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FPGA clock networks consume a significant amoumimfer since they toggle every clock cycle and rbest
flexible enough to implement the clocks for a widage of different applications. The efficiency fFPGA
clock networks can be improved by reducing thigifigity; however, reducing the flexibility introdwes stricter
constraints during the clustering and placemergestaf the FPGA CAD flow. These constraints catuce

the overall efficiency of the final implementationThis paper examines the tradeoff between the powe
consumption and flexibility of FPGA clock networks.

Specifically, this paper makes three contributionBirst, it presents a new parameterized clock ogtw
framework for describing and comparing FPGA cloadworks. Second, it describes new clock-aware
placement techniques that are needed to find d pgeement that satisfies the constraints impdsedhe
clock network. Finally, it performs an empiricalidy to examine the tradeoff between the power womsion

of the clock network and the impact of the CAD domists for a number of different clock networkstiwi
varying amounts of flexibility.

The results show that the techniques used to peodulegal placement can have a significant infleeoic
power and the ability of the placer to find a legalution. On average, circuits placed using thetraffective
techniques dissipate 5% less overall energy aneé significantly more likely to be legal than cirmuplaced
using other techniques. Moreover, the results sthavthe architecture of the clock network is afaportant.
On average, FPGAs with an efficient clock netwoecavup to 14.6% more energy efficient comparedhero
FPGAs.

Categories and Subject Descriptors: B.Hhr{dware]: Integrated Circuits Types and Design Syles; Gate
Arrays, B.7.2 Hardwar€]: Integrated Circuits Design Aids; Placement and Routing

General Terms: Algorithm, Design, Experimentation.

Additional Key Words and Phrases: FPGA, Clock Ohstion Networks, Clock-Aware Placement, Low-power
Design.

INTRODUCTION

With advancements in process technology, prograrteraihitecture, and computer-
aided design (CAD), field-programmable gate arré§BGAs) are now being used to
implement and prototype large system-level appticat These applications often have
several clock domains. In order to support apptica with multiple clock domains,
FPGA vendors incorporate complex clock distributicincuitry within their devices
[Actel 2007; Altera 2005; Altera 2006; Xilinx 20Q7]
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Designing a suitable clock distribution network fam FPGA is significantly more
challenging than designing such a network for edixfunction chip such as an
Application-Specific Integrated Circuit (ASIC). lan ASIC, the locations and skew
requirements of each domain are known when thekctmtwork is designed. In an
FPGA, however, a single clock network that workdlweross many applications must
be created. When the FPGA is designed, the numbelock domains the user will
require, the clock signals that will be generated, skew requirements of each domain,
and where each domain will be located on the chépadl unknown. This forces FPGA
vendors to create very complex yet flexible clogkribution circuitry.

This flexibility has a significant area and powerethead. Power is a particular
concern, since the clock signals toggle every clogile and are connected to a large
number of the flip-flops. Previous studies haw#idated that in a typical FPGA, 19% of
the total FPGA power is dissipated in the clockuoek [Tuan 2006]. The more flexible
the clock network, the more parasitic capacitantéhe clock nets, and the more routing
switches traversed by each clock signal; this letdsncreased power dissipation.
Clearly, FPGA vendors must carefully balance tleifiility of their clock distribution
networks and the power dissipated by these networks

The clock distribution network also has an impacthe ability of the computer-aided
design (CAD) tools to minimize the power and maxieniclock frequency of a user
circuit. FPGA clock networks typically are notXiele enough to supplany clock
signal toany flip-flop. As we will discuss in this paper, tyail networks allow only a
subset of the clock signals to reach particulaioreg of the FPGA. This imposes
additional constraints on the placement algoritasyell as the clustering algorithm that
groups logic elements into clusters. If the clowktwork is not flexible enough, these
constraints could result in increased power disgipand delay in a user circuit. Again,
this balance must be considered by FPGA vendotisegsdesign their clock distribution
networks.

In this paper, we investigate the tradeoff betwelmck network flexibility and the
power and speed of user circuits implemented onAGIn particular, we make the

following contributions:

1. We present a parameterized framework that describdamily of FPGA clock
networks and encompasses the salient featuresnoheccial FPGA clock networks.
Such a framework is important as it allows us tasom about and explore clock

networks.



2. We present new clock-aware placement techniquet gthtisfy the placement
constraints imposed by the clock network. As dbscr above, the topology of the
clock distribution architecture implies constrairda where logic blocks can be
placed, and on what logic blocks can be packedthegéanto clusters. For a given
clock distribution architecture, our placement aifon finds a legal placement
solution that meets these constraints. As a seegrgbal, the algorithms try to find a
solution that uses the clock distribution netwofficently. For example, it may be
possible to group together logic blocks such thatsof each clock network can be
"turned off" or remain unused, thereby saving digant power. Most clock
distribution architectures provide for both glotmid local clocks; the placement
algorithm also determines which user clocks areiezhrby the global distribution
network and which user clocks are carried by allatistribution network. We
consider several placement algorithms and comphedr tability to meet the
placement constraints as well as to minimize potgerusing the clock network
efficiently. Our algorithms are implemented intoetVersatile Place and Route
(VPR) tool [Betz 1999], and are flexible enoughtaoget an FPGA with any clock

distribution network that fits within our parameged framework.

3. We examine how the architecture of the clock nekward the placement algorithm
used affects the overall power, area, and delaheofPGA. We consider both the
cost of the clock network itself and the impacttaf constraints imposed by the clock
network. In doing so, we identify the key paramet® our clock framework that
have the most significant impact. It is importémtnote that the approach that we
take is empirical and therefore the results anctlesions we make regarding FPGA
clock networks are inherently dependent on thekebogare placement techniques
that are used. With that in mind, however, we ende to make the clock-aware
enhancements using standard and intuitive techsiquel consider a number of

different techniques to determine which are mortable.

Together, the aim of these contributions is to evnsight into what makes a good
FPGA clock distribution architecture.

Early versions of the parameterized clock networkmework and clock-aware
placement techniques were presented in [Lamourdlf6]2and [Lamoureux 2007],
respectively. In this paper, we combine and expgaede studies. Specifically, in this
paper the assumptions we make regarding buffengsiand sharing within the clock

networks have been revisited to reflect current-§k@w design techniques. Moreover,



the results have been expanded by including thedtnpf the clock network constraints
on the clustering stage of the FPGA CAD flow. Hiathe empirical study has been
made more concrete by incorporating a greater nunabemultiple clock-domain
benchmark circuits.

This paper is organized as follows. Section 2 jples background on clock networks
and previous work related to FPGA clock networkd &AD. Section 3 describes a
parameterized framework used to describe and caifierent FPGA clock networks.
Section 4 describes new clock-aware placement tggbs for FPGAs. Section 5
examines which clock-aware placement techniquefmarthe best in terms of power
and speed. Section 6 then examines how FPGA dletkorks affect overall FPGA

power, area, and speed. Finally, Section 7 sunzemour conclusions.

BACKGROUND AND PREVIOUS WORK
This section provides background on clock netwaaksl then describes previous
work related to FPGA clock networks and clock-aw@sd.

Background

The primary goal when designing a clock networkday digital circuit (ASICs and
FPGAs alike) is to minimize clock-skew, and thems®tary aim is to minimize power
and area. Many low-skew and low-power techniqoe#\BIC clock networks have been
described in the literature. Buffered trees aeertftost common strategy for distributing
clock signals [Friedman 2001]. Buffered trees haveoot (clock source), a trunk,
branches, and leaves (registers), and are driveouffgrs at the trunk and/or along the
branches of the tree, as illustrated in Fig. 1 (&nother buffered-tree approach uses
symmetry to minimize clock-skew, as illustratedrig. 1 (b). Symmetric buffered trees
utilize a hierarchy of symmetric H-tree or X-treeustures to make the path from the

source to each register the same length.
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a) Buffered Tree b) Symmetric H-Tree
Fig. 1. Example clock distribution networks.
FPGA clock networks differ from ASIC clock networlsince they are designed

before the application is implemented. Thus, idit@h to minimizing clock skew and



power, the FPGA clock network must be flexible egiotio implement a wide range of
different applications.

