Selecting a Timing Regime for On-Chip Networks

Robert Mullins, Jeong-Gun Lee and Simon Moore
Computer Laboratory, University of Cambridge
William Gates Building, JJ Thomson Avenue, Cambridge CB3 OFD, UK
Robert.Mullins@cl.cam.ac.uk

Abstract—Either the presence or the absence of a global clock the construction of highly reconfigurable and flexible
may be exploited in the design of an on-chip network. In the systems. Multi-use or platform systems will become

synchronous case,_each router is able to _con5|der a snapshot of increasingly important as rising mask and design costs
global state and build a routing schedule with the knowledge that . .
must be amortised over larger unit volumes.

the system will proceed in a deterministic fashion. This enables
a high degree of speculation to be supported, with the ability  In theory the overhead in terms of additional area and

to make accurate predictions and handle any mispredictions at |atency imposed by networking communications could
a low cost. In contrast, a clock-less or asynchronous approach be low. Networking in its simplest form only involves

distributes control decisions relying where possible only on local . - ith the abili itch
state to maximise fine-grain concurrency. Here it is the ability to augmenting existing repeater stages with the ability to switc

generate and react to local control signals quickly that must be and buffer data. In practice, the need to support numerous
exploited rather than a reliance on global state. In this paper we traffic types and necessary architectural enhancements to

compare and contrast the design of two on-chip networks: one phoost network throughput make designs significantly more
exploiting delay-insensitive asynchronous control and the other o mjex  Many proposed network router designs represent
implemented in a traditional synchronous design style. . . . :
a significant latency overhead, increasing long distance
|. INTRODUCTION communication times by a factor of 5-10 even when the
L o . . . network is lightly loaded. A key aim of this work is to
C_ommunlcatlon is becoming increasingly important in th vestigate how best to realise high-throughput chip-wide
design of large VLS| Sy_Ste'?’S' There are many reasons for Btworks while maintaining low communication latencies.
trend towards communication focused architectures: This paper explores the impact of the choice of timing regime

« Power: An increasingly large proportion of the totalpn network architecture and performance.
system power is dissipated by the interconnect. Large

energy savings are possible by funnelling much of a II. VIRTUAL CHANNEL ROUTERS

system’s longer distance communications onto a networkone approach to providing an on-chip communication
consisting of highly optimised low-power communicatiofinfrastructure is to implement a packet-switched network
links. At a higher level it is also believed that on-chigamploying virtual channel flow control [1]. Virtual channel
networks will fulfil a key role in minimising system routers extend wormhole routing techniques to improve
power consumption by providing increased freedom @roughput and latency. Each physical channel between
manage and schedule on-chip resources. routers is now shared between a number of virtual channels,
« Performance: To continue to achieve performanceyhere each virtual channel is provided with its own input
improvements at historical rates will require a moveyffer at the receiving router. The addition of virtual channels
away from increasingly complex fine-grain techniquegnproves performance by allowing flitsfrom multiple
for exposing and exploiting parallelism. In many casgsackets to be sent in an interleaved manner across a single
such techniques are already reaching their performangysical channel. This overcomes the limitation of wormhole
limits. Returns are now often mitigated by the limitegouting where the inability to interleave flits prevents blocked
scaling of interconnect performance, power budgets a?gckets from being bypassed.
the need to minimise design time. Performance will p packet progresses in the network by requesting a new
increasingly be sought by exploiting coarser grainegrtyal channel on the required output at each router node. The
parallelism provided by a larger number of functionghacket's individual flits then arbitrate for access to the physical
blocks exploiting a shared communication infrastructurgutput channel on a cycle-by-cycle basis, competing with flits
« Complexity: Design and verification effort is anotherfrom other packets requiring the same output. A block diagram
reason to limit the size and complexity of individualyf the puffering and switching resources required in such a
system components. Complex signal integrity and timingyter are shown in Figure 1.
verification of long interconnects is simplified by the A key goal in designing such a router is to implement the

repeated use of a small number of network channghntrol logic without adding significantly to the cycle-time
designs, each of which need only be verified once.  getermined by the datapath.

« Reuse: A communication-centric design approach
simplifies the reuse of functional blocks and also allows A packet is composed of a number of flits (flow-control digits)



— ' a VC, this enables it to arbitrate for access to an output before

(LY the VC is actually assigned. Speculative requests such as this
Input Channel | [, o _,| i . . .
— . — are only considered if none of the requesting packets already
1 :jjj: s — hold virtual-channels.
: VC Buffer | | Output Channel Further speculation [4] and the use of lookahead routing [5]
nputPort % . enables the router pipeline to be reduced to a single stage
R MR : (see Figure 2(c)). The control logic now produces datapath

‘ T T H > control signals one cycle in advance of their use. If there is a
Input Channel = ! [, o _,l s > .

