizing a set of relevanttries, associated measurement methodologies, and a set of
parameterized reference inputs for the NoC benchmarksseTkasure meaningful comparison between various sourcks an
the overall view can be determined in incremental steps.

Table IV shows an example data sheet for contemporary aveMag and our improvement suggestions. To illustrate their
importance, there are few properties that were not includdtie previous tables, such as packet length, buffer type,the
parameters related to implementation results.

Self-evident point is to note the importance of proper doentation and comparison. Unfortunately, this is also a comiyn
overlooked issue. To put it simply, we need more applicatidarger setups, more prototypes, larger range of evaluate
parameters and configurations, better models for traffiesamd for networks (especially for NIs, network stack, and
synchronization), and continued motivation to keep the sle@lving.

VII. CONCLUSIONS

This paper gives an overview of state-of-the-art netwarkehips. An average set of currently utilized propertieisientified
and presented. Datasheet of a stereotypical NoC is also ¢fivelleviate the reporting.
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Packet-switched NoCs with two-dimensional topology antkeinistic routing are the most common. NoCs are mostly

TABLE IV
DATASHEET FOR A STEREOTYPICAINOC AND SUGGESTED RESEARCH DIRECTIONS

Property Average value Necessary improvement
Switching packet-switched QoS, predictability
Topology 2-D mesh synthesis, IP_ mapping
Links bidirectional pipelining, power reduction
Flow control wormhole QoS
Data delivery in-order (cannot be compromised)
Virtual channels no needed, e.g. 2-8 VC/port
Routing deterministic fault-tolerance
QoS yes overhead minimization
Clocking synchronous (or GALS) synchronization impact
Network interface excluded considered
Fault-tolerance neglected considered
Testability neglected considered
Evaluation simulation, synthesis analysis, prototype

Prototype no needed

Used metrics area, latency appl. runtime, power
Comparison vs. in-house ref. vs. third-party/std-reference
Applications not used standardized,

several simultaneous,
modeling styles

Flit width 32 bits

Phit width same as flit

Packet length [flit] hdr:1, payload:n, tail:1
Buffering per router | 5 x 3 x 6 flits

Buffer type based on flip-flops
Router area 0.14 mm® @ 130 nm.
15-18 kilogates
Router frequency 600 MHz @ 130 nm

more detailed
documentation

Min. hdr.lat/router 5 cycles
Power ?
Results from RTL
Silicon conditions n/a
Wire+repeaters n/a

evaluated with simulation and synthesis but they should draptemented with analytical studies and (FGPA) prototypes
Furthermore, evaluations with large NoC configurationsim@ (multiple) representative applications are desifficon area,
application runtime, network latency, and power consuamptire the most important metrics. Good results and infagest
proposals are plenty. However, large differences in imgletation results, vague documentation, and lack of corspanivere
also observed.

Network-on-chip is an very active research field with manggtical applications in industry. Based on the study, the

following topics were identified as especially crucial fantinued development and success of NoC paradigm: proesdur
and test cases for benchmarking, traffic characterizatimhraodeling, design automation, latency and power minitiina
fault-tolerance, QoS policies, prototyping, and netwarteiface design.
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