Commercial FPGAs

Commercial FPGAs, such as the Altera Stratix Ilt¢pa 2006], the Actel ProASIC3
[Actel 2007], and the Xilinx Virtex 5 [Xilinx 2007Hevices, support multiple local and
global clock domains. In each of these devices,RRGA is divided into regions, as
illustrated in Fig. 2. The Stratix Il has fouraprants that can be further subdivided into
four sub-regions (per quadrant), the ProASIC3 loass §uadrants, and the Virtex 5 has
fixed size regions that are 20 logic rows high apdn half the width of the FPGA. The
Altera Stratix Il provides 16 global clock signalghich can be connected to all the flip-
flops on the FPGA, and 22 local clock networksaeteof the four quadrants, which can
be connected to any of the flip-flops within thaadgrant. Similarly, the Actel ProASIC3
devices provide 6 global clocks and 3 local clopks quadrant and the Xilinx Virtex 5
devices provide 32 global clocks and 10 local cdocRhe global clocks in the Virtex 5
are not connected to flip-flops directly; instedde global clocks drive local clocks
within each region.
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Fig. 2: Commercial FPGA clock networks.
Within the regions, the clocks are typically distried to rows of logic blocks through
a row multiplexer and rib routing channels. e Stratix Il devices [Altera 2005], each
row multiplexer chooses 6 clocks from the 24 |gglaldal clocks, and provides them to
all the flip-flops in that row, as shown in Fig. 3In ProASIC3 devices, the row
multiplexers choose from 6 global, 3 local, andesalinternal signals. In the Virtex 5

devices, the row multiplexers choose between 18l ldocks.



Local Clocks ——
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Altera Stratix Il
Fig. 3: Multiplexer structure of Stratix Il clocletworks.

The circuitry that drives the clock networks is #gamnfor each of the three devices.
As shown in Fig. 4, the local and global clock raties are driven by control blocks that
select the clock signal and dynamically enableslisables the clock to reduce power
consumption when the clock signal is not being us&de clock networks can be driven
by an external source, an internal source, or lmgkclmanagement circuitry which
multiplies, divides and/or shifts an external seurc
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Fig. 4: Control block for local and global cloclgsals.
Commercial FPGAs have incorporated programmablekcidistribution networks
that support applications with multiple clocks grdture local and global clock regions
for a number of years; however, to our knowleddre, associated clock-aware CAD

techniques have not been disclosed.

Full Crossbar and Concentrator Networks

In this paper, we will employ both full crossbadaroncentrator crossbar networks as
building blocks to connect various stages of theckldistribution network together as
described in Section 3. Am x m single-stage crossbar is a single stage netwak th
connectsn inputs tom outputs, as shown in Fig. 5. Fig. 5(a) shows ladwossbar

network in which each output can be driven by amut. Such a crossbar requirem



switches. Fig. 5(b) shows a concentrator netwrkyhich anym-element set of tha
input signals can be mapped to theoutputs (without regard for the order of the
outputs). A concentrator built this way contamgn-n+1) switches [Nakamura 1982].
Sparse crossbar concentrators are most efficieahwhis close ton (i.e. the network is
close to square) or whem is very small (close to 1). A perfectly squar@ssbar
concentrator only has switches. As the crossbar concentrator becomese mo
rectangular, the number of switches approaches dhaa full crossbar. Full and
concentrator crossbars can also be implemented fesitin-based switches (multiplexers
followed by buffers).

) #‘/ switch
} outputs } outputs
| C— | C—
inputs inputs
(a) full crossbar (b) concentrator crossbar

Fig. 5: Two examples of a 7x5 crossbar network.
As an example, a thex8 concentrator crossbar network illustrated in Bigshows
how concentrators are used to connect rib tracksptioes tracks of the clock networks
described in this paper. The multiplexers are anm@nted with pass-transistors followed

by cascaded buffered as described in Section 5.1

Spine (6 tracks)
f_%

j_
j— Rib (3 tracks)
lb——j—

w 6x3 Concentrator

Fig. 6: Example of how concentrators are usedércthck network.

Previous Work

The existing literature on FPGAs has mostly assursmplified FPGA clock
architectures. The study described in [George L@%@mines the design of energy
efficient FPGAs. For clock networks, the studypmses that edge triggered flip-flops
are used within logic blocks to reduce the powssigated by the clock network, since
this reduces the toggle rates by a factor of two[Li 2003],[Poon 2005], FPGA power

models that assume simple H-tree clock networkk tuitffers inserted at the end of each



branch are described. In both models, clock nétsv@pan the entire FPGA and are
implemented using dedicated (non-configurable) ueses. In both cases, the

architecture the clock network is fixed.

Clock-Aware CAD

Clock-aware placement has been considered in destedies related to ASICs. As
an example, the quadratic placer described in Bdatel 996] minimizes clock-skew by
biasing the placement to evenly disperse clockdts.ceAs a result, the clock tree
generated after placement is more balanced. Anddtmhnique, described in [Edahiro
1996], minimizes clock-skew using a placement atgor to optimally size and place
clock buffers within the generated clock tree. haligh useful for ASICs, these
techniques are not applicable to FPGAs which haxedf (but configurable) clock

networks.

FPGA Clock CAD

Only a few CAD studies have considered FPGA cloekworks. In [Zhu 1997],
clock-skew is minimized during placement by balagcihe usage in each branch of the
programmable clock network. This technique, howgeve not necessary in recent
FPGAs since the clock inputs to the logic blockes lanffered, which makes clock delay
independent of usage. In [Brynjolfson 2000], dyiaoiock management is applied to
FPGAs to minimize power. The technique involvesnaiyically slowing clock
frequencies when the bandwidth demand decreaskts tdchnique can also be used in
conjunction with dynamic voltage scaling to furtheduce overall power. Finally, the T-
VPack clustering tool, described in [Betz 1999 clisck-aware since it limits the number
of clock signals that are used within each clusierspecified by the user. Although the
clusterer supports circuits with multiple clockbgetcorresponding study focused on

FPGAs with only one clock.

PARAMETERIZED FPGA CLOCK NETWORK FRAMEWORK

This section presents a parameterized framework diescribing FPGA clock
networks. The framework can be used to describmad range of clock networks and
encompasses the salient features of the clock mketwsed in current and future FPGAs.
This framework is important since it provides aibdsr comparing new FPGA clock
networks and clock-aware CAD techniques.

The framework assumes a clock network topology witike stages. The first stage
programmably connects some number of clock soyatesk pads, PLL/DLL outputs, or

internal signals) to the center of some number lo€kc regions. The second stage



programmably distributes the clocks to the logiockk within each region. The third
stage connects the clock inputs of each logic blmckhe flip-flops within that logic

block. This topology is described in more detaithie following subsections.

Clock Sources

The source of the user clocks can be external, iatadicated input pad, or internal,
generated by a phase-locked loop (PLL), a delagdddoop (DLL), or even the core of
the FPGA. In all cases, we assume that these slogices are distributed evenly around
the periphery of the FPGA core. In our model, tiaenber of potential clock sources is
denotechsource, meaning there amsource/4 potential clock sources on each side of the
FPGA.

Global and Local Clock Regions

The clock network has both local and global resesircThe global clock resources
distribute large user clocks across the entire ¢bigg not necessarily to every logic
block, as described in Section 3.3). The locakkloesources, on the other hand,
distribute the smaller user clocks to individuafjioms of the FPGA. Although it is
possible to distribute a large user clock to th8rerchip by stitching together several

local clocks, this would be less efficient thanngsa global clock.

Region 6| "Region 7| “Region 8

Region 3~ | "Region 4~ | “Region 5

Region 0— | “Region 1 Region 2

Fig. 7: Example FPGA with 3x3 clock regions.

To support local clocks, the FPGA fabric is broldmwn into a number of regions,
each of which can be driven by a different setlotk sources (the same clock source
can be connected to more than one region). Théauof regions in the X-dimension is
denoted bynx region, and the number of regions in the Y-dimension énaled by

ny region. The total number of regions is thos region*ny region. Fig. 7 shows an



example FPGA in which bothx _region andny region are both 3, which produces 9

clock regions.

First Network Stage

The first stage of the clock network programmahinmects the clock sources on the
periphery of the chip to the center of each regidhe first stage consists of two parallel
networks: one for the global clocks and one for lteal clocks. We denote the total
number of global clock signals a8yqa. The global clock network selecygma/4
signals from each of thesource/4 potential clock sources on each side, as showiign
8. This selection is done using a concentratowot on each side of the chip (see
Section 0). The use of a concentrator networkantaes that any set @y qa/4 signals
can be selected from thesource/4 sources on each side. This architecture does not,
however, guarantee that any setWfq.a Signals can be selected from thsource
potential sources; it would be impossible to setaote thanWyq.a/4 signals from any
side. Relaxing this restriction would require aditional level of multiplexing (or larger
concentrators and longer wires), which we do ncluite in our model.

Concentrator

Networks
|:|:|12|:| Local ACIocks
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Fig. 8: Connections from the periphery to the ceateegions (local
clocks) and the center of the FPGA (global clocks).

All Wyepa Signals are routed on dedicated wires to the caftéhe chip. Since the
sources all come from the periphery of the chip, ¢bnnection between the sources and
the center of the chip will introduce little or s&ew. In an architecture in which some

sources come from inside the chip, the drivershmsized such that skew is minimized.



From the center of the chip, Ny clocks are distributed to the center of all region
using a spine-and-ribs distribution network witi region ribs, as shown in Fig. 9.
Although an H-tree topology would have a lower skiiigs more difficult to mesh such a
topology onto a tiled FPGA with an arbitrary numbérows and columns.