‘ . > | output Channel shortage of buffered flits and an output cannot be scheduled
e with certainty for the next clock cycle, control signals may
Ll be set s lati i it arrivi

VC Buffer 3 peculatively. In this case, any flit arriving on the next

nputPort clock cycle is able to utilise the output port. The prediction

made is that only one flit will arrive requiring the output port

Fig. 1. Virtual Channel Router Datapath and that arbitration will be unnecessary. If this prediction is
subsequently determined to be overly optimistic the sending

of flits may be aborted for the current clock cycle. At the end

of the cycle the allocation logic will have determined a valid

I1l. SYNCHRONOUSROUTERS

schedule for sending the flits on subsequent clock cycles.

A simple approach to implementing control in the casg Imol .
of a synchronous router is to pipeline the various control mplementation
and datapath operations. For example, a router pipeline could\n implementation of a 16 node 64-bit on-chip network has
consist of the pipeline stages illustrated in Figure 2(a). Subgen completed in a 180nm process. Operating at 250MHz,
an approach allows the network to operate at a high cloéRch of the 48 channels achieve an inter-router data transfer
frequency but unfortunately extends communication latenciedfe of 16Gbit/s. In the best case, each network router hop is
and increases buffer credit round trip times. The time taken @mpleted in one clock cycle. The design operates at a clock
traverse the router’s datapath is now a small proportion of tegcle time of around 35 FO4 delays. Each router supports
total latency of the router pipeline. Some proposed schenfé#e input ports and five output ports. Four virtual channels
maintain employing a deep pipeline is beneficial and expld¥er physical link are provided and each virtual channel input
up to 7 pipeline stages per router [2]. buffer may hold four flits.

The depth of the pipeline may be reduced to a single stageOne potential drawback of a synchronous implementation
by exploiting various forms of speculation. This reduction idre the problems associated with distributing a low-skew
the number of pipeline stages may be achieved withoutgéobal clock. In addition to a traditional H-tree design a novel
significant increase in cycle time. Peh and Dally [3] descriiglution to the generation and distribution of a global clock
how virtual channel (VC) allocation and switch allocatiowvas investigated. The Distributed Clock Generator (DCG) [6]
may be performed concurrently (Figure 2(b)). The techniqi@ & closed-loop system which is able to maintain a very low
speculates that a waiting packet will be successful in acquiritpck skew while requiring far less power than a H-tree.

Further cycle-time improvements could be made to the
synchronous control scheme by pipelining the generation

»‘ Routing H e H . H Tavere F of the control signals backwards over more clock cycles.
Performance benefits of such an approach would be limited
@ by an increase in speculation.
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A potential pitfall in attempting an asynchronous design
is to fail to fully exploit the benefits of distributing control.

(b) For this reason the synchronous control architecture outlined
@ previously provides a poor starting point for developing an
Allocation asynchronous design. The synchronous approach relies on
Aﬁ:li;fi}ln utilising snapshots_ of global state that are costly to emulate
_— when the clock is removed. Furthermore, the overheads
associated with use of speculation are potentially higher
L LT Traverse when control is distributed.
"L Daapath Our first step in developing an asynchronous router is to
© decouple the major functions of the router. This distributes

control and minimises the existence of synchronisations that

Fig. 2. Virtual Channel Router Pipelines X -
may force the design to operate in a pseudo-synchronous



manner. An outline of the proposed scheme is presentedpiaced between the input ports and output port multiplexers.

Figure 3. A. Implementation

| Delay-Insensitive Control : An implementation of an asynchronous router with the same
: . | architectural parameters as that of the fabricated synchronous
§ ! Control ! . . . . .
control fhts< : design is under construction. The design is based on the same
‘ standard-cell library with the addition of a small humber of
custom cells (mutual-exclusion element and C-elements). In
order to make the design competitive with the synchronous
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Released | router a number of optimisations are being explored:
! VCIDs l l ves 1) Circuit-Level Optimisations A number of circuit-level
} Data Network ! optimisations could be employed to boost performance.
R Contol -\ . These include relaxing the strict delay-insensitive
qaafits¢ T [ ‘ circuit style to include a number of simple timing
W’Da&zg;gxrk" assumptions. The drawback of such an approach is that

each timing assumption must be verified post-layout. At
the layout-level the performance of a small number of
Fig. 3. An Asynchronous Router Architecture critical control wires could be improved by increasing
their width and spacing. Such an approach could enable

Data is now steered through the latches and multiplexers of ~ the control network to run further ahead of the data
the binary encoded datapath by control circuits implemented — hetwork or enable data network control fields to arrive
in a delay-insensitive design style. This approach relies on at the router ahead of the actual binary data.
encoding data in such a way that its presence or absence mag) Arbitration A major component of the latency and
be detected (rather than assumed in the synchronous case) [7]. “Cycle” time of the asynchronous router are the two