There is one local clock network per region. Waale the number of local clocks
per region a® . TheWy Signals are selected from the two sides of the FRGA
are closest to the region, as shown in Fig. &héfriumber of regions in either dimension
is odd, the selection of the “closest” side is tadoy for regions in the middle). Half of
the W Signals are selected from the sources on eactheoftwo sides using a
concentrator network. The use of a concentratoword guarantees that any set of
Woca/2 signals can be selected from tiseurce/4 potential sources on each side. Driver
sizing can be used to minimize the skew among tbeks connected to each region.
Skew between regions is not as important, sinceaglolocks will likely be used if a

clock is to drive multiple regions.

Global
Ribs

N -’

\ Global

Spine

Fig. 9: Global clock connections from the centethaf FPGA to the center of regions.
Second Network Stage

The second network stage programmably connectk digmals from the center of
each region to the logic blocks within that regiomhere is one of these networks for
each region.

The input to each second stage network consist&j@f. global clocks andM e
local clocks from the first stage described in ®ecD. These clocks are distributed
using a spine-and-ribs topology as shown in Fig. The spine contain®/yepa+Woca
wires. In each row, a concentrator network is useskelect any set df;, clocks from
the spine. These clocks are distributed to theclbfiicks in that row through a local rib.
Each logic block in the row connects to the rilotigh another concentrator network; the

concentrator is used to select any sadgfclocks from the rib.
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Fig. 10: Second stage of the clock network.

Third Network Stage

Finally, the third network stage programmably caraeheW,, logic block clocks to
the N logic elements within the logic block. This itustrated in Fig. 11. In order to
provide flexibility to the clustering tool, we assa that the clock pins of the logic block
are connected to the clock pins of the logic elamémithin that logic block) using a full-
crossbar network, such that each ofkhiegic elements can be clocked by any of\ttig
logic block clocks. Note that this is only stagetlee clock network that uses full-

crossbars; the other stages use concentrator ersssbreduce the number of switches.

Logic Block
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Fig. 11: Third stage of the clock network.

Table | summarizes the parameters of the FPGA cluetwwork framework and

includes corresponding values that are used irethyirical studies described in Section
5 and 6 of this paper.



Table I: Clock network parameters.

. Basdline Rangein
Parameter M eaning Value this Paper
nx_region Number of clock regions in the X dimension 2 1-5
ny_region Number of clock regions in the Y dimension 2 1-5
nsource Number of potential cI(_)ck sources (one quarter 128 128
of these are on each side)
Number of global clocks that can be routed tg
Woioba the fabric at one time 52 0-52
Wioea Number _of local cloc_ks that can be routed to 52 52
each region at one time
Number of clocks that can be routed to all logic
Wrib . . . . N 10 6-14
blocks in a single row of a region at one time
Wi, Number of clocks that can be connected to epch > 1-10
logic block.

CLOCK-AWARE FPGA CAD

The previous section presented a parameterizecefrank to describe FPGA clock
networks. This section describes new clock-awdaegment techniques for finding a
legal placement solution that satisfies all of glecement constraints imposed by the

clock network.

Clock-Aware Placement

Placement can have a significant impact on powelayd and routability. Placing
logic blocks on a critical-path close together mmizies delay and placing logic blocks
connected by many wires close together improvesep@nd routability. Power can be
further minimized by assigning more weight to castitms with high toggle rates, as
described in [Lamoureux 2005]. For applicationshwhany clock domains, however,
constraints that limit the number of clock netshivitribs W) and within a region
(Weca) can interfere with these optimizations.

To investigate how clock networks constraints dffee power, delay, and routability
during placement, the T-VPlace algorithm from [B&&99] was enhanced to make it
clock-aware. T-VPlace is based on simulated aimgealThe original cost function used
by T-VPlace has two components. The first compoiethewiring cost, which is the
sum of the bounding box dimensions of all nets {noluding clock nets). The second
component is théming cost, which is a weighted sum of the estimated delagllofets.
The cost of a swap is then:

. ATiming Cost
Previous Timing Cost

(-2 AWiring Cost

AC =) L) - -
Previous Wiring Cost

1)



The PreviousTimingCost and PreviousWiringCost terms in the expression are
normalizing factors that are updated once everyp&raiure change, antlis a user-
defined constant which determines the relative irigpee of the cost components.

Three enhancements were made to T-VPlace in ood@ake it clock-aware. First, a
new term was added to the existing cost functiomdoount for the cost of the clock.
Second, a new processing step that determines wlseh clock nets use local clock
network resources and which clock nets use glologkmetwork resources was added.
Third, therandom initial placement approach was replaced with a newtine that finds

a legal placement. Each enhancement is descrided/b

New Cost Function

The new cost function is the same as the originat éunction, except that it has a
new term to account for the cost of using clockueek resources. Intuitively, the new
term in the cost function minimizes the usage ajckl network resources, which
minimizes clock power and is key for finding legddcements. The new cost function is

described by the following expression:

AC = - A.Tlmm.g Qost F(1=0)- A.Wlnng. Qost
Previous Timing Cost Previous Wiring Cost
AClock Cost (2)

v Previous Clock Cost

Like the two original terms, the new term is norizedi by the cost of the clock from
the previous iteration and is weighted by the fagto The best value for depends is
found empirically by doing a parametric sweep twdfivalue which produces the most
efficient (and legal) placements. In this papeg, s@nsider two different cost functions
for the clock term. The begtvalues were found to be 1.0 and 0.3 for first aadond
cost functions (see below), respectively.

The first cost function, which we call trebandard cost function, is based on the
amount of clock network resources needed to roltheuser clock nets. Specifically,
the cost function counts the number of clocks ugseglach rib, local region, and global
region. Moreover, the cost of each resource tyjie local, or global) is scaled by a
constant K:in, Kiocal, 0F Kgioial, respectively) to reflect the capacitance of theseurces.

Although straight-forward, the above cost functican be short-sighted when large
user clock nets (with numerous pins) occupy moam thne region. Unless all the pins

are moved from a region, the cost of occupying tegion does not change.



The second cost function, which we call tii@dual cost function, changes when
large nets are partially moved. The function scée cost of adding an LE to a region
based on how many other LEs in that region are @tted to the same user clock net as
that LE. Specifically, the incremental cost of exddan LE that uses clock net i to region
j is described by the following expression.

max_pins(i, j) - pins(i, ) +1
max_pins(i, j)

AClock Cost(i,j) =Kj-

where, ©)
pins(i, j) = number of pins of netiinregion j
max_pins(i, j) = min(# pins of clock net i, # LEs per region j)

In the expressiork;; is the weight factor for the regignwhich is eithelK,,, Kigea, OF
Kgona: depending on the type of region is being considignins(i,j) is the number of pins
of neti that are currently placed in regiprandmax_pins(i,j) is the maximum number of
pins from net that could be placed in regipn This is determined either by the number
of pins on net, if the entire fits within regiof, or by the number LEs in regignif the
net has more pins than there are LEs in that region

Intuitively, both cost functions encourage swapat tteduce the amount of clock
network resources that are used. In the secontdfaostion, however, the cost of
moving a logic block to a region is smaller whehestlogic blocks in that region are
connected to the same clock net. The goal of taduzl cost function is to prevent large
clock nets from spreading out to more regions thanessary. However, since the
function does not reflect the actual cost of thaxklas directly as the first cost function,
the overall results may not be minimized as inteind€o determine which cost function

is most suitable, we performed an empirical stutiictvis described in Section 5.

Clock Resource Assignment

The second enhancement made to the placer wask® iinable to determine which
user clock nets should use the local clock netwedources and which user clock nets
should use the global clock network resourcesh@lgh this decision could be left to the
user, it is more appropriate for the tool to make assignment since it is convenient and
the user may not be familiar with the underlyingratecture of the clock network.

Global clock network resources are more expendiam tthe local clock network
resources in terms of power since they are routethé center of the FPGA before
spanning to the center of the clock regions. Ddppenon the clock network and

application, global clock network resources may di& in short supply. Therefore,



global clock networks should be reserved for larges that do not fit within local regions
or for nets that are inherently spread out.

We consider two approaches for assigning globalkcteetwork resources. The first
approach assigns global resourstatically, based on the size (fanout) of the clock nets.
The advantage of this static approach is thatquisk and easy. The disadvantage is that
it overlooks smaller nets that require global reses because they are inherently spread
out. The second approach assigns global resodyoesically during placement based
on how spread out the clock nets are. Fig. 12, E&) and Fig. 14 describe each
assignment technique in more detail.

The static assignment routine is described in ERy. It begins by determining how
many clock nets use global clock network resoubzesgd on the number of clock nets in
the application, the number of global clock netwedsources available, and a user-
defined relaxation factor called RELAX_FAC. Iniuily, we are trying to use the
fewest number of global clock resources as possiblee they consume more power and
should be reserved for clock domains that needetedyead out across more than one
clock region. In Fig. 12, th@um global_min parameter is the absolute minimum
number of global clock resources that would be aded legally place the application.
This value is determined by calculating how mangliaation clocks nets would remain
if each local clock network resource could be uge@nplement one of the clock nets.
The placer, however, may not be able to find aefznt that only uses local clock
resources since application clock nets are ofterame and need to be spread out over
more than one clock region. The relaxation factakes finding a legal solution easier
by allowing more clock nets to be implemented oabgl clock resources. In our
experiments we use a relaxation factor of 0.5. éxhe number of global clock resources
to be used num global _relaxed) has been decided, the routine assigns the global

resources to the clock nets with the greatest nuwilygins (highest fanout).

assign_global_resources_statically () {
num_global_min = max( 0, num_clock_nets - num_local_regions *
num_local_clocks );
num_global_relaxed = min( num_clock_nets, num_global_clocks,
num_global_min +
num_clock_nets * RELAX_FAC);

/* biggest to smallest by number of pins*/
sorted_clock_nets = sort( clock_nets, num_pins );

for (iclk = 0; iclk < num_global_relaxed; iclk++)
use_global[sorted_clock_nets[iclk]] = TRUE;

Fig. 12. Pseudo-code description of the statickclesource assignment technique.



The dynamic assignment technique described in1dgs applied during placement.
Initially, all the user clock nets are assignedise local clock network resources. Then,
during the simulated annealing routine, clock neds: bereassigned to use global
resources if the placer cannot find a legal placemépecifically, the placer reassigns
clock nets when the cost of the clock stops deorgamd the placement is still not legal.
When clock nets are reassigned, the temperatuesés back to the initial temperature to
find a placement solution given the new assignmdihie following pseudo-code is based
on T-VPlace, which is described in [Betz 1999].

The clock nets areeassigned using the routine described in Fig. 14. The roaiti
begins by calculating how spread out each clock iseby calculating thdocality
distance, which counts how many clock pins would need torenin order to make the
clock net local. After sorting each net by logaliistance, it then assigns global clock
network resources to half of the remaining locakklnets that have the highest locality

distance.

placement_with_dynamic_assign () {

assign_local_resources_to_all_clock_nets ();
cost = random_placement();

init_T = initial_temperature();

t=init_T;

while (exit_criterion () == False ) {
count = swap_count = 0;
old_cost = cost;
while (inner_loop_criterion () == False) {
if (try_swap (t, cost) == 1) {
swap_count++;
}

count++;

if (is_placement_legal() == False &&
swap_count < count / 2 && old_cost <= cost) {
reassign_clocks ();
t = init_T; /*reset temperature */

}

t = update_temp ();

Fig. 13. Pseudo-code description of the dynamickctesource assignment technique.



reassign_clock (int num_global_available ) {
num_not_local = 0;
for (iclk=0; iclk<num_clock_nets; iclk++) {
if (use_global[iclk] == FALSE) {
locality_dist = calc_locality_distance (iclk);
locality_dist[iclk] = locality_dist;
if (locality_dist > 0) {
num_not_local++;
}
}

/* sort biggest to smallest distance*/
sorted_clock_nets = sort ( clock_nets, locality_dist );

num_to_reassign = min( (hum_not_local + 1) / 2, num_global_available )
for (iclk=0; iclk<num_to_reassign; iclk++) {
use_global[sorted_clock_netsJiclk]] = TRUE;

Fig. 14. Pseudo-code description of the routingl tigeeassign clock nets.

Legalization

The final enhancement needed to make the placak-elware is to produce a
placement that is legal. Legalization ensuresttainumber of different clock nets used
in every region is less than or equal to the nunatbetock resources that are available in
that region.

We consider two approaches. The first approadtedcthe pre-placement approach,
finds a legal solution before placement. A legalugon is found using simulated
annealing with the timing and wiring cost composeirned off (leaving only the clock
cost component turned on). If a legal placemeritimd, the actual placement is then
performed with all three cost components turnetuatronly allowing legal swaps.

The second approach involves legalizing duringatteial placement. The algorithm
starts with a random placement and then uses di@ulannealing with the timing,
wiring, and clock costs (from Equation 2) turned. oriTo gradually legalize the
placement, the clock cost component is modifieddweerely penalize swaps that make
the placement either illegal or more illegal. ther words, illegal swaps are allowed but
they have a higher cost. Explicitly, we multipliteb cost of using a rib, spine, or global
routing resource that is not available by a constaaue, calledlllegal_Factor.
Intuitively, a large value forces the placer todfia legal solution quickly but limits its
ability to make major changes to the way the cloekources are used once a legal
placement is found. In our experiments, we fourdté be a suitable value for

Illegal_Factor.



CLOCK-AWARE PLACEMENT RESULTS
This section begins by describing the experimefiahework that is used in this
paper and then compares the clock-aware placemamitjues that were described in the

previous section.

Experimental Framework
The same empirical framework is used in Sectionn8 &ection 6. A suite of
benchmark circuits is implemented on a user-sptifiPGA architecture using standard
academic FPGA CAD tools. The CAD tools consistled Emap technology mapper
[Lamoureux 2005], the T-VPack clusterer [Betz 1999¢ VPR placer (with clock-aware
enhancements), and the VPR router [Betz 1999].e i@t the T-VPack does not need to
be enhanced since it is already clock-aware. FKintde power, area, and delay of each
implementation are modeled using VPR for area agldydand the power model from
[Poon 2005], which has been integrated into VPR.
The VPR models are very detailed, taking into aot@pecific switch patterns, wire
lengths, and transistor sizes. After generatinger-specified FPGA architecture, VPR
places and routes a circuit on the FPGA and thedefsahe power, area, and delay of
that circuit. The area is estimated by summingafea of every transistor in the FPGA,
including the routing, CLBs, and configuration magnoThe delay is estimated using the
Elmore delay model and detailed resistance andcitapae information obtained from
the router. The power is modeled using the capac# information from the router and
externally generated switching activities to estandynamic, short-circuit, and leakage
power. In this paper, the switching activities,iethare required by the power model, are
obtained using gate-level simulation and pseuddaaninput vectors.
We enhanced the VPR power and area models to acfauhe parameterized clock
network described in Section 0. Similar technigieethose used in VPR along with the
following buffer sharing and sizing assumptions evesed to model the clock networks:
1. Each switch is implemented using a transmissioa gantrolled by an SRAM cell.
The transmission gate consists of one minimum S&DS transistor and one 2X
PMOS transistor in parallel.

2.  Shared buffers are used to drive all peripherynesprib, and CLB clock network
wires.

3. Large cascaded buffers with four stages (1X, 4XX,18d 64X) are used to drive
the periphery, spine, and rib wires and smallecadsd buffers with three stages
(1X, 4X, and 16X) are used to drive the CLB clodkes.



4. Large (64X) non-inverting repeaters are used twedsery long wires and are
spaced by 40 FPGA tiles.
5.  Unused clock networks are turned off to reduce paeasumption.

An example of clock network switches of bufferslligstrated in Fig. 15. Note that
these buffer sizing and sharing assumptions diffean the assumptions described in our
earlier work [Lamoureux 2006] in which the buffevere smaller but not shared, and the
repeaters spacing was significantly smaller, sepdray only 1 FPGA tile. The new
assumptions reduce the power, area, and skew ofltiek network by reducing the

number of buffers and repeaters and the overaluainof parasitic capacitance.

Transmission Cascaded Repeaters
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Fig. 15: Example of buffer sizing and sharing ia tock network.

Benchmark Circuits

In order to empirically investigate new FPGA clasitwork architectures and clock-
aware CAD tools, benchmark circuits with multipleak domains are needed. Existing
academic benchmark circuits, however, are smalltene only one clock. Moreover,
since developing system-level circuits with mukipgtlock nets is labor intensive and
expensive, commercial vendors are reluctant tasel¢heir intellectual property.

As a solution, we developed a technique to comlbineumber of single domain
benchmark circuits to form larger multi-domain cits that resemble system-level
circuits from a place and route viewpoint. To oecinthe circuits, we begin by
determining the number of primary inputdp() and primary outputsNgo) the meta-
circuit should have using Rent’s rule [Landman J97Rent’s rule relates the number of

pins (Np) to the number of gateblf) in a logic design using Expression 4.

Np = Npj +Npg = K, [INB (4)
wheregis the Rent’s constant ai is a proportionality constant. The values oftie
constants vary for different circuit typeg is lower for circuits with pin counts that do
not increase quickly when the size of the circndreases, such as static memoky, is

lower for circuits with fewer pins in general. [Bakolgu 1990], an empirical study



found thatg varies between 0.12 and 0.63, dfdvaries between 0.82 and 6 for chip-
level designs. For circuits implemented on gateye, 5 was 0.5 and&, was 1.9. These
are the values used in this paper.