The control and data networks of the asynchronous router ~ tree-arbiters required to gain access to an output
operate in a highly decoupled fashion. The role of the control ~ Port. One technique which could be used to improve
network is to transport single flit packets which setup the  Performance would be to allow the control flit to make
route and initiate VC allocation for the data flits at each  Switch arbitration requests (in addition to VC requests).
router node. The control network implementation itself is ~ The arbitration results could then be queued to form a
very simple, requiring no virtual channels and having to  switch schedule (for each output port). An additional
contend with a lighter traffic load than the data network.  €nhancement would be to enable each output to operate
For this reason the control network is able to run ahead of N two modes, the first would allow control flits to
the data network, preventing where possible VC allocation =~ Make switch arbitration requests and the second would
adding to packet communication latencies. This notion of a  force data flits to make requests when they arrived.
fast control network can also be exploited in a synchronous The second mode would be used when network traffic
environment [8]. Performance is also aided by exploiting IS higher to ensure optimal use of available resources.
cases where a request to send a packet may be initiated) Low-Latency FIFOs The latency of the router could
before the actual data is available. be reduced by replacing the micropipeline style input

The data network control operates on the delay-insensitive ~FIFOs with parallel FIFO designs. Another possibility is
encoded control field that accompanies each binary encoded to adapt to the amount of network traffic by dynamically
data flit. This control field indicates the arrival of new dataand  increasing or decreasing the amount of buffering for
specifies the VC buffer it should be latched in. The control ~ €ach VC. Such an approach could be used to minimise
field also identifies the data flit as a head/body flit or a tail  latency when network load is low and provide additional
flit. The departure of a tail flit enables the VC allocated to the ~ buffering for improving throughput at high loads. Such
packet to be recycled. A subtlety of the scheme is the need for adaptation is possible by configuring a subset of latches
the order in which VCs are recovered at a particular output  t0 remain permanently transparent.
channel to be communicated to the router at the other end oft) Make Common-Case FastMany of the optimisations
the channel. This enables newly assigned VC identifiers (and suggested above rely on the ability of asynchronous
the output port required by the packet) to be steered to the Circuits to exploit local variations in delay. The
correct input VC buffer. router design could be optimised to further exploit

At the lowest level the data network control is able to ~ such variationse.g, the delays involved in routing
run ahead of the datapath latch controllers when possible flits in a straight-line could be optimised over those
to hide control overheads (such as arbitration). Arbitration  involved in a turn, or a particular virtual channel
delays themselves are minimised by using low-latency tree could be implemented to operate faster by skewing
arbiters [9], [10]. The asynchronous router’s datapath exploits ~ the implementation of arbiters and the datapath
a deeper pipeline than the synchronous one - with latches Mmultiplexers.




V. RELATED WORK [3]

A number of asynchronous on-chip network router designs
have recently been published [11], [12], [13]. The probleni4]
of VC allocation in such designs is avoided by assuming
the packet utilises a single VC assigned statically at source.
The performance impact of such a simplification at thd5]
system-level is not investigated. A low-cost asynchronous
switched-interconnect architecture constructed from narroyy
delay-insensitive links is presented in [14]. An asynchronous
crossbar designed for networking synchronous blockﬁ]
operating at different clock frequencies is presented in [15].

A wide-range of synchronous designs have been presentts
to date. A complete list is not possible here, but some notable
contributions include [1], [2], [3], [8], [16], [17]. 9]

(10]

Making a comparison between a synchronous and gn;
asynchronous implementation is not straightforward. Not
only is the underlying gate-level design radically different,
but architectural changes must be made to exploit thg,
environment each presents. Although a detailed system-level
comparison of network performance is beyond the scope of
this paper a number of interesting observations may be mage;

While it is believed a competitive router and network
implementation may be constructed using either approach,
an asynchronous scheme may be favoured in a numbgj

VI. CONCLUSIONS
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of cases. One such case is when the system is composed interconnect,1EEE Micro, vol. 22, no. 5, pp. 16-23, 2002.

of a number of heterogeneous blocks where link Iengtl[ﬂé]
and bandwidth requirements vary widely. In this case an
asynchronous design would naturally be able to exploit tls]
range of local delays and ease integration. The concept
of a Globally-Asynchronous Locally-Synchronous (GALS) 7
system can be supported independently of the timing
regime chosen for the router. Although it can be argued
in this case that a fully asynchronous network provides an
elegant and potentially higher performance and more flexible
solution [15]. It is also believed that if very low latency
chip-wide communication is required at lower network loads,
asynchronous designs will in theory provide superior results.

A synchronous approach is intuitively best able to
exploit a regular network where links lengths are equal and
components operate at a fixed clock frequency (or at some
rational multiple). This deterministic environment may be
exploited to reduce latency and boost network throughput
using technigues such as speculation.
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