After determining the number of primary inputs andput, all the sinks and sources
of the meta-circuit are listed in arrays as illasgtd in Fig 16. Each sink is then assigned
a source using the algorithm in Fig. 17. Two syoaolring flip-flops are inserted

between connections from IP outputs to IP inputsesthe IP cores use different clocks.

Primary Inputs IP, Outputs P, Outputs IP_ Outputs

Sources' . .o | o . | N | e e e | . . e |

Sinks [ . e | . .o | e o e | . .. | o o e |

1P, Inputs. 1P, Inputs 1P, Inputs. Primary Outputs

Fig. 16: Stitch connection scheme.

j=0;
for (l =0; i= N + Npo; i++) {
sink = sinksli];

source = sources[j % (No + Np))]J;
connections{sink} = source;
i+

}

Fig. 17: Benchmark stitching algorithm.

Using this technique and benchmark circuits from N several large benchmark
circuits with multiple clock domains were generatetiable 1l lists the new benchmark
circuits and provides additional details regardihg circuit size and number of clock
domains. Specifically, column 2 specifies the ltotamber of LUTs each benchmark
circuit; columns 3 to 5 specify the number of flipps in the sub-circuits, between the
sub-circuits, and in total, respectively; columnsar@l 7 specify the number of primary
inputs in the sub-circuits and in the benchmar&uitr respectively; and columns 8 and 9
specify the number of primary outputs in the sulotgts and in the benchmark circuit,
respectively. Note also that the benchmark namesnéended to provide some insight

regarding the size of the clock domains. As amgta, 1lrg40sml consists of one large

circuit and 40 small circuits.



Table II. Benchmark circuit names and attributes.

#FFs #Pls #POs

Benchmark Circuit LU#T Sub- Sub- Sub-

S| T . |Interface|Total| . .. |External| . |External

circuit circuit circuit

10Irg 14320 3316 1464 | 478p 831 101 887 158
10Irg_reordered 14320 3316 1464 | 4780 831 101 887 158
15med 5710 1367 994| 23p1 587 91 568 90
1irg40smi 9452 2317 862 | 31f9 569 138 559 138
2Irg4med80sml 1528Pp 3403 5716 | 911p 3059 245 1704 174
30med 5210 492 1382 18j4 795 112 592 92
30mixedsize 12537 1343 2056 | 339p 1163 150 993 133
30seg20comb 16398 1342 1642 | 2984 992 191 803 165
3Irg50sml 10574 2861 1572 | 4438 925 156 904 155
40mixedsize 12966 2758 1820 | 4578 1071 161 941 146
4lrgdmed16sml 1113p 3278 1748 | 5026 1000 126 1006 133
4lrgdmed4sml 8873 2598 1270 3868 739 107 721 105
50mixedsize 16477 3685 1996 | 568[L 1177 179 1155 177
5Irg35sml 11397 2222 1424 | 364p 771 60 940 231
60mixedsize 15246 1731 3486 | 521F 1900 198 1479 168
6lrg60sml 15838 3673 4364 | 803f 2388 218 1554 165
7051423 13440 5180 2128 | 7308 1260 251 420 124
70sml 9301 1134 1264/ 2398 801 170 735 162
lotsaffs 7712 3123 632 | 3755 367 51 477 162
lotsaffs2 9309 3609 958 | 4567 597 118 616 138

FPGA Architecture and Assumptions

All experiments target island-style FPGAs implenaginin a 180nm TSMC process.
We use the baseline FPGA architecture describ§fdatz 1999], which consists of logic
blocks with 10 logic elements each and a segmemtetihg fabric with length 4 wires.
For the clock network, we assume the baseline céockitecture described in Table I,
which is similar to current commercial architectire

For each experiment, the size of the FPGA is deterdnby the size of the benchmark
circuit. Specifically, the size is determined ligding smallest 2-dimensional array of
FPGA tiles fixxny) with enough logic blocks to implement the bencharcuit. For
the general routing (not clock routing), the chdnwalth is selected by finding the
minimum routable channel width and then adding 2@%hat channel width. These

assumptions serve to model the case when FPGAsgiry utilized.



Placement Results

To compare the techniques for each of the threara@ments, we implemented eight
different clock-aware placers (one for each possiieimbination). The eight placers are
described in Table Ill. As an example, the firtdger (Placer 1) uses the standard
function for the clock term in the cost functiohetstatic approach to assign global clock
network resources, and the pre-placement appraaldyalize the placement. Note that
Placer 3 and Placer 7 assign global clock netweskurces dynamically during the pre-
placement, while Placer 4 and Placer 8 assign Ylaback network resources
dynamically during the actual placement since thera@o pre-placement in the latter

implementations.

Table Ill. Techniques used by each placer.

Placer Cost Function Al'se?:?\rr]]?;inet Legalization Technique
Placer 1 (P1) standard statically pre-placement
Placer 2 (P2) standard statically during placement
Placer 3 (P3) standard dynamic pre-placement
Placer 4 (P4) standard dynamic during placement
Placer 5 (P5) gradual statically pre-placement
Placer 6 (P6) gradual statically during placement
Placer 7 (P7) gradual dynamic pre-placement
Placer 8 (P8) gradual dynamic during placement

Table IV presents the overall energy per cycleipiégded by each benchmark circuit
when implemented by the eight different clock-awpglacers. The average is calculated
using the geometric mean (rather than the arittmatean) to ensure that each
benchmark circuit contributes evenly to the averaggardless of its size. Moreover, the
averages only include benchmark circuits that veerecessfully implemented by every
placer to make the results comparable.

A number of observations can be drawn from Table Fifst, the placer fails to find a
legal solution in some cases. There is no guagathiat a legal placement will be found
even when the placer starts by looking for a lesgéltion In this experiment, placers P1
and P2 failed to find a legal placement for therd,070s1423, and 8Irg benchmark
circuits and placer P5 and P6 failed to find a llgdmcement for 70s1423. These placers
all use the static approach to assign local andagldock resources. In terms of energy,
the placers that use the static approach (P1, B2al P6) also performed worse than
the other placers (P3, P4, P7, and P8), which lisedynamic approach. Intuitively,
assigning global resources dynamically works bedtece more information is available



when the resources are being assigned; the plaredetermine which nets are more
spread out and minimize the number of global cleslources that are used.

Table IV. Overall energy per clock cycle.

Overall Energy (nJ)

Benchmark 3
Orig. P1 P2 P3 P4 P5 P6 P7 P8

10Irg_reordere| 6.98 | 6.66 | 6.78 | 6.67 | 6.52 | 6.59 | 7.19 | 6.69 | 6.48

1lrg40sml 450 | 461 | 449 | 444 | 435 | 448 | 449 | 449 | 4.34
2lrgdmed80sm| 12.29| 11.70| 13.01| 11.07| 12.18| 11.44| 13.52| 11.29| 11.71
30med 268 | 259 | 261 | 251 | 249 | 2.67 | 260 | 253 | 2.57

30mixedsize 7.24 | 657 | 6.63 | 6.53 | 6.36 | 6.54 | 6.60 | 6.32 | 6.65
30seq20comb | 6.48 | 6.26 | 6.25 | 6.26 | 6.04 | 6.85 | 6.32 | 6.20 | 6.02
3Irg50sml 542 | 5.01 | 505| 485 | 484 | 515 | 514 | 492 | 5.17
40mixedsize 779 | 766 | 780 | 7.95| 751 | 7.63 | 7.84 | 7.55 | 7.54
4lrgdmed16sm| 6.34 | 6.44 | 6.53 | 6.46 | 6.36 | 6.33 | 6.60 | 6.20 | 6.25
4lrgdmed4sml| 4.49 | 4.46 | 450 | 4.43 | 4.40 | 4.49 | 4.39 | 4.42 | 4.37

4lrg 4.63 | 450 | 459 | 455 | 455 | 447 | 458 | 452 | 4.47
50mixedsize 998 | 9.62 | 992 | 9.64 | 945 | 959 | 9.77 | 9.68 | 9.95
5Irg35sml 6.25| 6.11 | 6.20 | 6.37 | 6.09 | 6.10 | 6.76 | 5.95 | 5.95
60mixedsize 9.56 | 9.19 | 9.13 | 880 | 8.97 | 9.09 | 9.29 | 9.18 | 9.00
6lrg60sml 12.02| 11.40| 12.67| 11.49| 12.33| 11.59| 11.79| 11.55| 11.64
70sml 507 | 524 | 503 | 470 | 468 | 5.11 | 489 | 4.78 | 4.75
lotsaffs2 3.73] 3.36 | 3.39 | 3.38 | 3.38 | 3.47 | 3.73 | 3.46 | 3.36
lotsaffs 232 | 219 | 225 | 221 | 222 | 224 | 228 | 2.21 | 2.24

Geomean 594 | 573 | 584 | 5.67 | 565 | 577 | 590 | 5.65 | 5.66

% Diff. 00 | -35| -1.7 | -46 | 49 | -29 | -06 | -49 | 4.7

Another notable observation is that energy efficiewas similar when the standard
and gradual cost functions were used. On avethgesnergy results of placers P1 to P4
correspond closely to the energy results of P58&0 Fowever, the results suggest that
the gradual cost function works better for findangolution that is legal. Placers that use
the standard function failed in 7 cases comparezhtp 2 cases for placers that use the
gradual function.

Finally, the third observation is that legalizingefplacement works are well as
legalizing during placement. In fact, when stat#signment is used, the pre-placement
results were slightly better. The pre-placemergsdnot seem to lock the placement in
local minima, likely because the pre-placement giaplacing logic within individual
clock domains together does not conflict with gaxlghe final placement.

To examine the placement techniques further, Te¥bt®mpares the average energy

of the clock and general purpose routing resouaceisthe average critical-path delay of



each clock-aware placer to that of the original-olmtk-aware placer from VPR. Note
that the original placer ignores clock nets and @fithe associated placement constraints.
Therefore, the placement solutions produced byotiginal placer are not legal. This
table serves to highlight the impact that the cloaRkstraints have on each of the placers.

Table V. Impact of clock constraints for each ptace

Placer Overall Energy % Clock Energy % Routing Energy % Terit %
(nJ) Diff (nJ) Diff (nJ) Diff | (ns) | Diff
Orig. 5.94 - 231 - 2.16 - 49.9 -
P1 5.73 -3.5 1.96 -15.1 2.33 7.8 49.8 -0.1
P2 5.84 -1.7 1.99 -14.2 2.41 11.7| 50.4 1.1
P3 5.67 -4.6 1.89 -18.4 2.33 8.0 50.3 1.0
P4 5.65 -4.9 1.93 -16.6 2.28 5.7 | 50.2 | 0.8
P5 5.77 -2.9 2.17 -6.2 2.12 -1.9| 50.2 | 0.6
P6 5.90 -0.6 2.17 -6.1 2.29 6.1 | 49.6 | -05
P7 5.65 -4.9 2.03 -12.3 2.17 0.6 | 50.1 | 0.5
P8 5.66 -4.7 2.05 -11.5 2.18 1.1 49.8 | -0.2

The table demonstrates that the clock constraamshave a significant impact on the
energy dissipated by the clock networks and gerngugbose routing resources. As
expected, the clock-aware implementations dissipieificantly less clock power than
the original (non clock-aware) implementations eittse clock-aware placers minimize
clock usage. On the other hand, the table shouistlie clock-aware implementations
dissipate more power within the general purposdinguesources. This is especially
true for placers P1 to P4, which use the stand@ckcocost function. This effect is
reduced for placers P5 to P8, which use the gradoak cost function. In terms of
speed, the clock-aware placement techniques onlg lsasmall impact with average
critical-path delay variations of approximately lifeither direction. Finally, in this
experiment, Placer 8 produces the best overalepiants with the lowest overall energy
per cycle and the second fastest average critethl-gdelay. Specifically, Placer 8 is
4.7% more energy efficient than the original VPRger (which does not produce legal

placements) with no increase in the average crigiath delay.

CLOCK NETWORK ARCHITECTURE RESULTS

In the previous section, we compared differentlclaware placement techniques. In
this section we use the best clock-aware placen fitee previous section (Placer 8) to
compare how different clock network parameterscafteverall power, area, and delay.
Specifically, we consider four clock network paraens: W, Wi, Wioba, and

nx(y)_region. For each experiment, we vary one parametertiatex Our goal is not to



exhaustively measure the cost of every possiblebamation of parameters, but rather to
examine the impact that each clock network consttss on the overall power, area, and

critical-path delay of system-level applications.

Clocks per Logic Block (W)

We first consider the flexibility within the logiglocks by varyingMy, the number of
clocks per logic block. Intuitively, the largerishnumber, the simpler the task for the
clustering algorithm (since the constraint on thnber of clocks per logic block is not
as severe); however, the larg#k, the more power-hungry the clock network will be.
Specifically, we would expect that limiting the nlben of clocks per logic block would
reduce the packing efficiency of the clusterer airthis limits which blocks can be
packed together. To examine this, we packed thehyeark circuits and varied the
number of clock signals per logic block betweemd &. Table VI presents the results.

The table shows that increasing the number of slogkr logic block increases
packing efficiency. However, the efficiency onlgcieases by 1.2% whew, is
increased from 1 to 3. The main reason the imgaall is that the efficiency is already
close to 100% wheW, is limited to 1, which leaves little room for ingpement.

We next consider howV,, affects the area of the clock network. Fig. 18veh a
breakdown of the clock network area relative therall FPGA area. We variatfi, from
1 to 10 and used the baseline value from Tabler ltHe remaining parameters. As
shown, the area due to the logic block-to-logicnedat (LB-LE) switches increases
significantly asW, increases. Recall that a full crossbar network assumed within the
logic block. Therefore, increasingi, by one adds one extra switch for every logic
element in the FPGA.

The area due to the rib-to-logic block (RIB-LB) stties increases a8, increases
from 1 to 6, and then decreasedMsincreases from 7 to 10. This is because the numbe
of switches in a concentrator network is smallesemvthe number of outputs is either
very small or close to the number of inputs. Beeaof this, the incremental area cost of
increasingW, whenW, is more than half of\;, (the number of clocks in each rib) is

small.



Table VI: Logic utilization vs. number of clocksrdegic block {Vy).

# Wp=1 W, = 2 (Basdline) Wp=3
Benchmark | o "ol # Packing # Packing # Packing
CLBs| Efficiency (%) | CLBs| Efficiency (%) | CLBs| Efficiency (%)
10Irg 15778 1587 99.4 1583 99.7 1582 99.7
10Irg_reorderedl5780| 1587 994 1582 99.7 1582 99.7
15med 6650 673 98.8 669 99.4 667 99.7
1lrg40sml 10600 1078 98.3 1064 99.6 1062 99.8
2Irg4med80sm|20810| 2124 98.0 2092 99.5 2085 99.8
30med 6301 644 97.8 634 994 632 99.7
30mixedsize 140871427 98.7 1418 99.3 1415 99.6
30seg20comb | 177Q8L805 98.1 1788 99.0 1781 99.4
3Irg50sml 118321212 97.6 1189 99.5 1188 99.6
40mixedsize 1498p1518 98.7 1502 99.7 1570 99.9
4lrgdmed16sm|12844) 1297 99.0 1287 99.8 1285 100.0
4lrgdmed4sml| 101461022 99.3 1014 99.9 1016 99.9
4lrg 12885 1293 99.7 1291 99.8 1291 99.8
50mixedsize 186751889 98.9 1874 99.6 1870 99.9
5Irg35sml 127141293 98.3 1277 99.6 1272 100.0
60mixedsize 177751808 98.3 1789 99.4 1784 99.6
6lrg60sml 1976% 2011 98.3 1983 99.7 19840 99.8
7051423 158991622 98.0 1604 99.1 1598 99.5
70sml 10363 1071 96.8 1049 98.8 1043 99.4
8Irg 19133 1920 99.7 1924 99.7 1918 99.8
lotsaffs 10276 1046 98.2 1031 99.7 1029 99.9
lotsaffs2 8321} 839 99.2 837 994 83% 99.7
Average - - 98.5 - 99.5 - 99.7

Note that preliminary clock network area resulteggnted in [Lamoureux 2006]
differ from the area results in this paper sinceuge different buffer sizing and sharing
assumptions. Although the conclusions we drawsarelar, the area overhead of the
clock network is smaller when the new assumptioesnaodeled compared to when the
preliminary assumptions are modeled. As an exantpke area of the baseline clock
network described in Table | accounts of 4.0% @ dverall area (in this paper) and
7.2% (in [Lamoureux 2006]).

Finally, we consider how thé, constraint affects the energy per clock cycle tad
critical-path delay. Table VII presents the oveealergy for each circuit and

TableVIII gives a breakdown of this energy and shows hovetitieal-path delay is

affected when th&\, is varied from 1 to 3.



The results indicate that increasing the numbeclo€¢ks per logic block actually
increases (rather than decreases) the overall e critical-path delay. Intuitively,
increasingW, should decrease energy and delay since the ctustan pack logic
elements more efficiently when logic elements witifferent clocks can be packed
together. However, both tend to increase. Upothéu inspection, the average critical-
path delay increases because flip-flops from diffierclock domains are sometimes
packed in the same logic block (during clusteriagyl the corresponding clock domains
are placed in different regions of the FPGA (dumtacement). When this occurs, flip-
flops end up being placed far apart, which leads¢oeased critical-path delay. This
issue could likely be resolved after placement kvimg or duplicating logic elements
that are causing the delay increase, as describ@thabas 2003]; however, this feature
is not supported in our experimental CAD flow. Tdwerall energy increases for two
reasons. First, the added logic block clocks addigaificant amount of parasitic
capacitance the rib tracks in the clock networlecdhd, the greater availability of logic
block clocks increases the usage of logic block @mdalock resources. Increasiiyy
from 1 to 2 increases clock energy by 24.5%, whickershadows the 7.0% energy

savings obtained in the routing resources.
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Fig. 18: Clock network area V.



Table VII. Overall energy per cycle vs. number lofcks per logic block\W).

Benchmark Overall Ener*gy (nJ)

Wjp=1 Wp=2 Wp=3

10Irg 6.11 6.55 6.74
10Irg_reordered 6.29 6.48 6.58
15med 2.65 2.81 2.89
1irg40smi 4.43 4.34 4.28
2Irg4med80sml 10.08 11.71 12.28
30med 2.38 2.57 2.67
30mixedsize 6.03 6.65 6.61
30seq20comb 6.64 6.02 6.29
3Irg50sml 4.60 5.17 5.42
40mixedsize 7.08 7.54 7.83
4lrg4dmed16smi 5.99 6.25 6.33
4lrgdmed4sml 4.30 4.37 4.52
4Irg 4.37 4.47 4.40
50mixedsize 9.46 9.95 10.44
5Irg35sml 5.45 5.95 6.14
60mixedsize 8.16 9.00 9.34
6Irg60sml 10.28 11.64 13.69
70s1423 9.01 10.97 11.53
70sml 4.79 4.75 6.25
8Irg 5.33 4.84 4.89
lotsaffs2 3.06 3.36 3.46
lotsaffs 2.11 2.24 2.25
Geomean 5.34 5.65 5.90

% Diff. -5.45 0.00 4.37

Table VIII: Energy and critical-path delay breakdown vs. clqoéslogic block ).

Wi Overall % Clock % Routing % T it %
Energy (nJ) Diff | Energy (nJ) | Diff Energy (nJ) Diff (ns) Diff
5.34 -5.5 1.51 -24.% 2.38 7. 492 -1{4
2 5.65 - 2.01 - 2.22 - 49.9 -
5.90 4.4 2.14 6.4 2.25 1.4 50.6 12

Clocks per Rib (W)

We next consider the impact of varying the numblewwmes in each rib within a
region. Intuitively, the placement tool has toumesthat the total number of clocks used
by all logic blocks lying on a single rib is no d¢@r thanW,;,. The higher this value, the
easier the placement task becomes, however, arlaegee of W, means the clock

network will be larger and consume more power.



Fig. 19 illustrates the clock area wh@, is varied from 6 to 14 and the baseline
values from Table | are used for the remaining p&tars. The figure shows that the
clock network area increases significantlWdg, increases. This is due to an increase in
the number of the rib-to-logic block (Rib-LB) swites and spine-to-rib (Spine-Rib)
switches. The area of remaining clock network eations remains unchanged and is

mostly due to logic block-to-logic element (LB-LEyitches.
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Fig. 19: Clock network area Vip,.

Table IX presents the overall energy per cycle wWhkpis varied from 6 to 14. The
results from this table show that the overall epatgcreases only slightly whéf,;, is
increased. In most cases, the majority of thengmvare gained whef;, is increased by
1 or 2 tracks beyond the minimu;, that produces a legal solution. Correspondingly,
Table XTable X, which gives a breakdown of energy dissgmatind critical-path delay
with respect toW;,, shows that the energy savings obtained wWép is increased
originate from the savings obtained in the genprapose routing. Unlike the previous
case (whenW, was increased), the energy savings obtained ingtreral purpose
routing are not overshadowed by the increase iokcmergy dissipation. In terms of
critical-path delay, Table X shows thdf;, does not have a significant impact on the

critical-path delay.



Table IX. Overall energy per cycle vs. the numbfezlocks per rib W;ip).

Overall Energy (nJ)

Benchmark -

Wiip=6 | Wip=7 | Wrip=8 | Wri=9 |W,ip=10" | Wip=11 | W;;p=12 | W,;p,=13 | W,j,=14
10Irg 6.51 | 6.46 | 6.43 | 6.44 | 6.55 6.54 6.55 6.55 6.55
10Irg_reordere| 6.44 | 6.44 | 6.47 | 6.43 | 6.48 6.49 6.49 6.48 6.49
15med 286 | 286 | 281 | 289 | 281 2.87 2.85 2.84 2.81
1lrg40sml 445 | 453 | 439 | 432 | 434 4.35 4.38 4.48 4.45
30med 259 | 255 | 262 | 259 | 257 2.55 2.58 2.58 2.63

30mixedsize 6.71 | 6.56 | 6.56 | 6.46 6.65 6.38 6.41 6.90 6.29
30seg20comb| 6.21 | 6.16 | 6.66 | 6.09 6.02 6.00 6.10 6.16 6.04
3Irg50sml 518 | 493 | 490 | 5.11 5.17 4.96 4.98 5.00 5.00
40mixedsize 765 | 763 | 7.65 | 7.55 7.54 7.57 7.64 7.46 7.51
4Irgdmed16sm| 6.29 | 6.49 | 6.79 | 6.35 6.25 6.20 6.17 6.22 6.23
4irgdmed4sml| 4.39 | 4.45 | 4.46 | 4.41 4.37 441 441 441 441

4Irg 447 | 4.47 | 447 | 4.47 4.47 4.48 4.48 4.48 4.48
50mixedsize | 10.18| 9.61 | 9.53 | 9.39 9.95 9.49 9.70 9.55 9.49
5Irg35sml 597 | 6.56 | 6.50 | 5.92 5.95 6.08 5.97 5.99 5.97

60mixedsize 9.33 | 886 | 892 | 8.87 | 9.00 9.19 8.89 8.96 8.91

70sml 493 | 479 | 479 | 479 | 475 4.74 481 4.76 4.88
8Irg 480 | 484 | 485 | 483 | 4.84 4.83 4.85 4.84 4.84
lotsaffs2 357 | 341 | 3.42 | 344 3.36 3.30 3.32 3.37 3.39
lotsaffs 221 | 219 | 220 | 2.23 2.24 2.28 2.20 2.20 2.19
Geomean 512 | 5.08 | 5.11 | 5.04 5.05 5.04 5.03 5.06 5.03
% Diff. 13 0.6 11 -0.3 0.0 -0.4 -0.4 0.1 -0.4

Table X. Energy and critical-path delay breakdownalocks per rib\y,).

W Overall % Clock % Routing % T it %
Energy (nJ) | Diff | Energy (nJ) | Diff Energy (nJ) Diff (ns) Diff
6 5.12 1.3 1.71 -1.5 211 4.7 51.1 0.3
7 5.08 0.6 1.72 -1.1 2.07 2.4 51.4 0.9
8 5.11 1.1 1.72 -0.8 2.08 3.3 51.4 1.0
9 5.04 -0.3 1.73 -0.5 2.01 -0.2 | 51.3 0.7
10 5.05 - 1.74 - 2.02 - 50.9 -
11 5.04 -04 1.73 -0.5 2.00 -0.6 51.2 0.5
12 5.03 -04 1.74 0.1 1.99 -1.3 51.3 0.7
13 5.06 0.1 1.74 0.2 2.01 -0.2 51.0 0.2
14 5.03 -0.4 1.74 -0.1 2.00 -11 51.3 0.7




Global Channel Width (Wgiopa)

In this section, we consider the impact of chandheynumber of clock wires in the
spine of the regionsNqa + Wyapa) ON area, power, and delay. Intuitively, a widpine
means more clocks can be distributed within a gikegion, which makes placement
easier but increases the area and power consungdttbe clock network.

Fig. 20 illustrates the clock network area Whlige + Wyiowa is varied from 40 to
120, keeping a 1:1 ratio betweB,y andWyq,a (Matching the baseline architecture in
Table I). The graph shows that increasing numbmakowires in the spine does increase
the area the clock network, but not as signifigaat did increasing th&, and W,
parameters. Most of this area increase comes thenincrease in the number of spine-
to-rib (Spine-Rib) switches. The number of swikletween the clock sources and the
spine (Pad to Local and Pad to Global) also ine®alsut this area is negligible, and is

not apparent in the figure.
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Fig. 20: Clock network area v&Vgoba + Wioca-

Table Xl presents the average overall energy, cles&rgy, routing energy, and
critical-path delay when the number of global c®@Rjy..a) is varied between 0 and 40
clocks and the baseline values are used for thainémy parameters. Results when
Wiiobat 1S O @and 4 are not shown since legal placemenitdaoot be found for every
circuit. This emphasizes the importance of prowgdienough global clock network
resources. The table also shows that (as long laga solution can be found) the
number of global clock network resources only hasnall impact on the overall energy,

clock energy, routing energy, and critical-pathagel Intuitively, the impact on energy is



small since most of the power dissipated by thelctetwork is dissipated in the ribs and
the logic blocks (not the global clock network nesmes). Therefore, sind#y e has
only a small impact on area, power, and speedkatetworks should be designed with
enough global clock resources to ensure that @jeteapplications can be legally placed.
These results follow a general trend that clockwvoek flexibility is beneficial and less
expensive close to the clock sources (clock padisiternal sources) and become less

beneficial and more expensive close to the clogkss(flip-flops).

Table XI. Energy and delay vs. global channel wighqa).

Woiob Enoe;lsryfj‘(]rlu) % Diff Enggjzm) I:()J/i(;f Er?e?té;?r?n I;/i(;‘f Tit (N9) I:()J/i(;f
52 (baselind  5.23 00| 18 |o00| 207 |oo0]| 519 00
8 5.23 00| 18 |o02| 20 |o1]| 520 02
12 5.25 04| 18 | 05| 208 | 05| 519 |-01
16 5.23 01| 18 |o09| 206 |-06| 518 |-0.2
20 5.26 05| 18 | 11| 208 | 05| 516 |-06
24 5.29 12| 18 |12| 211 | 18] 517 | -04
28 5.27 08| 183 | 12| 209 | 09| 516 |-07
32 5.27 08 | 18 | 11| 210 | 11| 517 |-04
36 5.26 07| 18 | 09| 209 | 09| 518 |-04
40 5.27 07| 18 | 11| 209 | 09| 518 |-04

Number of Clock Regions (nx_region, ny_region)

Finally, this section examines how the number otklregions affects power, area,
and delay. As described in Section 0, we assureeFPGA is broken down into
nx_region x ny region regions, each of which contains its own set ofilladocks. A
clock network with many clock regions is suitabte fmplementing applications with
many clock domains. In the best case, we can raap domain of a user circuit to a
single region of the FPGA. Intuitively, this wowdve power because each clock would
only be routed to minimum number of clock regions.

Fig. 21 shows a breakdown of the clock network wtihennumber of clock regions is
1, 4, 9, and 16 and the baseline values from Tabdége used for the remaining
parameters. The figure illustrates that increasignumber of clock regions increases
the area fairly significantly and that most of #rea increase is due to the increase in the

number of spine-to-rib (Spine-Rib) switches.
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Note, however, that as we increase the numbergibme and therefore reduce their
size, the number of clock domains of the user @irthat are mapped to each region
decreases. In the case where each user clockecpladed within one clock region, the
number of clocks required in each is inversely prapnal to the number of regions. To
examine this effect, Fig. 22 shows a breakdowrefdlock network when the number of
clock regions is 1, 4, 9, and 1y iS 64, 16, 7, and ANya IS 16, and the baseline

values from Table | are used for the remaining p&tars.
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Fig. 22 shows that the area of the clock networsdaot increase significantly when
the number of clock regions is increased, as lanthe number of clocks in the spines is

roughly inversely proportional to the number ofalaegions.

Finally, we consider how the number of clock regiaffects the overall energy.
Table XII and Table XIII present the energy restdisFPGAs with 1, 4, 9, and 16 clock
regions and baseline values are used for the rémgapmarameters. Note that in the
following experiments, the size of the clock regiaary with circuit size. In commercial
devices, the size of the clock regions are usufilgd (to facilitate layout) and the
number of clock regions vary with FPGA size. Hoeg\since our benchmark circuits

do not vary widely in size, we believe the conadusi are consistent.

The table reports two different geometric meande Tirst value is averaged over
every benchmark and second value is averaged beebénchmark circuits with valid
results in each of the four experiments. Intuliiyeéncreasing the number of clock
regions increases the amount of circuitry needeghgsically implement the local
connections between the clock sources on the pamniptf the FPGA to center of each
region. At the same time, however, increasingntin@ber of clock regions decreases the
size of each region, which reduces the numberagksr used within the clock regions and

ribs.

Table Xl shows that increasing the number of cloegions significantly reduces
overall energy, with average savings of 14.6% wherock network with 25 regions is
used instead of the baseline clock network, whach dregions. Moreover, the table also
shows that reducing the number of clock regionmfibto 1 increases overall energy by
nearly 30% and makes finding a legal placement rddfieult, with 5 failed placements.
In each of these cases, the placer failed to fitedjal placement since the demand for rib
tracks increased beyond the baseline value. Fina@Hble XIII shows that the overall
energy savings are due in most part to the clogkggnsavings and that increasing the
number of clock regions does not have a signifi¢antact on the average critical path

delay.



Table XII. Overall energy vs. the number of regi@gms region x ny_region).

Overall Energy (nJ)
Benchmark "

1(1x1) 4 (2x2) 9 (3x3) 16 (4x4) 25 (5%5)

10Irg 8.21 6.55 7.55 5.71 5.54
10Irg_reordered 8.42 6.48 5.93 5.99 5.62
15med 3.51 2.81 2.73 2.59 2.60
1Irg40sml 5.66 4.34 3.99 3.89 3.85
2Irg4med80sml - 11.71 10.15 10.04 9.33
30med 3.22 2.57 2.38 2.36 2.31
30mixedsize 8.06 6.65 6.05 5.83 5.61
30seq20comb 8.46 6.02 5.61 5.21 5.21
3Irg50sml 5.17 4.36 4.31 4.10
40mixedsize 9.41 7.54 6.89 6.72 6.47
4lrg4med16sml 8.02 6.25 5.88 5.41 5.44
4lrgdmed4sml 5.63 4.37 4.06 4.02 3.94
4lrg 6.00 4.47 411 3.95 3.99
50mixedsize 12.60 9.95 8.72 8.32 7.94
5Irg35sml 7.69 5.95 5.55 5.42 5.19
60mixedsize - 9.00 8.16 7.76 7.63
6Irg60sml - 11.64 10.11 10.02 10.02
70s1423 - 10.97 9.46 9.49 9.10
70sml - 4.75 4.36 4.34 4.10
8Irg 6.24 4.84 4.26 4.26 4.26
Lotsaffs 4.57 3.36 2.97 2.84 2.72
Lotsaffs2 3.03 2.24 1.96 1.84 1.77
Geomean 5.83 5.65 5.16 4.96 4.82

% Diff - 0.0 -8.6 -12.2 -14.6
Geomean (Valid) 6.37 4.93 4.60 4.35 4.24
% Diff (Valid) 29.2 0.0 -6.8 -11.8 -14.1

Table XIlI: Clock energy, routing energy, and icat-path delay vaW,ip.

# Regions Overall % Clock % Routing % | Tgii | %
€ Energy (nJ) | Diff | Energy (nJ) | Diff | Energy (nJ) | Diff | (ns) | Diff
4(2x%2) 5.65 - 2.10 - 1.98 - 55[3 -
9(3x3) 5.16 -8.9 1.55 -26|5 2.08 48| 55.21 -0.2
16 (4 x 4) 4.96 -2 1.39 -33.9 2.01 1.2 54.9 -0.6
25 (5 x 5) 4.82 -14.6 1.25 -40.4 2.01 1.2 | 55.00 -0.5

CONCLUSIONS AND FUTURE WORK
This paper presented a new framework for descridi®SA clock networks,

described new clock-aware placement techniques,eaadined how the FPGA clock



networks and the constraints they impose on the @A affect the overall power, area,
and speed of FPGAs.

The framework, which describes a wide range of FR&&k networks, is key in this
research since it provides a basis for comparing RBEGA clock networks and clock-
aware CAD techniques. The challenge in creatinth su framework was to make it
flexible enough to describe as many different "oeable" clock network architectures as
possible, and yet be as concise as possible. rimodel, we describe a clock network

using seven parameters.

After describing the framework, new clock-awarecpl@ent techniques that satisfy
the placement constraints imposed on the clock orétwere described. Several useful
clock-aware placement techniques were found. S8palty, we found that simulated
annealing can be used to satisfy the placementreamts imposed by the clock network
(to legalize the placement). Moreover, we fourat the cost function used to minimize
the usage of clock network resources and legaliee placement is important. We
introduced a gradual cost function which produaeglémentations that are as energy
efficient as those produced using a standard gpstaproach but aided in finding legal
placements. Finally, for FPGAs with local and glbblock network resources, we found
that using a dynamic approach to assign globalkctesources improves overall results
and improved the likelihood of finding legal placemts.

Using these clock-aware techniques, an empiricatlystwas then performed to
examine the impact of the constraints imposed gy dlock network. A number of
important observations were made. First, the cluthvork should be more flexible near
the clock sources and less flexible near the |@fgenent in order to minimize power.
The results showed that adding flexibility nearc&leources (near the pads) only slightly
increases area and has little affect on overaliggndout makes finding legal placements
significantly more straightforward. Moreover, adlgliflexibility near the logic elements
significantly increases area, has little effectamerall energy, and can have a negative
impact on critical-path delay. Another importariservation is that dividing FPGA
clock networks into smaller regions only slighthcieases area, but significantly reduces
overall energy when implementing applications witany clock domains. On average,
FPGAs that have clock networks with 2x2 clock regiaissipated 14.6% more power
that FPGAs that have clock networks with 4x4 cloegions for the benchmark circuits

in our study.
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